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NOTE
TO

THE FOURTH EDITION.

Several alterations and additions are made in this Edition, be-

sides what have been introduced into the Third, to bring it up

to the actual state of astronomical discovery. The elements of

four new planets (Parthenope, Egeria, Victoria, and Irene) have

been added, and improved elements of Iris, Metis, Hebe, and

Hygeia, substituted for the provisional elements before given.

The remarkable discovery of an additional ring of Saturn, and

the curious researches of M. Peters on the proper motion of

Sirius, with several minor features, are noticed. Where such

additions aro introduced in the text, they are indicated by being

enclosed in brackets [ ].

J. F. W. Hbrschel.

Lr«D<lPQ, Auif & jfiiil.

(V)

fT; o i.«^ '.rv.i-vj



a

(

c

tl

ti

t(

a

n

g
a

e:

p
a

tl

11

I

t'

c

tl



PREFACE.

N»%;>rvN^ww%«

The work here offered to the Public is based upon and may be

considered as an extension, and, it is hoped, an improvement of

a treatise on the same subject, forming Part 43, of the Cabinet

Cyclopaedia, published in the year 1833. Its object and general

character are sufficiently stated in the introductory chapter of

that volume, here reprinted with little alteration ; but an oppor-

tunity having been afforded me by the Proprietors, preparatory

to its re-appearance in a form of more pretension, I have gladly

availed myself of it, not only to correct some errors which, to

my regret, subsisted in the former volume, but to remodel it alto-

gether (though in complete accordance with its original design as

a work of explanation); to introduce much new matter in the

earlier portions of it ; to re-write, upon a far more matured and

comprehensive plan, the part relating to the lunar and planetary

perturbations, and to bring the subjects of sidereal and nebular

astronomy to the level of the present state of our knowledge in

those departments.

The chief novelty in the volume, as it now stands, will be found

in the manner in which the subject of Perturbations is treated.

It is not— it cannot be made elementary, in the sense in which

that word is understood in these days of light reading. The
chapters devoted to it must, therefore, be considered as addressed

to a class of readers in possession of somewhat more mathematical

knowledge than those who will find the rest of the work readily

(vii)
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and easily accessible; to readers desirous of preparing tbem-

selves, by the possession of a sort of carte du pays, for a cam-

paign in the most diflBcult, but at the same time the most attract-

ive and the most remunerative of all the applications of modern

geometry. More especially they may be considered as addressed

to students in that university, where the " Principia" of Newton

is not, nor ever will be, put aside as an obsolete book, behind the

age ; and where the grand, though rude outlines of the lunar

theory, as delivered in the eleventh section of that immortal

work, are studied less for the sake of the theory itself than for

the spirit of far-reaching thought, superior to and disencumbered

of technical aids, which distinguishes that beyond any other pro-

duction of the human intellect.

In delivering a rational as distinguished from a technical expo-

sition of this subject, however, the course pursued by Newton in

the section of the Principia alluded to, has by no means been

servilely followed. As regards the perturbations of the nodes

and inclinations, indeed, nothing equally luminous can ever be

substituted for his explanation. But as respects the other dis-

turbances, the point of view chosen by Newton has been aban-

doned for another, which it is somewhat difRcult to perceive why
he did not, himself, select. By a different resolution of the dis-

turbing forces from that adopted by him, and by the aid of a few

obvious conclusions from the laws of elliptic motion which would

have found their place, naturally and consecutively, as corollarit-3

of the seventeenth proposition of his first book (a proposition

which seems almost to have been prepared with a special view to

this application), the momentary change of place of the upper

focus of the disturbed ellipse is brought distinctly under inspec-

tion ; and a clearness of conception introduced into the pertur-

bations of the excentricities, perihelia, and epochs, which the

author does not think it presumption to believe can be obtained

by no other method, and which certainly is not obtained by that

from which it is a departure. It would be out of keeping with

the rest of the work to have introduced into this part of it any

algebraic investigations; else it would have been easy to show

that the mode of procedure hero followed leads direct, and by
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steps (for the subject) of the most elementary character, to the

general formulie for these perturbations, delivered by Laplace

in the Mecanique Celeste.^

The reader will find one class of the lunar and planetary in-

equalities handled in a very different manner from that in which

their explanation is usually presented. It comprehends those

which are characterized as incident on the epoch, the principal

among them being the annual and secular equations of the moon,

and that very delicate and obscure part of the perturbational

theory (so little satisfactory in the manner in which it emerges

from the analytical treatment of the subject), the constant or

permanent effect of the disturbing force in altering the disturbed

orbit. I will venture to hope that what is here stated will tend

to remove some rather generally diffused misapprehensions as

to the true bearings of Newton's explanation of the annual

equation.^

If proof were wanted of the inexhaustible fertility of astro-

nomical science in points of novelty and interest, it would suflSce

to adduce the addition to the list of members of our system of

no less than eight new planets and satellites during the prepara-

tion of these sheets for the press. Among them is one whose

discovery must ever be regarded as one of the noblest triumphs

of theory. In the account here given of this discovery, I trust

to have expressed myself with complete impartiality ; and in the

exposition of the perturbative action on Uranus, by which the

existence and situation of the disturbing planet became revealed

to us, I have endeavoured, in pursuance of the general plan of

this work, rather to exhibit a rational view of the dynamical

action, than to convey the slightest idea of the conduct of those

masterpieces of analytical skill which the researches of Messrs.

Leverrier and Adams exhibit.

To the latter of these eminent geometers, as well as to my
excellent and esteemed friend the Astronomer Royal, I have to

• Lhre il. clinp. vlH. art. 07.

• rrincipin, lib. i. prop. CO, cor. 6.
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return my best thanks for communications which would have

effectually relieved some doubts I at one period entertained, had

I not succeeded in the interim in getting clear of them, as to the

compatibility of my views on the subject of the annual equation

already alluded to, with the tenor of Newton's account of it. To
my valued friend, Professor De Morgan, I am indebted for some

most ingenious suggestions on the subject of the mistakes com-

mitted in the early working of the Julian reformation of the

calendar, of which I should have availed myself, had it not ap-

peared preferable, on mature consideration, to present the sub-

ject in its simplest form, avoiding altogether entering into mi-

nutiae of chronological discussion.

J. F. W. Hbrschel.

Collingwood, April 12, 1849.
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(1.) Every student who enters upon a scientific pursuit, especially if

at a somewhat advanced period of life, will find not only that he has

much to learn, but much also to unlearn. Familiar objects and events

are far from presenting themselves to our senses in that aspect and with

those connections under which science requires them to be viewed, and

which constitute their rational explanation. There is, therefore, every

reason to expect that those objects and relations which, taken together,

constitute the subject he is about to enter upon will have been previously

apprehended by him, at least imperfectly, because much has hitherto

escaped his notice which is essential to its right understanding : and not

only so, but too often also erroneously, owing to mistaken analogies, and

the general prevalence of vulgar errors. As a first preparation, therefore,

for the course he is about to commence, he must loosen his hold on all

crude and hastily adopted notions, and must strengthen himself, by some-

thing of an effort and a resolve, for the unprejudiced admission of any

conclusion which shall appear to be supported by careful observation and

logical argument, even should it prove of a nature adverse to notions he

may have previously formed for himself, or taken up, without examina-

tion, on the credit of others. Such an effort is, in fact, a commencement

of that intellectual discipline which forms one of the most important ends

of all science. It is the first movement of approach towards that state of

mental purity which alone can fit us for a full and steady perception of

moral beauty as well as physical adaptation. It is the " euphrasy and

rue" with which we must " purge our sight" before wc can receive and

contemplate as they are the lineaments of truth and nature.

2 (17)
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(2.) There is no science which, more than astronomy, stands in need

of such a preparation, or draws more largely on that intellectual liberality

which is ready to adopt whatever is demonstrated, or concede whatever is

rendered highly probable, however new and uncommon the points of view

may be in which objects the most familiar may thereby become placed.

Almost all its conclusions stand in open and striking contradiction with

those of superficial and vulgar observation, and with what appears to

every one, until he has understood and weighed the proofs to the con-

trary, the most positive evidence of his senses. Thus, the earth on which

be stands, and which has served for ages as the unshaken foundation of

the firmest structures, either of art or nature, is divested by the astro-

nomer of its attribute of fixity, and conceived by him as turning swiftly

on its centre, and at the same time moving onwards through space with

great rapidity. The sun and the moon, which appear to untaught eyes

round bodies of no very considerable size, become enlarged in his imagi-

nation into vast globes,— the one approaching in magnitude to the earth

itself, the other immensely surpassing it. The planets, which appear

only as stars somewhat brighter than the rest, are to him spacious, elabo-

rate, and habitable worlds ; several of them much greater and far more

curiously furnished than the earth he inhabits, as there are also others

less so ; and the stars themselves, properly so called, which to ordinary

apprehension present only lucid sparks or brilliant atoms, are to him suns

of various aad transcendent glory— effulgent centres of life and light to

myriads of unseen worlds. So that when, after dilating his thoughts to

comprehend the grandeur of those ideas his calculations have called up,

and exhausting his imagination and the powers of his language to devise

similes and metaphors illustrative of the immensity of the scale on which

his universe is constructed, he shrinks back to his native sphere ; he finds

It, in comparison, a mere point; so lost— even in the minute system to

which it belongs— as to be invisible and unsuspected from some of its

principal and remoter members.

(3.) There is hardly any thing which sets in a stronger light the inhe-

rent power of truth over the mind of man, when opposed by no motives

of interest or passion, than the perfect readiness with which all these con-

clusions are assented to as soon as their evidence is clearly apprehended,

and the tenacious hold they acquire over our belief when once admitted.

It the conduct, therefore, of this volume, I shall take it for granted that

the reader is more desirous to learn the system which it is its object to

teach as it now stands, than to raise or revive objections against it; and

that, in short, he comes to the task with a willing mind ; an assumption

which will not only save the trouble of piling argument on argument to

y
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convince the sceptical, but will greatly facilitate his actual progress; inas-

much as he will find it at once easier and more satisfactory to pursue from

the outset a straight and definite path, than to be constantly stepping

aside, involving himself in perplexities and circuits, which, after all, can

only terminate in finding himself compelled to adopt the same road.

(4.) The method, therefore, we propose to follow in this work is neither

Birictly the analytic nor the synthetic, but rather such a combination of

both, with a leaning to the latter, as may best suit with a didactic com-

position. Its object is not to convince or refute opponents, nor to inquire,

under the semblance of an assumed ignorance, for principles of which we

are all the time in full possession— but simply to teach what is knoum.

The moderate limit of a single volume, to which it will be confined, and

the necessity of being on every point, within that limit, rather diffuse and

copious in explanation, as well as the eminently matured and ascertained

character of the science itself, render this course both practicable and

eligible. Practicable, because there is now no danger of any revolution

in astronomy, like those which are daily changing the features of the less

advanced sciences, supervening, to destroy all our hypotheses, and throw

our statements into confusion. Eligible, because the space to be bestowed,

either in combating refuted systems, or in leading the reader forward by

slow and measured steps from the known to the unknown, may be more

advantageously devoted to such explanatory illustrations as will impress

on him a familiar and, as it were, a practical sense of the sequence of

phenomena, and the manner in which they are produced. We shall not,

then, reject the analytic course where it leads more easily and directly to

our objects, or in any way fetter ourselves by a rigid adherence to method.

Writing only to be understood, and to communicate as much information

in as little space as possible, consistently with its distinct and effectual

communication, no sacrifice can be afforded to system, to form, or to

affectation.

(5.) We shall take for granted, from the outset, the Copernican system

of the world; relying on the easy, obvious, and natural explanation it

affords of all the phenomena as they come to be described, to impress the

student with a sense of its truth, without either the formality of demon-

stration or the superfluous tedium of eulogy, calling to mind that impor-

tant remark of Bacon :
— " Theoriarum vires, arcta et quasi se mutuo

sustinente partium adaptatione, qu§> quasi in orbem cohasrent, firmantur';''

* " The confirmation of theories relies on the compact adaptation of their parts, by

which, like those of an arch or dome, they mutually sustain each other, and form a

coherent whole.^' This is v/bst Dr. Wheweil expressively terms the amiilietue o^

inductions.
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not failing, however, to point out to the reader, as occasion offers, the

contrast which itb superior simplicity offers to tho complication of oHier

hypotheses.

(6.) The preliminary knowledge which it is desirable that the student

should possess, in order for the more advantageous perusal of the following

pages, consists in the familiar practice of decimal and sexagesimal arith-

metic; some moderate acquaintance with geometry and trigonometry,

both plane and spherical; the elemenlnTjrincipIes of mechanics; and

enough of optics to understand the o< a -of <i and use of the telescope,

and some other of the simpler in^niiuints. Of course, the more of such

knowledge he brings to the pcrTsi , he easier will be his progress, and

the more complete the iriA.mation gained; but we shall endeavour in

every case, as far as it ccf. bu done without a sacrifice of clearness, and of

that useful brcvily which consists Li the absence of prolixity and epi-

sode, to render what we have to say as independent of other books as

possible.

(7.) After all, I must distinctly caution such of my readers as may

commence and terminate their astronomical studies with the present work

(though of such,— at least in the latter predicament,— I trust the num-

ber will be few), that its utmost pretension is to place them on the

threshold of this particular wing of tba temple of Science, or rather on

an eminence exterior to it, whence they may obtain something like a

general notion of its structure ; or, at most, to give those who may wish

to enter a ground-plan of its accesses, and put them in possession of the

pass-word. Admission to its sanctuary, and to the privileges and feelings

of a votary, is only to be gained by one means,— sound and sujficitnt

knowledge of mathematics, the great instrument of all exact inquiry,

without which no man can ever make such advances in this or any other

of the higher departments of science as can entitle him toform an inde-

pendent opinion on any subject of discussion within their range. It is

not without an effort that those who possess this knowledge can commu-

nicp. on uch subjects with those w^'O do not, and adapt their language

and tLa/,; '
•

: *tions to v necessities of such an intercourse. Proposi-

ticr.ct vh'..:.ik \,v> the one are almost identical, are theorems of import and

difEiculty to the other; nor is their evidence presented in the same way to

the mind of each. In teaching such propositions, under such drcum-

stances, the appeal has to be made, not to the pure and abstract reason,

but to the sense of analogy— to practice and experience : principles and

modes of action have to be established not by direct argument from

acknowledged axioms, but by continually recurnug to the sources from

which the axioms themselves have been drawn ; viz. examples ; that is to

I
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say, by bringing forward and dwelling on simple and familiar instances in

which the same principles and the same or similar modes of action take

place : thus erecting, as it were, in each particular case, a separate induc-

tion, and constructing at each step a little body of science to meet its

exigencies. The diflFerence is that of ] ering a road through an un-

traversed country and advancing at ease ab <f a broad and beaten high-

way ; that is to say, if we are determined t* make ourselves distinctly

understood, and will appeal to reason at all. At- ^or the method of nsser-

Hon, or a direct demand on the faith of tl^ '^ studo (though in scue com-

plex cases indispensable, where illustrative :plauation would iefeat its

own end by becoming tedious and burdens le to both parties), it is one

which I shall neither willingly adof nor wt i recommend to others.

(8.) On the other hand, although it is something ew to abandon the

road of mathematical demonstration in the trenti, nt ui subjects suscepti-

ble of it, and t( teach any considerable branch < nee entirely or chiefly

by the way of illustration and familiar parallel is yet not impossible

that those who are already well acquainted ^ ir subject, and whose

knowledge has be on acquired by that confessedly igher practice which is

incompatible with he avowed objects of the present -k, may yet find their

account in its perusal,— for this reason, that it is

present any given b'idy of knowledge to the mind i

different lights as possible. It is a property of illi

to strike no two minds in the same manner, or w

because no two minds are stored with the same imajr

ays of advantage to

s great a variety of

•ntions of this kind

h the same force;

. or have acquired

their notions of them by similar habits. Accordingly, it may very well

happen, that a proposition, even to one best acquainter -ith it, may be

placed not merely in a new and uncommon, but in a moi impressive and

satisfactory light by such a course— some obscurity may be dissipated,

some inward misgivings- cleared up, or even some links supplied which

may lead to the perce tion of connections and deductions altogether

unknown before. And he probability of this is increased when, as in

the present instance, the illustrations chosen have not been studiously

selected from books, but are such as have presented themselves freely to

the author's mind as being most in harmony with his own views ; by

which, of course, he means to lay no claim to originality in all or any of

them beyond what they ma;- really possess.

(9.) Besides, there are ca es in the application of mechanical principles

with which the matheniatica. student is but too familiar, where, when the

data are before him, and the numerical and geometrical relations of his

problems all clear to his conception,—when his forces are estimated and

his lines measured,— nay, when even he has followed up the application
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of his technical processes, and fairly arrived at his conclusion,— there is

still something wanting in his niud— not ia the evidence, for he has

examined each link, anu finds the chain complete— not in the principlcSj

for those he well knows are too firmly established to be shaken— but pre-

cisely in the mode of action. He has followed out a train of reasoning

by logical and technical rules, but the signs he has employed are not

pictures of nature, or have lost their original meaning as such to his

mind : he has not seen, as it were, the process of nature passing under

his eye in an instant of time, and presented as a consecutive whole to his

imagination. A familiar parallel, or an illustration drawn from some

artificial or natural process, of which b'' has that direct and individual

impression which gives it a reality and associules it with a name, will, in

almost every such case, supply in a moment this deficient feature, will

convert all his symbols into real pictures, and infuse an animated meaning

into what was before a lifeless succession of words and signs. I cannot,

indeed, always promise myself to attain this degree of vividness of illus-

tration, nor are the points to be elucidated themselves always capable of

being so paraphrased (if I may use the expression) by any single in-

stance adducible in the ordinary course of experience ; but the object will

at least be kept in view ; and, as I am very conscious of having, in making

such attempts, gained for myself much clearer views of several of the

more concealed eflFects of planetary perturbation than I had acquired by

their mathematical investigation in detail, it may reasonably be hoped

that the endeavour will not always be unattended with a similar success

in others.

(10.) From what has been said, it will be evident that our aim is not

to offer to the public a technical treatise, in which the student of practical

or theoret'cal astronomy shall find consigned the minute description of

methods of observation, or the formula) he requires prepared to his hand,

or their demonstrations drawn out in detail. In all these the present

work will be found meagre, and quite inadequate to his wants. Its aim

ie entirely different; being to present in each case the mere ultimate

ralionale of facts, arguments, and processes ; and, in all cases of niathe-

matical application, avoiding whatever would tend to encumber its pages

with algebraic or geometrical symbols, to place under his inspection that

central thread of common sense on which the pearls of analytical research

are invariably strung; but which, by the attention the latter claim for

thcnisclves, is often concealed from the eye of the gazer, and not always

disposed in the straightost and most cnnvonient form to follow by tlioso

who strinf them. T!i in I1-7 lltf
A...U
IIIUII itiose who liavo conductiHl the

inquiries to which we allude. The contention of mind for which they call
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is enormous; and it may, perhaps, be owing to their experience of how

little can be accomplished in carrying such processes on to their conclu-

sion, by mere ordinary clearness of head ; and how necessary it often is

to pay more attention to the purely mathematical conditions which ensure

success,— the hooks-and-eyes of their equations and series,— than to

those which enchain causes with their effects, and both wv he human

reason,— that we must attribute something of that indistinciness of view

which is often complained of as a grievance by the earnest student, and

still more commonly ascribed ironically to the native cloudiness of an

atmosphere too sublime for vulgar comprehension. "We think we shall

render good service to both classes of readers, by dissipating, so far as lies

in our power, that accidental obscurity, and by showing ordinary untu-

tored comprehension clearly what it can, and what it cannot, hope to

attun.

nilar success
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CHAPTER I.

GENERAL NOTIONS.— APPARENT AND REAL MOTIONS,— SHAPE AND
SIZE OP THE EARTH.— THE HORIZON AND ITS DIP. —THE ATMO-

SPHERE.— REFRACTION.— TWILIGHT.— APPEARANCES RESULTING

PROM DIURNAL MOTION.— FROM CHANGE OF STATION IN GENERAL.

— PARALLACTIC MOTIONS.— TERRESTRIAL PARALLAX.— THAT OP
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OP THE DISTANCE '-' a'HE STARS.— COPERNICAN VIEW OF THE

earth's motion. — RKLATIVE MOTION. — MOTIONS PARTLY REAL,

PARTLY APPARENT -—GEOCENTRIC ASTRONOMY, OR IDEAL REFERENCE

OP PHiENOMENA TO THE EARTH's CENTRE AS A COMMON CONVEN-

TIONAL STATION.
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(11.) The magnitudes, distances, arrangement, and motions of the

great bodies which make up the visible universe, their constitution and

physical condition, so far as they can be known to us, with their mutual

influences and actions on each other, so far as they can be traced by the

effects produced, and established by legitimate reasoning, form the assem-

blage of objects to which the intention of the astronomer is directed.

The term astronomy' itself, which denotes the lata or rule of the aslra (by

which the ancients understood not only the stars properly so called, but

the sun, the moon, and all the visible constituents of tho heavens), suffi-

ciently indicates this ; and, although the term astrology, which denotes tho

reaxnn, theory^ or interpretation of the stars,* has become degraded in its

application, and confined to superstitious and delusive attempts to divine

future events by their dependence on pretended planetary influences, the

same meaning originally attached itself to that epithet.

(12.) But, besides the stars and other celestial bodies, the earth itself,

regarded as an individual body, is one principal object of the astronomer's

consideration, and indeed, tho chief of all. It derives its imjiDrtance, in

' KoTtfp, a liar ; voiiot, a law ; or ix^tiv, to tend, oa a shepherd, his flork ; so that

aorpovufiof means " shepherd uf llie stars." The two two etymologies are, however,

coincident.

' Aoyo(, reaion, or a word, the vehicle of reason ; tho interpreter of thought.
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a practical as well as theoretical sense, not only from its proximity, and

its relation to us as animated beings, who draw from it the supply of all

our wants, but as the station from which we see all the rest, and as the

only one among them to which we can, in the first instance, refer for any

determinate marks and measures by which to recognize their changes of

situation, or with which to compare their distances.

(13.) To the reader who now for the first time takes up a book on

astronomy, it will no doubt seem strange to class the earth with the

heavenly bodies, and to assume any community of nature among things

apparently so diflferent. For what, in fact, can be more apparently differ-

ent than the vast and seemingly immeasurable extent of dhe earth, and the

stars ? The earth is a dark and opaque, while the celestial bodies are

brilliant. We perceive in it no motion, while in them we observe a con-

tinual change of place, as wc view them at different hours of the day or

night, or at different seasons of the year. The ancients, accordingly, one

or two of the more enlightened of them only excepted, admitted no such

community of nature ; and, by thus placing the heavenly bodies and their

movements without the pale of analogy and experience, effectually inter-

cepted the progress of all reasoning from what passes here below, to what

is going on in the regions where they exist and move. Under such con-

ventions, astronomy, as a science of cause and effect, could not exist, but

must be limited to a mere registry of appearances, unconnected with any

attempt to account for them on reasonable principles, however successful

to a certain extent might bo the attempt to follow out their order of

sequence, and to establish empirical laws expressive of this order. To

get rid of this prejudice, therefore, is the first step towards acquiring a

knowledge of what is really the case ; and the student has made his first

effort towards the acquisition of sound knowledge, when he has learnt to

familiarize himself with the idea that the earth, after all, may be nothing

but a great star. How correct such an idea may be, and with what limi-

tations and modifications it is to be admitted, we shall see presently.

(14.) It is evident, that, to form any just notions of the arrangement,

in spnce, of a number of objects which we cannot approach and examine,

but of which all the information wc can gain is by sitting still and watch-

ing their evolutions, it must bo very important for us to know, in the first

instance, whether what we call sitting still is really such : whether the

station from which wo view thorn, with ourselves, and all objects which

immediately surround us, bo not itself in motion, unperceived by us ; and

if so, of what nature tbnt motion is. The apparent places of a number

of objects, and their apparent arrongenicnt with respect to each other,

will of course be materially dependent on the situation of the spectator
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among thom ; and if this situation be liable to change, unknown to the

spectator himself, an appearance of change in the respective situations of

the objects will arise, without the reality. If, then, such be actually the

case, it will follow that all the movements we think we perceive among

tlie stars will not be real movements, hut that some part, at least, of

whatever changes of relative place we perceive among them must be

merely apparent, the results of the shifting of our own point of view

;

and that, if we would ever arrive at a knowledge of their real motions, it

can only be by first investigating our own, and making due allowance for

its effects. Thus, the question whether the earth is in motion or at rest,

and if in motion, what that motion is, is no idle inquiry, but one on which

depends our only chance of arriving at true conclusions respecting the

constitution of the universe.

(15.) Nor let it be thought strange that we should speak of a motion

existing in the earth, unperceived by its inhabitants ; we must remember

that it is of the earth as a tohole, with all that it holds within its substance

or sustains on its surface, that we are speaking ; of a motion common to

the solid mass beneath, to the ocean which flows around it, the air that

rests upon it, and the clouds which float above it in the air. Such a

motion, which should displace no terrestrial object from its relative situa-

tion among others, interfere with no natural processes, and produce no

sensations of shocks or jerks, might, it is very evident, subsist undetected

by us. There is no peculiar sensation which advertises us that we are in

motion. We perceive jerks, or shocks, it is true, because these are sud-

den changes of motion, produced, as the laws o^ mechanics teach us, by

sudden and powerful forces acting during short times ; and these forces,

applied to our bodies, are what we feel. When, for example, we are

carried along in a carriage with the blinds down, or with our eyes closed

(to keep us from seeing external objects), we perceive a tremor arising from

inequalities in the road, over which the carriage is successively lifted and

let full, but wo have no sense of progress. As the road is smoother, our

sense of motion is diminished, though our rate of travelling is accelerated.

Railway tnivelling, especially by night, or in a tunnel, has familiarized

every one with this remark. Those who have made aeronautic voyages

testify that with closed eyes, and under the influence of a steady breeze

communicating no oscillatory or revolving motion to the car, the sensation

is that of porfoet rest, however rapid the transfer from place to place.

(IG.) l?ut it is on shipboard, where a great system is maintained in

motion, and whore we are surrounded with a multitude of objects which

participate with oursolvog and each other in the common progrofis of the

whole mass, that wo feel most satisfactorily the identity of sensation
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between a etato of motioD and one of rest. In the cabin of a large and

heavy vessel, going smoothly before the wind in still water, or drawn along

a canal, not the smallest indication acquaints us with the way it is making.

We read, sit, walk, and perform every customary action as if we were on

land. If we throw a ball into the air, it falls back into our hand ; or if

we drop it, it alights at our feet. Insects buzz around us as in the free

air ; and smoke ascends in the same manner as it would do in an apart-

ment on shore. If, indeed, we come on deck, the case is, in some respects,

different ; the air, not being carried along with us, drifts away smoke and

other light bodies— such as feathers abandoned to it— apparently, in

the opposite direction to that of the ship's progress ; but, in reality, they

remain at rest, and we leave them behind in the air. Still, the illusion,

so far as massive objects and our own movements are concerned, remains

complete ; and when we look at the shore, we then perceive the effect of

our own motion transferred, in a contrary direction, to external objects—
txternal, that is, to the system of which weform a part.

" Provehimur, portu, terraque urbesque recedunt.

(17.) In order, however, to conceive the earth as in motion, we must

form to ourselves a conception of its shape and size. Now, an object

cannot have shape and size unless it is limited on all sides by some defi-

nite outline, so as to admit of our imagining it, at least, disconnected from

other bodies, and existing insulated in space. The first rude notion wo

form of the earth is that of a flat surface, of indefinite extent in nil direc-

tions from the spot where we stand, above which are the air and sky

;

below, to an indefinite profundity, solid matter. This is a prejudice to be

got rid of, like that of the earth's immobility;— but it is one much
easier to rid ourselves of, inasmuch as it originates only in our own mental

inactivity, in not questioning ourselves where we will place a limit to a

thing we have been accustomed from infancy to regard as immensely

large ; and does not, like that, originate in the testimony of our senses

unduly interpreted. On the contrary, the direct testimony of our senses

lies the other way. When we see the sun set in the evening in the west,

iind rise again in the east, as we cannot doubt that it is the same sun we

ceo lifter a temporary absence, wo must do violence to all our notions of

solid matter, to suppose it to have made its way through the substance ot

tlio earth. It must, therefore, have gone under it, and that not by a mere

Kuhtornuieous channel; for if we notice the points where it sets and rises

for iiijuiy successive days, or for a whole year, wo shall find thorn con-

stantly sliifting, round a very largo extent of the horizon ; and, bosidest,

the moon and stars also set and rise again in all points of the visible
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horizon. The conclusion is plain : the earth cannot extend indefinitelj

in depth downwards, nor indefinitely in surface laterally ; it must have not

only bounds in a horizontal direction, but also an under side round which

the Bun, moon, and stars can pass ; and that side must, at least, be so far

like what we see, that it must have a sky and sunshine, and a day when

it is nighii to us, and vice versd ; where, in short,

—•' redit 21 nobis Aurora, diemque reducit.

Nosque ubi primus equis oriens afSavit anhelis,

lUic sera rubers accendit lumina Vesper. Georg.

(18.) As soon as we have familiarized ourselves with the conception of

an earth without foundations or fixed supports— existing insulated in

space from contact of every thing external, it becomes easy to imagine it

in motion— or, rather, difficult to imagine it otherwise : for, since there

is nothing to retain it in one place, should any causes of motion exist, or

tLXxy forces act upon it, it must obey their impulse. Let us next see what

obvious circumstances there are to help us to a knowledge of the shape

of the earth.

(10.) Let us first examine what we can actually see of its shape. Now,

it is not on land (unless, indeed, on uncommonly level and extensive

plains), that we can see any thing of the general figure of the earth ;
—

the hills, trees, and other objects which roughen its surface, and break

and elevate the line of the horizon, though obviously bearing a most mi-

nute proportion to the whole earth, are yet too considerable with respect

to ourselves and to that small portion of it which we can see at a single

view, to allow of our forming any judgment of the form of the whole, from

that of a part so disfigured. But with the surface of the sea or any vastly

extended level plain, the case is otherwise. If we sail out of sight of

land, whether we stand on the deck of the ship or climb the mast, we see

the surface of the sea— not losing itself in distance and mist, but termi-

nated by a sharp, clear, wcll-drdDcd line or ojing as it is called, which

runs all round us in a circle, having our station for its centre. That this

line is really a circle, we conclude, first, from the perfect apparent similar-

ity of all its parts ; and, secondly, from the fact of all its parts appearing

at the same distance from us, and that, evidently, a moderate one ; and

thirdly, from this, that its apparent diameter, measured with an instru-

ment called the dip sector, is the same (except under some singular atmos-

pheric circumstances, which produce a temporary distortion of the outline),

in whatever direction the measure is taken,— properties which belong only

to the circle amoug geometrical figures. If we ascend a high emincnco
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on a plain (for instance, one of the Egyptian pjrai^ids,) the same holds

good.

(20.) Masts of ships, however, and the edi^ces erected , by man, are

trifling eminences compared to what nature itself affords; JEtna, Tene-

riffe, Mowna lloa, are eminences from which no contemptible aliquot part

of the whole earth's surface can be seen ; but from these again—in those

few and rare occasions when the transparency of the air will permit the

real boundary of the horizon, the true sea-line, to be seen— the very

same appearances arc witnessed, but with this remarkable addition, viz.,

that the angular diameter of the visible area, as measured by the dip sec-

tor, is materially less than at a lower level ; or, in other words, that the

apparent size of the earth has sensibly diminished as we have receded

from its surface, while yet the absolute quantity of it seen at once has been

increased.

(21.) The same appearances are observed universally, in every part of

the earth's surface visited by man. Now, the figure of a body which,

however seen, appears always circular, can be no other than a sphere or

globe.

(22.) A diagram will elucidate this. Suppose the earth to be repre-

sented by the sphere LHNQ, whose centre is 0, and let A, G, M be sta-

tions at different elevations above various points of its surface, represented

W^4^^t^
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by a, g, m respectively. From each of them (as from M) let a line be

drawn, as MNn, a tangent to the surface at N, then will this line represent

the visual ray along which the spectator at M will see the visible horizon

;

and as this tangent sweeps round M, and comes successively into the posi-

tions MOo, MPp, MQy, the point of contact N will mark out on the sur-

face the circle NOPQ. The area of the spherical surface comprehended

within this circle is the portion of the earth's surface visible to a spectator

at M, and the angle NMQ included between the two extreme visual rays

is the measure of its apparent angular diameter. Leaving, at present, out

of consideration the effect of refraction in the air below M, of which more

hereafter, and which always tends, in some degree, to increase that angle,

or render it more obtuse, this is the angle measured by the dip sector.

Now, it is evident, 1st, that as the point M is more elevated above m, the

point immediately below it on the sphere, the visible area, t. e. the spher-

ical segment or slice NOPQ, increases ; 2dly, that the distance of the vis-

ible horizon \ or boundary of our view from the eye, viz. the line MN,
increases j and, 3dly, that the angle NMQ becomes less obtuse, or, in other

words, the apparent angular diameter of the earth diminishes, being no-

where so great as 180°, or two right angles, but ^ailing short of it by

gome sensible quantity, and that more and more the higher we ascend.

The figure exhibits three states or stages of elevation, with the horizon,

&c., corresponding to each, a glance at which will explain our meaning;

or, limiting ourselves to the larger and more distinct, MNOPQ, let the

reader imagine nNM, MQy to be the two legs of a ruler jointed at M, and

kept extended by the globe NmQ between them. It is clear, that as the

joint M is urged home towards the surface, the legs will open, and the ruler

will become more nearly straight, but will not attain perfect straightness

till M is brought fairly up to contact with the surface at m, in which case

its whole length will become a tangent to the sphere at m, as is the line

(23.) This explains what is meant by the dip of the horizon. Mm,
which is perpendicular to the general surface of the sphere at m, is also

the direction in which a plumb-line' would hang; for it is an observed

fact, that in all situations, in every part of the earth, the direction of a

plumb-line is exactly perpendicular to the surface of still water; and,

moreover, that it is also exactly perpendicular to a line or surface truly

adjusted by a spirit-level.' Suppose, then, that at our station M we were

to adjust a line (a wooden ruler for instance) by a spirit-level, with perfect

exactness; then, if we suppose the direction of this line indefinitely pro-

>
' Ofii^oi, to terminate.

*See these instruments described in Chap. Ill,
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longed both ways, as XMY, the line so drawn will be at right angles to

M»i, and therefore parallel to xmy, the tangent to the sphere at m. A
spectator placed at M will therefore see not only all the vault of the sky

above this line, as XZY, but also that portion or zone of it which lies

between XN and YQ j in other words, his sky will be more than a hemi-

sphere by the zone YQXN. It is the angular breadth of this redundant

zone— the angle YMQ, by which the visible horizon appears depressed

below the direction of a spirit-level— that is called the dip of the horizon.

It is a correction of constant use in nautical astronomy.

(24.) From the foregoing explanations it appears, 1st, That the general

figure of the earth (so far as it can be gathered from this kind of observa-

tion) is that of a sphere or globe. In this we also include that of the sea,

which, wherever it extends, covers and fills in those inequalities and local

irregularities which exist on land, but which can of course only be regarded

as trifling deviations from the general outline of the whole mass, as we

consider an orange not the less round for the roughness on its rind. 2dly,

That the appearance of a visible horizon, or sea-oflBng, is a consequence

of the curvature of the surface, and does not arise from the inability of

the eye to follow objects to a greater distance, or from atmospheric indis-

tinctness. It will be worth while to pursue the general notion thus

acquired into some of its consequences, by which its consistency with

observations of a different kind, and on a larger scale, will be put to the

test, and a clear conception be formed of the manner in which the parts

of the earth are related to each other, and held together as a whole.

(25.) In the first place, then, every one who has passed a little while

at the sea-side is aware that objects may be seen perfectly well beyond the

offing or visible horizon— but not the whole of them. We only see their

upper parts. Their bases where they rest on, or rise out of the water, are

hid from view by the spherical surface of the sea, which protrudes between

them and ourselves. Suppose a ship, for instance, to sail directly away

from our station ;— at first, when the distance of the ship is small, a

spectator, S, situated at some certain height above the sea, sees the whole

of the ship, even to the water line where it rests on the sea, as at A.

As it recedes it diminishes, it is true, in apparent size, but still the whole

is seen down to the water line, till it reaches the visible horizon at B.

But as soon as it has passed this distance, not only does the visible por-

tion still continue to diminish in apparent size, but the hull begins to

disappear bodily, as if sunk below the surface. When it has rnached a

certain distance, as at C, its hull has entirely vanished, but the- masta

and sails remain, presenting the appearance c. But if, in this state of

things, the spectator quickly ascends to a higher station, T, whose visible
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horizon is at D, the hull comes again in sight ; and, when he descends

again he loses it. The ship still receding, the lower sails seem to sink

Fig. 2.

:|
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below the water, as at d, and at length the whole disappears : while yet

the distiuctiiess with which the last portion of the sail d is seen is such

as to satisfy us that were it not f(ir the interposed segment of the sea,

ABODE, the distance TE is not so great as to have prevented an equally

perfect view of the whole.

(26.) The history of aeronautic adventure affords a curious illustration

of the same principle. The late Mr. Sadler, the celebrated aeronaut,

ascended on one occasion in a balloon from Dublin, and was wafied across

the Irish Channel, when, on his approach to the Welsh (;oast, the balloon

descended nearly to the surface of the sea. By this time the sun was

set, and the shades of evening began to close in. He vhrew out nearly

all his ballast, and suddenly sprang upwards to a great heigh I;, and by so

doing brought his horizon to dip below the sun, producing the whole

phenomenon of a western sunrise. Subsequently descending in Wales,

he of course witnessed a second sunset on the same evening.

(27.) If we could measure the heights and exact distance of two sta-

tions which could barely be discerned from each other over the edge of

the horizon, we could ascertain the actual size of the earth itself: and, in

fact, were it not for the effect of refraction, by which we are enabled to

see in some small degree round the interposed segment (as will be here-

after explained), this would be a tolerably good method of ascertaining

it. Suppose A and B to be two eminences, whose perpendicular heights

A a and B b (which, for simplicity, we will suppose to be exactly equal)

are known, as well as their exact horizontal interval oD J, by measure-

ment; then it is clear that D, the visible horizon of both, will lie just

half-way between them, and if we suppose aD J to be the sphere of the

earth, and C its centre in the figure C D 6B, we know D6, the length of

the arch of the circle between D and b,— viz. half the measured interval,

''ik
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and 6B, thu excess of its secant above its radius— which is the height of

B^— data which, by the solution of an easy geometrical problem, enable

us to find the length of the radius D C. If, as is really the case, we sup-

pose both the heights and distance of the stations inconsiderable in com-

parison with the size of the earth, the solution alluded to is contained in

the following proposition :
—

The earth's diameter bears the same proportion to the distance of the

visible horizon from the eye as that distance does to the height of the

eye above the sea level.

When the stations are unequal in height, the problem is a little more

complicated.

(28.) Although, as we have observed, the effect of refraction prevents

this from being an exact method of ascertaining the dimensions of the

earth, yet it will suffice to afford such an approximation to it as shall be

of use in the present stage of the reader's knowledge, and help him to

many just conceptions, on which account wo shall exemplify its applica-

tion in numbers. Now, it appears by observation, that two points, each

ten feet above the surface, cease to be visible from each other over still

water, and in average atmospheric circumstances, at a distance of about 8

miles. But 10 feet is the 528th part of a mile, so that half their distance,

or 4 miles, is to the height of each as 4 X 528 or 2112 : 1, and therefore

in the same proportion to 4 miles is the length of the earth's diameter.

It must, therefore, be equal to 4 X 2112 = 8448, or, in round numbers,

about 8000 miles, which is nol very far from the truth.

(29.) Such is the first rough result of an attempt to ascertain the

earth's magnitude ; and it will not be amiss, if we take advantage of it

to compare it with objects we have been accustomed to consider as of vast

size, so as to interpose a few steps between it and our ordinary ideas of

dimension. We have before likened the inequalities on the earth's sur-

face, arising from mountains, valleys, buildings, &c. to the roughnesses

on the rind of an orange, compared with its general mass. The compari-

3
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Bon is quite free from exaggeration. The highest mountain known hardly

exceeds five miles in perpendicular elevation : this is only one 1600th

part of the earth's diameter; consequently, on a globe of sixteen inches

in diameter, such a mountain would be represented by a protuberance of

DO more than one hundredth part of an inch, which is about the thickness

of ordinary drawing-paper. Now, as there is no entire continent, or even

any very extensive tract of land, known, whose general elevation above

the sea is any thing like half this quantity, it follows, that if we would

construct a correct model of our earth, with its seas, continents, and

mountains, on a globe sixteen inches in diameter, the whole of the land,

with the exception of a few prominent points and ridges, must be com-

prised on it within the thickness of thin writing-paper ; and the highest

hills would be represented by the smallest visible grains of sand.

(80.) The deepest mine existing does not penetrate half a mile below

the surface : a scratch, or pin-hole, duly representing it, on the surface of

such a globe as our model, would be imperceptible without a magnifier.

(31.) The greatest depth of sea, probably, does not very much exceed

the greatest elevation of the continents ; and would, of course, be repre-

sented by an excavation, in about the same proportion, into the substance

of the globe : so that the ocean comes to be conceived as a mere film of

liquid, such as, on our model, would be left by a brush dipped in colour,

and drawn over those parts intended to represent the sea : only, in so con-

ceiving it, we must bear in mind that the resemblance extends no farther

than to proportion in point of quantity. The mechanical laws which

would regulate the distribution and movements of such a film, and its

adhesion to the surface, are altogether different from those which govern

the phenomena of the sea.

(32.) Lastly, the greatest extent of the earth's surftice which has

ever been seen at once by man, was that exposed to the view of MM.
13iot and Gay-Lussac, in their celebrated aeronautic expedition to the

enormous height of 25,000 feet, or rather less than five miles. To esti-

mate the proportion of the area visible from this elevation to the whole

earth's surface, we must have recourse to the geometry of the sphere,

which iufornia us that the convex surface oT a spherical segment is to the

whole surface of the sphere to which it belongs as the versed sine or thick-

ness of the segment is to the diameter of the sphere ; and further, that

this thickness, in the case we are considering, is almost exactly equal to

the perpendicular elevation of the point of sight above the surfoce. Tho

proportion, therefore, of the visible area, in this case, to the whole earth's

Burfaco, is that of five miles to 8000, ti> xuw. ' lie poriiuu visioio

from iEtna, the Peak of Teneriffe, or Mowna Roa, is about one 4000tb.
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(33.) When we ascend to any very considerable elevation above the

surface of the earth, either in a balloon, or on mountains, we are made

aware, by many uneasy sensations, of an insufficient supply of air. The

barometer, an instrument which informs us of the weight of air incum-

bent on a given horizontal surface, confirms this impression, and affords

a direct measure of the rate of diminution of the quantity of air which a

given space includes as we recede from the surface. From its indications

we learn, that when we have ascended to the height of 1000 feet, we have

left below us about one-thirtieth of the whole mass of the atmosphere :

—

that at 10,G00 feet of perpendicular elevation (which ia rather less than

that of the summit of iEtna') we have ascended through about one-third

;

and at 18,000 feet (which is nearly that of Cotopaxi) through one-half

the material, or, at least, the ponderable body of air incumbent on the

earth's surface. From the progression of these numbers, as well as d

priori, from the nature of the air itself, which is compressible, i. e. capa-

ble of being condensed or crowded into a smaller space in proportion to

the incumbent pressure, it is easy to see that, although by rising still

higher, we should continually get above more an'', more of the air, and so

relieve ourselves more and more from the pressure with which it weighs

upon us, yet the amount of this additional relief, or the ponderable quan-

tity of air surmounted, would be by no means in proportion to the addi-

tional height ascended, but in a constantly decreasing ratio. An easy

calculation, however, founded on our experimental knowledge of the pro-

perties of air, and the mechanical laws which regulate its dilatation and

compression, is sufficient to show that, at an altitude above the surface of

the earth not exceeding the hundredth paru of its diameter, the tenuity,

or rarefaction, of the air must be so excessive, that not only animal life

could not subsist, or combustion be maintained in it, but that the most

delicate means we possess of ascertaining the existence of any air at all

would fail to afford the slightest perceptible indications of its presence.

(34.) Laying out of consideration, therefore, at present, all nice ques-

tions as to the probable existence of a definite limit to the atmosphere,

beyond which there is, absolutely and rigorously speaking, no air, it is

clear, that, for all practical purposes, we may speak of those regions which

are more distant above the earth's surface than the hundredth part of its

diameter as void of air, and of course of clouds (which are nothing but

visible vapours, diffused and floating in the air, sustained by it, and ren-

dering it turbid as mud doos water). It seems probable, from many indi-

' Tiic height of Mtna above the Mediterranean (as it resuhs from a barometrical

measurement of my own, made in July, 1824, under very favourable circumstances) ia

10,872 English kci.—Author.
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cations, tliat the greatest height at which visible clouds ever exist does not

exceed ten miles ; at .vhich height the density of the air is about an eighth

part of what it is at the level of the sea.

(35.) We are thus led to regard the atmosphere of air, with the clouda

it supports, as constituting a coating of equable or nearly equable thick-

ness, enveloping our globe on all sides j or rather as an aerial ocean, of

which the surface of the sea and land constitutes the bed, and whose infe-

rior portions or strata, within a few miles of the earth, contain by far the

greater part of the whole mass, the density diminishing with extreme

rapidity as we recede upwards, till, within a very moderate distance (such

as would be represented by the sixth of an inch on the model we have

before spoken of, and which is not more in proportion to the globe on

which it rests, than the downy skin of a peach in comparison with the

fruit within it), all sensible trace of the existence of air disappears.

(36.) Arguments, however, are not wanting to render it, if not abso-

lutely certain, at least in the highest degree probable, that the surface of

the aerial, like that of the aqueous ocean, has a real and definite limit, as

above hinted at; beyond which there is positively no air, and above wliich

a fresh quantity of air, could it be added from without, or carried aloft

from below, instead of dilating itself indefinitely upwards, would, after a

certain very enormous but still finite enlargement of volume, sink and

merge, as water poured into the sea, and distribute itself among the mass

beneath. AVith the truth of this conclusion, however, astronomy has

little concern; all the efiects of the atmosphere in modifying astronomical

phenomena being the same, whether it be supposed of definite extent or

not.

(37.) Moreover, whichever idea we adopt, within those limits in which

it possesses any appreciable density its constitution is the same over all

points of the earth's surface ; that is to say, on the great scale, and leaving

out of consideration temporary and local causes of derangement, such as

winds, and great fluctuations, of the nature of waves, which prevail in it

to an immense extent. In other words, the law of diminution of the

air's density as we recede upwards from the level of the sea is the same

in every column into which we may conceive it divided, or from whatever

point of the surface we may set out. It may therefore be considered as

consisting of successively superposed strata or layers, each of the form of

a spherical shell, concentric with the general surface of the sea and land,

and each of which is rarer, or specifically lighter, than that immediately

beneath it ; and denser, or specifically heavier, than that immediately

above it. This, at le.ist, m tui.« 1.
6 kind of uiatfiuuiion wuicQ alone would bo

consistent with the laws of the equilibrium of fluids. Inasmuch, however,

!
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as the atmosphere is not in perfect equilibrium, being always kept in a

state of circulation, owing to the excess of heat in its equatorial regions

over that at the poles, some slight deviation from the rigorous expression

of this law takes place, and iu peculiar localities there is reason to believe

that even considerable permanent depressions of the contours of these

strata, below their general or spherical level, subsist. But these are points

of consideration rather for the meteorologist than the astronomer. It

must be observed, moreover, that with this distribution of its strata the

inequalities of mountains and valleys have little concern. These exercise

hardly more influence in modifying their general spherical figure than the

inequalities at the bottom of the sea interfere with the general sphericity

of its surface. They would exercise absolutely none were it not for their

effect in giving another than horizontal direction to the currents of air

constituting winds, as shoals in the ocean throw up the currents which

sweep over them towards the surface, and so in some small degree tend to

disturb the perfect level of that surface.

(38.) It is the power which air possesses, in common with all trans-

parent media, of refracting the rays of light, or bending them out of

their straight course, which renders a knowledge of the constitution of the

atmosphere important to the astronomer. Owing to this property, objects

seen obliquely through it appear otherwise situated than they would to the

same spectator, had the atmosphere no existence. It thus produces a

false impression respecting their places, Avliieh must be rectified by ascer-

taining the amount and direction of the displacement so apparcMitly pro-

duced on each, before we can come at a knowledge of the true directions

in which they are situated from us at any assigned moment.

(39.) Suppose a spectator placed at A, any point of the earth's surface

K A /;; and let L /, M m, N n, represent the successive strata or layers,

of decreasing density, into which we may conceive the atmosphere to be

divided, and which are spherical surfaces concentric with K k, the earth's

surface. Let S represent a star, or other heavenly body, beyond the ut-

most limit of the atmosphere. Then, if the air were away, the spectator

would see it in the direction of the straight line A S. But, in reality,

when the ray of light S A roaches the atmosphere, suppose at rf, it will,

by the laws of optics, begin to bend downwards, and take a more inclined

direction, as d c. Tliis bending will at first be imperceptible, owing to

the extreme tenuity of the upperniofit strata; but as it advances down-

wards, the strata continually increaHing in density, it will continually

undergo groutef and greater rrfractinn in the same direction; and thus,

instead of pursuing the straight line S d A, it will describe a curve S (i c

h a, continually more and more concave downwards, and will reach the
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earth, not at A, but at a certain point a, nearer to S. This ray, conse-

quently, will not reach the spectator's eye. The ray by which he will see

the star is, therefore, not S d A, but another ray which, had there been

no atmosphere, would have struck the earth at K, a point behind the

spectator; but which, being bent by the air into the cur'e S D C B A,

actually strikes on A. Now, it is a law of optics, that an object is seen

in the direction which the visual ray has at the instant of arriving at Ihtt

eye, without regard to what may have been otherwise its course between

the object and the eye. Hence the stur S will be seen, not in the direc-

tion A S, but in that of A «, a tangent to the curve S D C B A, at A.

Fig. 4.

But because the curve described by the refracted ray is concave down-

wards, the tangent A s will lie ahope A S, the unrefracted ray : conse-

quently the object S will appear more elevated above the horizon A H,

when seen through the refracting atinospliere, than it would appear were

there no such atmosphere. Since, however, the disposition of the strata

is the same in all directions around A, the visual ray will not bo made to

deviate laterally, but will reninin constiuitly in the Ramo vertical plane,

S A C, passing through the eye, tlie object, and the earth's centre.

(40/) The effect of the air's refraction, then, is to raise all the heavenly

bodies higher above the horizon in nppoiinnico than they are in reality.

Any such body, situated actually in the true horizon, will appear above it,

or will have some certain apparent nlfitiide (w it is called). Nay, even

Homo of those aetnallv below the horizon, nnd wliiob would therefore be

invisible but for the eflFeet of refraction, are, by tliat erect, raised above it

and brought into sight. Thus, the sun, when situated at P below the true

-:A
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(41.) The exact estimation of the amount of atmospheric refraction, or

the strict determination of the angle S A s, by which a celestial object at

any assigned altitude, H A S, is raised in appearance above its true place,

is, unfortunately, a very difficult subject of physical inquiry, and one on

which geometers (from whom alone we can look for any information on

the subject) are not yet entirely agreed. The difficulty arises from this,

that the dpiisity of any stratum of air (on which its refracting power

depends) is affected not merely by the superincumbent pressure, but also

by its temperature or degree of heat. Now, although we know that as

we recede from the earth's surface the temperature of the air is constantly

diminishing, yet the law, or amount of this diminution at different heights,

is not yet fully ascertained. Moreover, the refracting power of air is per-

ceptibly affected by its moisture ; and this, too, is not the same in every

part of an aerial column ; neither are we acquainted with the laws of its

distribution. The consequence of our ignorance on these points is to

introduce a corresponding degree of uncertainty into the determination of

the amount of refraction, which affects, to a certain appreciable extent,

our knowledge of several of the most important data of astronomy.

Tlio uncertainty thus induced, is, however, confined within such very

narrow limits as to be no cause of embarrassment, except in the most

delicate inquiries, and to call for no further allusion in a treatise like the

present.

(42.) A "Table of Refraction," as it is called, or a statement of the

amount of apparent displacement arising from this cause, at all altitudes,

or in every situation of a heavenly body, from the horizon to tho zenith,^

or point of the sky vertically above the spectator, and, under all tho

circumstances in which astronomical observations are usually performed

which may influence the result, is one of tho most important and indis-

pensable of all astronomical tables, since it is only by tho use of such u

table we are enabled to get rid of an illusion which must otherwise pervcit

all our notions respecting the celestial motions. Such have been, acemd-

ingly, constructed with great care, and are to be found in every collect iun

of astronomical tables. Our design, in tho present treatise, will not

admit of tho introduction of tables; and we must, therefore, content mu-

selves here, and in similar cases, with referring the reader to W(jrk!t

especially destined to furnish these useful aids to calculation. It is, how-

' From on Arabic word of this signification.

Chap. II.

Soo this term technically defined in
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ever, desirable that he should bear in mind the following general notions

of its amount, and law of variations.

(43.) 1st. In the zenith there is no refraction. A celestial object,

situated vertically over-head, is seen in its true direction, as if there were

no atmosphere, at least if the air be tranquil.

2dly. In descending from the zenith to the horizon, the refraction con-

tiuutilly increases. Objects near the horizon appear more elevated by it

above their true directions than those at a high altitude.

3dly. The rate of its increase is nearly in proportion to the tangent of

the apparent angular distance of the object from the zenith. But this

rule, which is not far from the truth, at moderate zenith distances, ceases

to give correct results in the vicinity of the horizon, where the law

becomes much more complicated in its expression.

4thly. The average amount of refraction, for an object half-way between

the zenith and the horizon, or at an apparent altitude of 45°, is about 1'

(more exactly 57"), a quantity hardly sensible to the naked eye ; but at

the visible hurizon it amounts to no less a quantity than 33', which is

rather more than the greatest apparent diameter of either the sun or the

moon. Hence it follows, that when we see the lower edge of the sun or

moon just apparenth/ resting on the horizon, its whole disk is in reality

below it, and would be entirely out of sight and concealed by the con-

vexity of the earth, but for the bending round it, which the rays of light

have undergone in their passage through the air, as alluded to in art. 40.

5thly. That when the barometer is higher than its average or moan

state, the amount of refraction is greater than its mean amount; when

lower, less; and,

Othly. That in one and the same state of the barometer the refrac-

tion is greater, the colder the air. The variation, owing to these two

causes, from its mean amount (at temp. 55°, pressure 30 inches), arc

about one 4'20th part of that amount for each degree of the therr.iometer

of rahreuhcit, and one 300th for each tenth of an inch in the height of

the barometer.

* (44.) It follows from this, that one obvious effect of refraction must bo

to shorten the duration of night and darkness, by actually prolonging the

stay of the sim and moon above the horizon. But even after they are set,

the iutiucuce of the atmosphere still continues to pcnd us a portion of their

light ; not, indeed, by direct transmission, but by refiection upon the va-

pours, and minute solid particles which float in it, and, perhaps, also on

the actual material atoms of the air itsolf. To understand how this takes

place, we must recollect, that it is not only by the direct light of a lumi-

nous object that wo see, but that whatever portion of its light which
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icneral notions TFOuld not otherwise reach our eyes is intercepted in its course, and thrown

back, or laterally, upon us, becomes to us a means of illuniination. Such

reflective obstacles always exist floating in the air. The whole course of a

sun-beam penetrating through the chink of a window-shutter into a dark

room is visible as a bright line in the air; and even if it be stifled, or let

out through an opposite crevice, the light scattered through the apartment

from this source is sufficient to prevent entire darkness in the room. Tho

luminous lines occasionally seen in the air, in a sky full of partially bro-

ken clouds, which the vulgar term " the sun drawing water," are simi-

larly caused They are sunbeams, through apertures in the clouds, par-

tially intercepted and reflected on the dust and vapours of the air below.

Thus it is with those solar rays which, after the sun is itself concealed by

the convexity of the earth, continue to traverse the higher regions of the

atmosphere above our heads, and pass through and out of it, without di-

rectly striking on the earth at all. Some portion of them is intercepted

and reflected by the floating particlcLi above mentioned, and thrown back,

or laterally, so as to reach us, and aflford us that secondary illumination,

Fig. 5,

which is twilight. The course of such rays will be immediately understood

from the annexed figure, in which AB C D is the earth ; A a point on its

surface, where the sun S is in the act of setting ; its last lower ray SAM
just grazing the surface at A, while its superior rays S N, SO, traverse

the atmosphere above A without striking the earth, leaving it finally at

tlie points PQR, after being more or less bent in passing through it, tho

lower most, the higher less, and that which, like S R O. iiiorely grazes

t.iO exterior limit of tho atmosphere, not at all. Let us consider several

points, A, B, C, D, each more remote than the last from A, and each more



i'

r I

.1'2 (MITI.IN|.;M ok AMTIIttNuMY.

«loo|ilv iiiviilv(>(| ill (lio rarlh's shtnioii', wliicli o(>('ii|iiim tlin wlmlo H|iii(in

iViMii \ lioiii'iilli llio lino A IM, Niiw, A jiml. rrocivim llio hiiii'k IiinI. (lirccfc

riiv, iiikI, ln^Miili'M, \n tlluiiiiiiiUiMl hy tint wlmlo t'olliutlivo iiLnnmplitii'd l'(j

K r, ll lli(>n>r.ii'o hux'ivcN hviligliUViuu tlin wlmlo »ky. Tlio pitiiit II,

(it wliii'li (III! Niiii liiiM mit, i'tMM<ivi<M till iliriM'l. hdIiii' li^lil'i nor ittiyi •lint^t nr

r«<ll<'i<l<'>l, iVoin nil lliikt |mrt o( its \wh\o iiliiiimplici'n wliinli \n IimIow A I' !M
;

lui! iVitni tlii> li'iiiioiilui' portion I' It r, wliicli ix Imvoiwil l»y t.lio himi'h riiyM,

iiiiil wliioli lios ithovi< tiio viNiMo lioi-iKoii H 11 of li, it) roooivim ii twili^lif,

wliiol) i>4 Mintiigoxt ut H, tito point itniiiiMliiitoly Itnlow wliioh *''o niiii in,

Hiitl I'l li's iiwiiy gi'iitiiiully towiu'ili* V, i\>* llio liiininoim part ot' lio iil.nin-

uphoro (liins olV, At. I', only tlio ImhI or lliinncMt, portion, I'Qtol" tlio

lontionliu' iti\^;iiitint, tIniN illniniiiiili>il, lios ultovo iho lioriicou, ()(j, nf tliHt

jtluoo; horo, tlion, (ho twilight '\h foohlit, and oonllni<il to ii nnnill Npii(<o in

nntl notu' thi> horiiditn, whioh tho niiii has i|iiitloil, whilo ut I) tho twilight

liiiN o<>t»s('<| jillogothor.

^ l.'v *) WItoii th«> F«nn i-t uhovo tho hoi'ixoit, it itlnminiitoH tho atniimphoro

unil oliiiiils, iiiiil thoNo iiguin dispot'Ho luul nohIIim' it portion of itn ligli' in

«U (lir.'i'lii>i\s, so IIS to Nond »oino of its riiys to (ivory oxposoil point, iVoia

ovory point of tint sky. Tho goiioriilly ililVnsoil light, thoroforo, whioli wo

ni^joy in tho diyliino, is ii phoiiomi'tioii urigiiiiititig in tho vory hiiiiio oimiso.>4

MS ihi' twilight. Woiv it not lor tho nilootivo ami soiittitring powor of tho

Htnu'spluro. no ohjootw wonM ho visihio to us out of diroot muishino ; ovory

nIiuiIow .«f ,1 passing olond would bo pilohy darknoss; tho Htiirs would bo

visible ;iH day, «n»l ovory apartinont, into whioh tl»o huh hiid not diroot

ivdniission, would bo involvod in nootiuniil obsonrity. ThisHoiitloring notion

of (h(> aloiosphoiv on tho solar light, it should bo obsorvod, is iiioroiisod

by tho ii'n>gnlarity of toinporntuiv oausod by tho wiino huniniiry in itt«

dilVon-nt parts, whioh, during tho daytiino, throws it into n constant stuto

of \iiuhilatiou, and, by thus bringing togothor inassi>s of air of vory un-

tsjual tiinporatuivs, pn>diuvs partial ivMoolions and rofraotions at tlioir

oonnnon boundarios, b;j- whioh somo portion of tho light is tnrnod asido

tfyim (ho diivot oonrso, and divortod to tho purposos of gonoml illumina-

tion.

(^I(> .^ From tho explanation wo liavo givon, in arts. .'10 ami 10, of tho

natniv (>f atmosphorio rt'tVaotioii, anil tho inodo in whioh it is prodnood in

tho pnign'ss of a ray t>f light (IniMigh siiooossivo strata, or liiyiMs of tho

fttmosphoro, it will ho ovidont, that whonovor a ray passos ohfi'ijinh/ from

K highor lovol to a lowor ono, or riVc irrm'i, it.s ooursi» is n(»t rootiliiioar,

but iVMuvavo dt^wnvraniii ; niul of ootn^o any <>bjoot so(>n by moans of suoh

a my, tuust appoar doviatod frt^n itvS (ruo plaoo, whoih.or tluit objoot he-,

iiko tho ivlostial Uxlios, eutirvly Wyoud tho atmosphero, or, like tho sum*

n-.
t's;
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I hiiihII n|)iioi) in

I. I> llio twili^lit

I tlio iiliii(m|ilioro

I of itH ligli' ill

)rt(M| point, iVniii

'('I'div, wliii'li wi)

i^'y miiiio ciiiiMcs

iig pDWor of till)

siuisliino ; ovory

KttU'M would III)

iiul iiol. (liivi't

<itttoriii){m'tioii

'Oil, IH itU'l'l<IIHl<(l

iiiiiiiiiiry ill iM

OOHNtllllt, HlutO

iiir of vory »n-

tioiiN lit llioir

is tiii'iit<(l iiFiido

nioml illtiiiiiim-

luiil 10, of llu<

iH proiliicoil ill

)i" Inyois of tlio

i>!ifi<fiii h/ from

not roi'liliiii'iir,

nuMins of siu'li

liat obji'ct ho,

, liko the sum*

iiiitH of ttuiunttiiiiN m><iti from tlio pliiitiM, or othor torrontriul HtiitiotiN iit

<tiir<'r)>iit IiivoIh HDoti from (m<;li otlntr, iiiitmirHiMl in it. h)\t:ry ditl'on'niu)

of Idvi'I, iiciMinipiuiiod, nn it iiiUHt ho, with n <liiror(Mi(;o of (hitmity in tho

ui^riiil Htriitii, iiiiiNt iiIno hiivo, »rriiHpoiiilin){ to it, ii oiirtiiin nnioiiiit of nt-

friii'lioii ;
liiNH, iniloitil, than wwut would ho prodiiitod hy tho vi/iofi: atnio-

HplK'i'i', hilt Ntill oftoii of vory iipprooiiihio, und ovon conHidorahhi, iinioiint.

'I'liiM rnfiuotion hotwocMi tornrntriiii HtutioiiM in t^irmod frrri'M/.n'(d n/rarfiinif

to diHlingiiiHli it from that totnl otVcot which iit only prodiKJod on oi-lcHtiul

ohjiM'tH, or Hiich HH aro hnyoiid tho atmoHphoni, und whi<;h jh culled (;i;IoH'

tiiil or uHti'onomi«!id rofniction.

(17.) Aiiothor ofliiot of rofruotion Ik to diHtort tho vinihlo forniH und

proportioim of ohjcclH neon noar tho hori/on. Tho mm, for iimtunoo, which

nt n I'oiiHiduruhlfl altitiido iilwiiyH uppcarH round, uHNumoH, uh it upprouoliitH

tho hori/.on, u fluttoiii>d or oval ontlino ; itH hori/.oiitui diamotor hiting vis*

ihly grcutor tlinn that in u vortical direction. When very near tho hoiiznti,

this llattoning m ovidontly inoro uoiiHidoruhIo on tho lower Hide than on tlio

upper; HO thut tho apparent form Ih neither circular nor (illiptii;, hut u Hpn-

cicN of oval, which deviaten more from n uircio hclow than uhovo. 'I' IiIh

wiiigiilar elVcct, which any otio may iiotieo in a lino Hunnct, uriHcH from tho

rapid rate nt which tho refraction increaHCH in upprouching the hori/.on.

Were every vinihlo point in tho huii'h circuinfiu'eiico (Kjiiully niiHcd hy re*

fraction, it would ntill appuar circular, though dinplaced; hut tho lower

portioiiH biting niorr raiNcd than tho upper, tho vertical diameter in tlicn.'hy

Nliortcned, whilu t'lo two extromitieH of itH horizontal diunieter aro ci|iially

raini'd, and in parallel dircctioiiH, ho thut its uppurint length rcniai.,s tho

.sunic. Tho diluted nizo (generully) of tho huu or moon, when hccu noar

the hori/.on, hoyond whut they appear to have wIkiii high up in tho nky,

has nothing tu do with ritfraction. It is an illusion of tho jiidgmctnt,

arising from tho ' irrestrial ohjcctH interposed, or placed in close compar-

ison with thorn. In that situation wo view und judge of them as wo do

of li'irestrial ohjcctH— in detail, und with tin awiuired habit of attention

to parts. Aloft wu have no ussociutions to guide us, and their itiHuIution

ill the cxpunso of sky leads us rather to undervalue than to over-rati! their

npiKiii'iit magnitudes. Actual mcasuroment with u proper instninient I'or-

vects our error, without, however, dispelling our illusion, lly this wo

learn, that the huu, when juBt on tho horizon, subtends at our oyca almost

exiietly the same, und the moon u muterially Icsh auj^ie, than when scon

at a great altitude in the sky, owi'ig to its greater distance from us in tho

former situation us compared with tho latter, as will bo explained farther

oh.

(tS.) After what has been said of tho BmuU extent jf tho atmosphere
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in comparison with the mass of the earth, we shall have little hesitation

in admitting those luminaries which people and adorn the sky, and which,

while they obviously form no part of the earth, and receive no support

from it, are yet not borne along at random like clouds upon the air, nor

drifted by the winds, to be external to our atmosphere. As such we have

considered them while speaking of their refractions— as existing in the

immensity of space beyond, and situated, perhaps, for any thing we can

perceive to the contrary, at enormous distances from us and from each

other.

(49.) Could a spectator exist unsustained by the earth, or any solid

support, he would see around him at one view the whole contents of space

— the visible constituents of the universe : and, in the absence of any

means of judging of their distances from him, would refer them, in the

directions in which they were seen from his station, to the concave sur-

face of an imaginary sphere, having his eye for a centre, and its surface

at some vast indeterminate distance. Perhaps he might judge those

which appear to him large and bright, to be nearer to him than the

smaller and less brilliant ; but, independent of other means of judging,

he would have no warrant for th's opinion, any more than for the idea

that all were equidistant from him, and really arranged on such a

spherical surface. Nevertheless, there would be no impropriety in his

referring their places, geometrically speaking, to those points of such a

purely imaginary sphere, which their respective visual rays intersect ; and

there would Ve much advantage in so doing, as by that means their ap-

pearance and relative situation could be accurately measured, recorded,

and mapped down. The objects in a landscape are at every variety of

distance from the eye, yet we lay them all down in a picture on one

plane, and at one distance, in their actual apparent proporlionsy and the

likeness is not taxed with incorrectness, though a man in the foreground

should be represented larger than a mountain in the distance. So it is

to a spectator of the heavenly bodies pictured, projected, or mapped down

on that imaginary sphere we call the shy or heaven. Thus, we may
easily conceive that the moon, which appears to us as large as the sun,

though less bright, may owe that apparent equality to its greater prox-

imity, and may be really much less ; while both the moon and sun may

only appear larger and brighter than the stars, on account of the remote-

ness of the latter.

(50.) A spectator on the earth's surface is prevented, by the great

mass on which he stands, from seeing into all that portion of space which

is below him, or to see which he must look in any degree downwards

It is true that, if his place of observation be at a great elevation, the dip
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of the horizon will bring within the scope of vision a little more than a

hemisphere, and refraction, wherever he may be situated, will enable him

to look, as it were, a little round the corner ; but the zone thus added to

his visual range can hardly ever, unless in very extraordinary circum-

stances, exceed a couple of degrees in breadth, and is always ill seen on

account of the vapours near the horizon. Unless, then, by a change of

his geographical situation, he should shift his horizon (which is always a

plane passing through his eye, and touching the spherical convexity of

the earth) ; or unless, by some movements proper to the heavenly bodies,

they should of themselves come above his horizon j or, lastly, unless, by

some rotation of the earth itself on its centre, the point of its surface

which he occupies should be carried round, and presented towards a dif-

ferent region of space j he would never obtain a sight of almost one half

the objects external to our atmosphere. But if any of these cases be

supposed, more, or all, may come into view according to the circum-

stances.

(51.) A traveller, for example, shifting his locality on our globe, will

obtain a view of celestial objects invisible from his original station, in a

way which may be not inaptly illustrated by comparing him to a person

standing in a park close to a large tree. The massive obstacle presented

by its trunk cuts off his view of all those parts of the landscape which it

Fig. 6.

n «

lownwards

occupies as an object ; but by walking round it a complete successive view

of the whole panorama may be obtained. Just in the same way, if we
set off from any station, as London, and travel southwards, we shall not

fail to notice that many celestial objects which are never seen from

London corae auccessiveiy into view, as if rising up above the horizon,

night after night, from the south, although it is in reality our horizon,
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which, travelling with us southwards round the sphere, sinks in succes-

sion beneath them. The novelty and splendour of fresh constellations

thus gradually brought into view in the clear calm nights of tropical

climates, in long vcj'ages to the south, is dwelt upon by all who have

enjoyed this spectacle, aud never fails to impress itself on the recollection

among the most delightful and interesting of the associations connected

with extensive travel. A glance at the accompanying figure, exhibiting

three successive stations of a traveller. A, B, C, with the horizon corre-

sponding to each, will place this process in clearer evidence than any

description.

(52.) Again : suppose the earth itself to have a motion of rotation on

its centre. It is evident that a spectator at rest (as it appears to hira)

on any part of it will, unperceived by himself, be carried round with it

:

unperceived, we say, because his horizon will constantly contain, and be

limited by, the same terrestrial objects. He will have the same land-

scape constantly before his eyes, in which all the familiar objects in it,

which serve him for landmarks and directions, retain, with respect to

himself or to each other, the same invariabl? situations. The perfect

smoothness and equality of the motion of so vast a mass, in which every

object he sees around him participates alike, will (art. 15) prevent his

entertaining any suspicion of his actual change of place. Yet, with

respect to external objects,— that is to say, all celestial ones which do

not participate in the supposed rotation of the earth,— his horizon will

have been all the while shifting in its relation to them, precisely as in

the case of our traveller in the foregoing article. Recurring to the figure

of that article, it is evidently the same thing, so far as their visibility is

concerned, whether he has been carried by the earth's rotation succes-

sively into the situations A, B, C ; or whether, the earth remaining at

rest, he has transferred himself personally along its surface to those

stations. Our spectator in the park will obtain precisely the same view

of the landscape, whether he walk round the tree, or whether we suppose

it sawed off, and made to turn on an upright pivot, while he stands on a

projecting step attached to it, and allows himself to be carried round by

its motion. The only difference will be in his view of the tree itself, of

which, in the former case, he will see every part, but, m the latter, only

that portion of it which remains constantly opposite to him, and imme-

diately under his eye.

(53.) By such a rotation of the earth, then, as we have supposed, the

horizon of a stationary spectator will be constantly depressing itself below

those objects which lie in that region of space towards which the rotation

ia carryiug him, and elevating itself above those in the opposite quarter,
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admitting into view the former, and successively hiding the latter. As

the horizon of every such spectator, hoypever, appears to him motionless,

all such changes will be referred by him to a motion in the objects them-

selves so successively disclosed and concealed. In place of his horizon

approaching the stars, therefore, he will judge the stars to approach his

horizon ; and when it passes over and hides any of them, he will consider

them as having sunk below it, or set; while those it has just disclosed,

and from which it is receding, will seem to be rising above it.

(54.) If we suppose this rotation of the earth to continue in one and

the same direction,— that is to say, to be performed round one and the

same axis, till it has completed an entire revolution, and come back to the

position from which it set out when the spectator began Lis observations,

— it is manifest that every thing will then be in precisely the same rela-

tive position as at the outset : all the heavenly bodies will appear to occupy

the same places in the concave of the sky which they did at that instantj

except such as may have actually moved in the interim j and if the rota-

tion still continue, the same phenomena of their successive rising and

setting, and return to the same places, will continue to be repeated in the

same order, and (if the velocity of rotation be uniform) in equal intervals

of time, ad injivitum.

(55.) Now, in this we have a lively picture of that grand phenomenon,

the most important beyond all comparison which nature presents, the daily

rising and setting of the sun and stars, their progress th-ough the vault

of the heavens, and their return to the same apparent places at the same

hours of the day and night. The accomplishment of this restoration in

the regular interval of twenty-four hours is the first instance we oncoiTuter

of that great law of 'periodicity,^ which, as we shall see, pervades all

astronomy ; by which expression we understand the continual reproduction

of the same phenomena, in the same order, at equal intervals of time.

(56.) A free rotation of the earth round its centre, if it exist and bo

performed in consonance with the same mechanical laws which obtain in

the motions of masses of matter under our immediate control, and within

our ordinary experience, must be such as to satisfy two essential conditions.

It must be invariable in its direction with respect to the sphere itself, and

uniform in its velocity. The I'ot-.'tion must be performed round an aiii

or diameter of the sphere, whose poles or extremities, where it meets the

surface, correspond always to the same points on the sphere. Modes of

rotation of a solid body under the influence of external agency are con«

oeivablCj in which the poles of the imaginary line or axis about which it

' Vltftoioi, a going round, a circulation or revolution.
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is at any moment revolving shall hold no fixed places on the surface, but

shift upon it every moment. Such changes, however, are inconsistent

with the idea of a rotation of a body of regular figure about its axis of

symmetry, performed in free space, and without resistance or obstruction

from any surrounding medium, or disturbing influences. The complete

absence of such obstructions draws with it, of necessity, the strict fulfil-

ment of the two conditions above mentioned.

(57.) Now, these conditions are in perfect accordance with what we

observe, and what recorded observation teaches us, in respect of the diur-

nal motions of the heavenly bodies. We have no reason to believe, from

history, that any sensible change has taken place since the earliest ages in

the interval of time elapsing between two successive returns of the same

star to the same point of the sky ; or, rather, it is demonstrable from

astronomical records that no such change has taken place. And with

respect to the other condition,— the permanence of the axis of rotation,

— the appearances which any alteration in that respect must produce,

would bo marked, as we shall presently show, by a corresponding change

of a very obvious kind in the apparent motions of the stars j which, again,

history decidedly declares them not to have undergone.

(58.) But, before we proceed to examine more in detail how the hypo-

thesis of the rotation of the earth about an axis accords with the phe-

nomena which the diurnal motion of the heavenly bodies offers to our

notice, it will be proper to describe, with precision, in what i diurnal

motion consists, and how far it is participated in by them all ; or whether

any of them form exceptions, wholly or partially, to the cummun analogy

of the rest. We will, therefore, suppose the reader to station himself, on

a clear evening, just after sunset, when the first stars begin to appear, in

some open situation whence a good general view of the heavens can be

obtained. He will then perceive, above and around him, as it were, a

vast concave hemispherical vault, beset with stars of various magnitudes,

of which the brightest only will first catch his attention in the twilight;

and more and more will appear as the darkness increases, till the whole

sky is over-spangled with them. AVhen he has awhile admired the calm

magnificence of this glorious spectacle, the theme of so much song, and

of so much thought,— a spectacle which no one can view without emotion,

ind without a longing desire to know something of its nature and purport,

— let him fix his attention more particularly on a few of the most bril-

liant stars, such as he cannot fail to recognize again without mistake after

looking away from them for some time, and le,'. him refer their apparent

situations to some surrounding objects, as buildings, trees, &c., selecting

purposely such as are in diuereufc quarters of his horizon. On comparing
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them again with their respective points of reference, after a moderate

interval, as the night advances, he will not fail to perceive that they have

changed their places, and advanced, as by a general movement, in a west-

ward direction ; those towards the eastern quarter appearing to rise or

recede from the horizon, while those which lie towards the west will be

seen to approach it ; and, if watched long enough, will, for the most part,

finally sink beneath it, and disappear; while others, in the eastern quarter,

will be seen to rise as if out of the earth, and, joining in the general

procession, will take their course with the rest towards the opposite

quarter.

(59.) If he persist for a considerable time in watching their motions,

on the same or on several successive nights, he will perceive that each star

appears to describe, as far as its course lies above the horizon, a circle in

the sky ; that the circles so described are not of the same magnitude for

all the stars ; and that those described by diflFerent stars difier greatly in

respect of the parts of them which lie above the horizon. Some, which

lie towards the quarter of the horizon which is denominated the South,'

only remain for a short time above it, and disappear, after describing in

sight only the small upper segment of their diurnal circle ; others, which

rise between the south and east, describe larger segments of their oircles

above the horizon, remain proportionally longer in sight, and set precisely

as far to the westward of south as they rose to the eastward ; while such

as rise exactly in the east remain just twelve hours visible, describe a

semicircle, and set exactly in the west. With those, again^ which rise

betweea the east and north, the same law obtains; at least,, as far as

regards the time of their remaining above the horizon, and the proportion

of the visible segment of their diurnal circles to their whole circum-

ferences. Both go on increasing ; they remain in view more than twelve

hours, and their visible diurnal arcs are more than semicircles. But the

magnitudes of the circles themselves diminish, as we go from the east,

northward , the greatest of all the circles being described by those which

rise exactly in the east point. Carrying his eye farther northwards, he

will notice, at length, stars which, in their diurnal motion, just graze the

horizon at its north point, or only dip below it for a moment ; while others

never reach it at all, but continue always above it, revolving in entire

circles round one point called the pole, which appears to be the common
centre of all their motions, and which alone, in the whole heavens, may
be considered immoveable. Not that this point is marked by any star

It is a purely imaginary centre ; but there is near it one considerably

* Wc suppose our observer to be stationed in Bome northern latitude ; some where
in Europe, for example.

4
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bright star, called the Pole Star, which is easily recognized by the very

email circle it describes; so small, indeed, that, without paying particular

attention, and referring its position very nicely to some fixed mark, it may

easily be supposed at rest, and be, itself, mistaken for the common centre

about which all the others in that region describe their circles j or it may

be known by its configuration with a very splendid and remarkable con-

stellation or group of stars, called by astronomers the Great Bear.

(60.) He will further observe, that the apparent relative situations of

all the stars among one another, is not changed by their diurnal motion.

In whatever parts Oi their circles they are observed, or at whatever hour

of the night, they form with each other the same identical groups or con-

figurations, to which the name of constellations has been given. It

is true, that, in different parts of their course, these groups stand dif-

ferently with respect to the horizon ; and those towards the north, when

in the course of their diurnal movement they pass alternately above and

below that common centre of motion described in the last article, becoms

actually inverted with respect tr the horizon, while, on the other hand,

they always turn the same points towards the pole. In short, he will

perceive that the whole assemblage of stars visible at once, or iti succes-

sion, in the heavens, may bo regarded as one groat constellation, which

seems to revolve with a uniform motion, as if it formed one coherent

mass ; or as if it were attached to the internal surface of a vast hollow

sphere, having the earth, or rather the spectator, in its centre, and turning

round an axis inclined to his horizon, so as to pass through that fixed

point or j>ole already mentioned.

(61.) Lastly, he will notice, if ho have patience to outwatch a long

winter's night, commencing at the earliest moment when the stars appear,

and continuing till morning twilight, that those stars which he observed

setting in the west have again risen in tlic east, while those which were

rising when he first began to notice them have completed their course, and

are now sot ; and that thus the hemisphere, or a great part of it, which

was then above, is now beneath him, and its place supplied by that which

was at first under bis feet, which ho will thus discover to bo no less

copiously furnished with stars than the other, and bespangled with groups

no less permanent and distinctly recognizable. Thus he will learn that

the great constellation that we have above spoken of as revolving round

the pole is co-oxtensivo with the whole surface of the sphere, being in

reality nothing less than a universe of luminaries surrounding the earth

on all sides, and brought in succession before his view, and referred (each

luminory according to its own visual ray or direction from his eye) to the

imnginnry spherical surface, of which ho himself occupies tho centre.

!-! I
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(See art. 49.) There is always, therefore (he would justly argue), a star-

besjjangled canopy over his head, by day as well as by night, only that

the glare of daylight (which he perceives gradually to efface the stars as

the morning twilight comes on) prevents them from being seen. And
such is really the case. The stars actually continue visible through teles-

copes in the day-time ; and, in proportion to the power of the instrument,

not only the largest and brightest of them, but even those of inferior

lustre, such as scarcely strike the eye at night as at all conspicuous, are

readily found and followed even at noonday,— unless in that part of the

sky which is very near the sun,— by those who possess the means of

pointing a telescope accurately to the proper places. Indeed, from the

bottoms of deep narrow pits, such as a well, or the shaft of a mine, such

bright stars as pass the zenith may even be discerned by the naked eye

;

and we have ourselves heard it stated by a celebrated optician, that the

earliest circumstance which drew his attention to astronomy was the

regular appearance, at a certain hour, for several successive days, of a

considerable star, through the shaft of a chimney. Venus in our climate,

and even Jupiter in the clearer skies of tropical countries, are often

visible, without any artificial aid, to the naked eye of one who knows

nearly where to look for them. During total eclipses of the sun, the

larger stars also appear in their proper situations.

(62.) But to return to our incipient astronomer, whom we lef^ contem-

plating the sphere of the heavens, as cojnpleted in imagination beneath

his feet, and as rising up from thence in its diurnal course. There is one

portion or segment of this sphere of which he will not thus obtain a view.

As there is a segment towards the north, adjacent to the polo above his

horizon, in which the stars never set, so there is a corresponding segment,

about which the smaller circles of the more southern stars are described,

in which they never rise. The stars which border upon the extreme

circumference of this segment just graze the southern point of his hori-

zon, and show themselves for a few moments above it, precisely as those

near the circumference of the northern segment graze his northern hori-

zon, and dip for a moment below it, to re-appear immediately. Every

l< int in a spherical surface has, of course, another diametrically opposite

to it ; and as the spectator's horizon divides his sphere into two hemi-

pphores— a superior and inferior— there must of necessity exist a de-

pressed pole to the south, corresponding to the elevated one to the north,

and a portion surrounding it, perpetually beneath, as there is aaottier

surrounding the north pole, perpetually above it.

" Mio vertex nobis semprr sublimiB; nt ilium

Siib pedibua nox atra videt, mancsque profundi."

—

Viroil.
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One pule rides high, one, plutir,-ed beneath the main,

Seeks the deep night, and Pluto's dusky reign.

(63.) To get sight of this segment, he must travel southwards. In so

doing, a new set of phenomena come forward. In proportion as he

advances to the south, some of those constellations which, at his original

station, barely grazed the northern horizon, will be observed to sink below

it and set ; at first remaining hid only for a very short time, but gradually

for a longer part of the twenty-four hours. They will continue, however,

to circulate about the same point— that is, holding the same invariable

position with respect to them in the concave of the heavens among the

st'ars ; but this point itself will become gradually depressed with respect

to the spectator's horizon. The axis, in short, about which the diurnal

motion is performed, will appear to have become continually less and less

inclined to the horizon ; and by the same degrees as the northern pole is

depressed the southern will rise, and con<;tcllatioDs surrounding it will

come into view; at first momentarily, but L les for longer and longer

times in each diurnal revolution— real ,j1 short, what we have

already stated in art. 51.

(64.) If he travel continually southwaids, he will at length reach a

lino on the earth's surface, called the equator, at any point of which,

indifferently, if he take up his station and recommence his observations,

he will find that he has both the centres of diurnal motion in his horizon,

occupying opposite points, the northern pole having been depressed, and

the southern raised ; so that, in this geographical position, the diiirnal

rotation of the heavens will appear to him to be performed about a hori-

zoutal axis, every star describing half its diurnal circle above and half

beneath his horizon, remaining alternately visible for twelve hours, and

concealed during the same interval. In this situation, no part of the

heavens is concealed from his successive view. In a night of twelve hours

(supposing such a continuance of darkness possible at the equator) the

whole sphere will have passed in review over hiin— tuo whole hemisphere

with which ho began his night's observation will have beca carried down

beneath him, and the entire opposite one brought up from below.

(65.) If he pass the equator, and travel still farther southwards, the

southern poles of the heavens will become elevated above his horizon, and

the northern will sink below it ; and the more, the further he advances

southwards; and when arrived at a station as far to the south of the

equator as that from which he started was to tho north, ho will find the

whole phenomena of tho heavens reversed. The stars which at his origi-

nal station described their whole diurnal circk's abovo his horizon, and

never set, now describe them entirely below it, and never n'«e, but. remain
1
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constantly invisible to him ; and vice versd,, those stars which at his former

station he never saw, he will now never cease to see.

(66.) Finally, if, instead of advancing southwards from his first station,

he tra,7el northwards, he will observe the northern pole of the heavens to

become more elevated above his horizon, and the southern more depressed

below it. In consequence, his hemisphere will present a less variety of

stars, because a greater proportion of the whole surface of the heavens

remains constantly visible or constantly invisible : the circle described by

each star, too, becomes more nearly parallel to the horizon j and, in short,

every appearance leads to suppose that could he travel far enough to the

north, he would at length attain a point vertically under the northern pole

of the heavens, at which none of the stars would either rise or set, but

each would circulate round the horizon in circles parallel to it. Many
endeavours have been made to reach this point, which is called the north

pole of the earth, but hitherto without success ; a barrier of almost insur-

mountable diflSculty being presented by the increasing rigour of the

climate : but a very near approach to it has been made ; and the pheno-

mena of those regions, though not precisely such as we have described as

what must subsist at the pole itself, have proved to bo in exact correspon-

dence with its near pvoximity. A similar rem&rk applies to the south

pole of the earth, which, however, is more unapproachable, or, at least,

has been less nearly approached, than the north.

(67.) The above is an account of the phenomena of the diurnal motion

of the stars, as modified by diflforent geographical situations, not grounded

on any speculation, but actually observed and recorded by travellers and

voyagers. It is, however, in complete accordance with the hypothesis of

a rotation of the earth round a fixed axis. In order to show this, how-

ever, it will bo necessary to premise a few observations on parallactic

motion in general, and on the appearances presented by an assemblage of

remote objects, when viewed from different parts of a small and circum-

scribed station.

(68.) It has been shown (art. 16) that a spectator in smooth motion,

and surrounded by, and forming part of, a great system partaking of

the same motion, is unconscious of his own movement, and transfers it in

iiloa to objects external and unconnected, in a contrary direction ; those

vrliioh ho leaves behind appearing to recede from, and those which he

ndvnncos towards to approach, him Not only, however, do external

objects at rest appear in motion generally, with respect to ourselves when
we are in motion atnnng them, but they appear to move one among tho

other— thoy shift thoir rrlntli apparent plnccs. Let any one travelling

rapidly along a high road fix . i eye steadily on any object, but at the
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same time not entirely withdraw his attention from the general landscape,

—he will see, or think he sees, the whole landscape thrown into rotation,

and moving round that object as a centre; all objects between it aad

himself appearing to move backwards, or the contrary way to his own

motion; and all b^'yond it, forwards, or in the direction in which he

aioves: but let him withdraw bis eye from that object, and fix it on

another,— a nearer one, for instance,— immediately the appearance of

rotation shifts also, and the apparent centre about which this illusive

circulation is performed is transferred to the new object, which, for the

moment, appears to rest. This apparent change of situation of objects

with respect to one another, arising from a motion of the spectator, is

called a parallactic motion. To see the reason of it we must consider

that the position of every object is referred by us to the surface of an

imaginary sphere of an indefinite radius, having our eye for its centre

:

Fig. 7.

and, as we advance in any direction, A B, carrying this imaginary sphere

along with us, the visual rays A P, A Q, by which objects are referred to

its surface (at C, for instance), shift their positions with respect to the

line in which we move, A B, which serves as an axis or line of reference,

and assume new positions, B P jj, B Q g', revolving round their respective

objects as centres. Their intersections, therefore, p, q, with our visual

sphere, will appear to recede on its surfaoc, but with diflfurent degrees of

angular velocity in proportion to their proximity ; the same distance of

advance A B subtending a greater angle, A P B -= c P p, at the near

object P than at the remote one Q.

(69.) A consequence of the familiar appearance we have adduced in

illustration of these principles is worth noticing, as wo shall have occa-

sion to refer to it hereafter. We observe that every object nearer to us

than that on which our eye is fixed appears to recede, and those farther

from us to advance in relation to one another. If then we did not know,

or could not judge by any other appearances, which of t o objects were

nearer to us, this apparent advance or recess of one of them, when the

eye is kept steadily fixed on the other, would furnish a criterion. In a
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dark night, for instance, when all intermediate objects are unseen, tho

apparent relative movement of tv?u Ilguio which we are assured are them-

selves fixed, will decide as to their relative proximities. That which seems

to advance with us and gain upon the other, or leave it behind it, is the

farthest from us.

(70.) The apparent angular motion of an object, arising from a change

of our point of view, is called in general parallax, and it is always ex-

pressed by the angle APB subtended at the object P (see fig. of art. 08)

by a line joining the two points of view A B under consideration. For

it is evident that the difference of angular position of P, with respect to

the invariable direction ABD, when viewed from A and from B, is the

difference of the two angles DBP and DAP ; now, DBP being the exte-

rior angle of the tiiangle ABP, is equal to the sum of the interior and

opposite, DBP= DAP 4 APB, whence DBP— DAP= APB.

(71.) It follows from what has been said that the amount of parallactic

motion arising from any given change of our point of view is, cwteris

paribus, less, as the distance of an object viewed is greater; and when

that distance is extremely great in* comparison with the change in our

point of view, the parallax becomes insensible; or, in other words, objects

do not appear to vary in situation at all. It is on this principle, that in

alpin<^ regions visited fjr the first time we are surprised and confounded

ri the little progress wc appear to make by a considerable change of

place. An hour's walk, for instance, produces but a small parallactic

change in the relative situations of the vast and distant masses which

surround us. Whether we walk round a circle of a hundred yards in

diameter, or merely turn ourselves round in its centre, tho distant pano-

rama presents almost exactly the same aspect,— we hardly seem to have

changed our poiut of view.

(72.) Whatever noti' n, in other respects, we may form of the stars, it

is quite clear they muot be immensely distant. Were it not so, the appa-

rent angular interval between any two of them seen over-head would be

much greater than when seen near tho horizon, and tho constellations,

instead of preserving the same appearances and dimensions during their

whole diurnal course, would appear to enlarge as thoy rise higher in tho

fiky, as wo see a small c'oud in the horizon swell into a great ovt-r-

shadowing canopy when drifted by the wind across our zenith, or as may
be scon in the annexed figure, where ab, AB, ab, are three different

positions of the same stars, as they would, if near the earth, bo seen

from a spectator S, under the visual angles aSb. ASB. No such change

of apparent dimension, however, is observed. The nicest measurements

of tho apparent angular distance of any two start inter te, taken in any
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parts of their diurnal course, (after allowing for the unequal effects of

refraction, or when taken at such times that this cause of distortion shall

act equally on both,) manifest not the slightest perceptible variation.

Not only this, but at whatever point of the earth's surface the measure-

ment is performed, the results are absolutely identical. No instruments

ever yet invented by man are delicate enough to indicate, by an increase

or diminution of the angle subtended^ that one point of the earth is nearer

to or further from the stars than another.

(73.) The necessary conclusion from this is, that the dimensions of

the earth, large as it is, are comparatively nothing, absolutely impercep-

tible, when compared with the interval which separntes the stars from the

earth. If an observer walk round a circle not more than a few yards in

diameter, and from different points in its circumference measure with a

sextant or other more exact instrument adapted for the purpose, the

angles PAQ, PBQ, PCQ, subtended at those stations by two well-defined

points in his visible horizon, PQ, he will at once be advertised, by the

difference of the results, of his change of distance from them arising from

his change of place, although that difference may be so small as to pro-

duce no change in their general aspect to his unassisted sight. This is

one of the innumerable instances where accurate measurement obtained

by instrumental means places us in a totally different situation in respect

to matters of fact, and conclusions thence deducible, from what we should

hold, were we to rely in all cases on the mere judgment of the eye. To
so great a nicety have such observations been carried by the aid of ar*

instrument called a theodolite, that a circle of the diameter above men-

tioned may thus be rendered sensible, may thus be detected to have a

siz", and an ascertainable place, by reference to objects distant by fully

100,000 times its own dimensions. Observations, differing, it is true,

somewhat in method, but identical in principle, and executed with quite

as much exactness, have been applied to the F.tars, and with a rosuit such

as has been already stated. Hence it follows, incontrovortibly, that the
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distance of the stars from the earth cannot be so small as 100,000 of the

earth's diameters. It is, indeed, incomparably greater ; for we shall here-

after find it fully demonstrated that the distance just numcd, immense as

it may appear, is yet much underrated,

(74.) From such a distance, to a spectator with our faculties, and

furnished with our instruments, the earth would be imperceptible ; and,

reciprocally, an object of the earth's size, placed at the distance of the

stars, would be equally undiscernible. If, therefore, at the point on which

a spectator stands, wo draw a plane touching the globe, and prolong it in

imagination till it attain the region of the stars, and through the centre

of the earth conceive another plane parallel to the former, and co-extcnsivo

with it, to pass; these, although separated throughout their whole extent

by the same interval, viz., a serai-diameter of the earth, will yet, on ac-

count of the vast distance at which that interval is seen, be confounded

together, and undistinguishable from each other in the region of the stars,

when viewed by a spectator on the earth. The zone they there include

will be of evanescent breadth to his eye, and will only nii'rk out a great

circle in the heavens, one and the same for both the stations. This great

circle, wheu spoken of as a circle of the sphere, is called the celestial hori-

zon or simply the horizon, and the two planes just described are also spoken

of as the sensible and the rational horizon of the observer's station. "^

(76.) From what has been said (ari. 73) of the distance of the stars,

it follows, thpt if we suppose a spectator at the centre of the earth to have

his view bounded by the rational horizon, in exactly the same manner as

that of a corresponding spectator on the surface is by his srnxihle horizon,

the two observers will see the same stars in the same rolative situ.ations,

each beholding that entire hemisphere of the heavens which is above the

celestial horizon^ corresponding to their common zenith. Now, so far at
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appearances gc, it is clearly the same thing whether the heavens, that is,

all space, with its contents, revolve round a spectator at rest in the earth's

centre, or whether that spectator simply turn round in the opposite direc-

tion in his place, and view them in succession. The aspect of the heavens,

at every instant, as referred to his horizon (which must be supposed to

turn with him), will be the same in both suppositions. And since, as has

been shown, appearances are also, so far as the stars are concerned, the

same to a spectator on the surface as to one at the centre, it follows that,

whether we suppose the heavens to revolve without the earth, or the earth

within the heavens, in the opposite direction, the diurnal phenomenon, to

all its inhabitants, will be no way different.

(76.) The Copernican as^^^ronomy adopts the latter as the true explana-

tion of these phenomena, a.oiding thereby the necessity of otherwise re-

sorting to the cumbrous mechanism oi a solid but invisible sphere, to

which the stars must be supposed attached, in order that they may be

carried round the earth without derangement of their relative situations

inter se. Such a contrivance would, indeed, suffice to explain the diurnal

revolution of the stars, so as to "save appearances;" but the movements

of the sun and moon, as well as those of the planers, are incompatible with

such a supposition, as will appear when we come to treat of these bodies.

On the other hand, that a spherical mass of moderate dimensions (or,

rather, when coinpared with the surrounding and visible universe, of eva-

nescent magnitude), held by no tie, and free to move and to revolve, should

do so, in conformity with those general laws which, so far as we know,

regulate the motions of all material bodies, is sO far from being a postulate

difficult to be conceded, that the wonder would rather be should the fact

prove otherwise. As a postulate, therefore, we shall henceforth regard it;

and as, in the progress of our work, analogies offer themselves in its sup-

port from what we observe of other celestial bodies, we shall not fail to

point them out to the reader's notice.

(77.) The earth's rotation on its axis so admitted, explaining, as it evi-

dently docs, the apparent motion of the stars in a completely satisfactory

manner, prepares us for the further admis Ion of its motion, bodily, in

space, should such a motion enable us to explain, in a manner equally so,

the apparently complex and enigmatical motions of the sun, moon, and

planets. The Copernican astronomy adopts this idea in its full extent,

ascribing to the earth, in addition to its motion of rotation about an axis,

also one of translation or transference through space, in such a course or

01-bitj and so regulated in direction and celerity, as, taken in conjunction

with the motions of the other bodies of the universe; shall render a rution-

i!'
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al account of the appearances they successively present,— that is to say,

an account of which the several parts, postulates, propositions, deductions,

intelligibly cohere, without contradicting each other or the nature of things

as coniluded from experience. In this view of the Copernican doctrine

it is TCther a geometrical conception than a physical theory, inasmuch as it

simply assumes the requisite motions, Without attempting to explain their

mechanical origin, or assign them any dependence on physical causes. The

Newtonian theory of gravitation supplies this deficiency, and, by showing

that all the motions required by the Copernican conception must, and that

no others can, result from a single, intelligible, and very simple dynamical

law, has given a degree of certainty to this conception, as a matter of fact,

which attaches to no other creation of the human mind.

(78.) To understand this conception in its further developments, the

reader must bear steadily in mind the distinction between relative and ab-

solute motion. Nothing is easier to perceive than that, if a spectator at

rest view a certain number of moving objects, they will group and arrange

themselves to his eye, at each successive moment, in a very different way from

what they would do were he in active motion among them,— if he formed

one of them, for instance, and joined in their dance. This is evident from

what has been said before of parallactic motion ; but it will be asked. How
is such a spectator to disentangle from each other the two parts of the

apparent motions of these external objects,— that which arises from the

effect of his own change of place, and which is therefore only apparent

(or, as a German metaphysician would say, suhjcctive— having reference

only to him as perceiving it),— and that which is real (or objective— hav-

ing a positive existence, whether perceived by him or not) ? By what

rule is he to ascertain, from the appearances presented to him while him-

self in motion, what would he the appearances were he at rest ? It by

no means follows, indeed, that he would even then at once obtain a clear con-

ception of all the motions of all the objects. The appearances so presented

to him would have still something subjective about them. They would be

still a2>pca?-ances, not geometrical realities. They would still have a refe-

rence to the point of view, which might be very unfavourably situated

(iis, indeed, is the case in our system) for affording a clear notion of the

real movement of each object. No geometrical figure, or curve, is seen

by the eye as it is conceived by the mind to exist in reality. The laws

of perspective interfere and alter the apparent directions and foreshorten

the dimensions of its several parts. If the spectator be unfavourably

situated, as, for instance, nearly in the plane of the figure (which is the

l£ case we have to deal with), they may do so to such an extent, as to make
!M
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a considerable effort of imagination necessary to pass from the sensible to

the real form.

(79.) Still, preparatory to this ultimate step, it is first necessary that

the spectator should free or clear the appearances from the disturbing

influence of his own change of place. And this he can always do by the

following general rule or proposition :
—

The relative motion of two bodies is tJie same as if either of them

were at rest^ and all its motion communicated to the other in an opposite

direction.^

Hence, if two bodies move alike, they will, when seen from each other

(without reference to other near bodies, but only to the starry sphere),

appear at rest. Hence, also, if the absolute motions of two bodies be

uniform and rectilinear, their relative moticm is so also.

(80.) The stars are so distant, that as we have seen it is absolutely

indifferent from what point of the earth's surface we view them. Their

configurations inter se are identically the same. It is otherwise with the

sun, moon, and planets, which are near enough (especially the moon) to

be parallacticalli/ displaced by change of station from place to place on

one globe. In order that astronomers residing on different points of the

earth's surface should be able to compare their observations with effect, it

is necessary that they should cleaiiy understand and take account of this

effect of the difference of their stations on the appearance of the outward

universe as seen from each. A? an exterior object seen from one would

appear to have shifted its place were the spectator suddenly transported to

the other, so two spectators, viewing it from the two stations at the same

instant, do not see it in the same direction. Hence arises a necessity for

the adoption of a conventional centre of reference, or imaginary station

of observation common to all the world, to which each observer, wherever

situated, may refer (or, as it is called, reduce) his observations, by calcu*

lating and allowing for the effect of his local position with respect to that

common centre (supposing him to possess the necess^y data). If there

were only two observers, in fixed stations, one might agree to refer his

observations to the other station ; but, as every locality on the globe may

be a station of observation, it is far more convenient and natural to fix

* This proposition ia equivalent to the following, which precisely meets the case pro-

posed, but requires somewhat more thought for its clear apprehension than can perhaps

be expected from a beginner :
—

Prop.—If two bodie$, A atid B, he in motion independently of each other, the motion

which B seenfrom A would appear to have if A were at rest is the same with that which

It would appear to have, A being in motion, if, in addition to its own motion, a motion

equal to A's and in the same direction were communicated to it.

lll'V
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upon a point equally related to all, as the common point of reference

;

and this can be no other than the centre of the globe itself. The paral-

lactic change of apparent place which would arise in an object, could any

observer suddenly transport himself to the centre of the earth, is evidently

the angle C S P, subtended on the object S by that radius G P of the

earth which joins the centre and the place P of observation.

Fig. 10.
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CHAPTER II.

TERMINOLOGY AND ELEMENTARY GEOMETRICAL CONCEPTIONS AND
RELATIONS.— TERMINOLOGY RELATING TO THE GLOBE OF THE

EARTH— TO THE CELESTIAL SPHERE.— CELESTIAL PERSPECTIVE.

(81.) Several of tho terms in use among astronomers have been ex-

plained in the preceding chapter, and others used anticipativelj. But the

technical language of every subject requires to be formally stated, both

for consistency of usage and definiteness of conception. We shall there-

fore proceed, in the first place, to define a number of terms in perpetual

use, having relation to the globe of the earth and the celestial sphere.

Definition 1. Tho axis of the earth is that diameter about which

it revolves, with a uniform motion, /row west to east; performing one

revolution in the interval which elapses between any star leaving a cer-

tain point in the heavens, and returning to the same point again.

(83.) Def. 2. The jooles of the earth are the points where its axis

meets its surface. The North Pole is that nearest to Europe ; the South

Pole that most remote from it.

(84.) Def. 3. The earth's equator is a great circle on its surface,

equidistant from its poles, dividing it into two hemispheres— a northern

and a southern ; in the midst of which are situated the respective poles

of the earth of those names. The plane of the equator is, therefore, a

plane perpendicular to the earth's axis, and passing through its centre.

(85.) Def. 4. The terrestrial meridian of a station on the earth's

surface, is a great circle of the globe passing through both poles and

through the plane. The plane of the meridian is the plane in which

that circle lies.

(86.) Def. 5. The sensible and the rational horizon of any station

have been already defined in art. 74.

(87.) Def. 6. A meridian line is the line of intersection of the

plane of the meridian of any station with .the plane of the sensible

horizon, and therefore marks the north and south points of the horizon,

or the directions in which a spectator must set out if he would travel

directly towards the north or south pole.

\h
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(88.) Def. 7. The latitude of a place on the earth's surface is its

angular distance from the equator, measured on its own terrestrial meri-

dian : it is reckoned in degrees, minutes, and seconds, from up to 90*^,

and northwards or southwards according to the hemisphere the place lies

in. Thus, the observatory at Greenwich is situated in 51° 28' 40" north

latitude. This definition of latitude, it will be observed, is to be con-

sidered as only temporary. A more exact knowledge of the physical

structure and figure of the earth, and a better acquaintance with the

niceties of astronomy, will render some modification of its terms, or a

difiFerent manner of considering it, necessary.

(89.) Def. 8. Parallels of latitude are small circles on the earth's

surface parallel to the equator. Everj point in such a circle has the

same latitude. Thus, Greenwich is said to be situated in the parallel of

51° 28' 40".

(90.) Def. 9. The lovfr'.ude of a place on the earth's surface is the

inclination of its meridian la that of some fixed station referred to as a

point to reckon fr v. English astrou' mers and geographers use the ob-

servatory at Gree wicjj for this station ; foreigners, the principal observa-

tories of their respective nations. Some geographers have adopted the

island of Ferro. Hereafter, when we speak of longitude, we reckon from

Greenwich. The longitude of a place is, therefore, measured by the arc

of the equator intercepted between the meridian of the place and that of

Greenwich ; or, w'aich is the same thing, by the spherical angle at the

pole included between these meridians.

(91.) As latitude is reckoned north or south, so longitude is usually

said to be reckoned west or east. It would add greatly, however, to sys-

tematic regularity, and tend much to avoid confusion and ambiguity in

commutations, were this mode of expression abandoned, and longitudes

recJ^ovor' invariably westward from their origin round the whole circle

from to 360°. Thus, the longitude of Paris is, in common parlance,

either 2° 20' 22" east, or 357° 39' 38" west of Greenwich. But, in the

i^onse in which we shall henceforth use and recommend others to use the

term, the latter is its proper designation. Longitude is also reckoned in

time at the rate of 24 h. for 360°, or 15° per hour. In this system the

longitude of Paris is 23 h. 50m. 38 Js.'

(92.) Knowing the longitude and latitude of a place, it may be laid

down on an artificial globe; and thus a map of the earth may be con-

' To distinguish minutes and seconds of time from those of angular measure we
shall invariably adhere to the distinct system of notation here adopted (° '

", and h. m.
B.) Great confusion sometimes arises from the practice of using the same inafki

for both.
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struotcd. Maps of particular countries are detached portions of this

general map, extended into planes; or rather, they are representations

on planes of such portions, executed according to certain conventional

systems of rules, called jprcjections, the object of which is either to

distort as little as possible the outlines of countries from what they are

on the globe—or to establish easy means of ascertaining, by inspection or

graphical measurement, the latitudes and longitudes of places which

occur in them, without referring to the globe or to books— or for other

peculiar uses. See Chap. lY.

(93.) Def. 10. The Tropics are two parallels of latitude, one on the

north and the other on the south side of the equator, over every point

of which respectively, the sun in its diurnal course passes vertically on

the 21st of March and the 21st of September in every year. Their

latitudes are about 23° 28' respectively, north and south.

(94.) Dep. 11. The Arctic and Antarctic circles are two small circles

or parallels of latitude as distant from the north and south poles as the

tropics are from the equator, that is to say, about 23° 28' ; their latitudes,

therefore, are about 66° 82'. We say about, for the places of these

circles and of the tropics are continually shifting on the earth's surface,

though with extreme slowness, as will be explained in its proper place.

(95.) Def. 12. The sphere of the heavens or of the stars is an ima-

ginary spherical surface of infinite radius, having the eye of any specta-

tor for its centre, and which may be conceivcid as a ground on which the

stars, planets, &c., the visible contents of tho universe, are seen projected

as in a vast picture.'

(96.) Def. 13. The^o?<?« of the celestial sphere are the points of that

imaginary sphere towards which the earth's axis is directed.

(97.) Def. 14. Tho celestial equator, or, as it is often called by as-

' Tho ideal sphere without us to which we refer the places of objects, and which

we carry aloni; with us wherever we go, is no doubt intimately connected by associa-

tion, if not entirely dependent on that obscure perception of sensation in the retinn of

our eyes, of which, even when closed and unexcited, we cannot entirely divest them.

We have a real spherical surface within our eyes, the seat of sensation and vision,

correspoiuIinKt point for point, to the external sphere. On this the stars, &c. are really

mapped down, ns we have supposed them in the text to be, on the imaginary concave

of tho heavens. When the whole surface of the retina is excited by light, habit leads

ua to associate it with the idea of a real surface existing without us. Thus we become

impressed with tho notion of a »ky and a heaven, but tho concave surface of the retina

itself is the true seat of all visible angular dimension and angular motion. The sub-

stitution of tho rrtina for the heaven$ would be awkward and inconvenient in language,

but it may olways be mentally made. (See Schiller's pretty enigma on the eye, in hb
Turandot.)

in
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tronomers, the equinoctial, is a great circle of the celestial sphere, marked

out by the indefinite extension of the plane of the terrestrial equator.

(98.) Def. 15. The celestial horizon of any place is a great circle of

the sphere marked out by the indefinite extension of the plane of any

ppectator's >^cuxihlc or (which comes to the same thing as will presently

be shown,) his rational horizon, as in the case of the equator.

(99.) Def. 1G. The zenith and nadir ^ of a spectator are the two

points of the sphere of the heavens, vertically over his head, and verti-

cally under his feet, or the poles of the celestial horizon ; that is to say,

points 90° distant from every point in it.

(100.) Def. 17. Vertical circles of the sphere are great circles passing

through the zenith and nadir, or great circles perpendicular to the horizon.

On these are measured the altitudes of objects above the horizon— the

complements to which are their zenith distances.

(101.) Def. 18. The cdestial meridian of a spectator is the great circle

marked out on the sphere by the prolongation of tl^e plane of his terres-

trial meridisin. If the earth bo sv.pposed at rest, this *s a fixed circle, and

all the stars are carried across it in their diurnal courses from east to west.

If the stars rest and the ear oh rotate, the spectator's meridian, like his

horizon (art. 52), sweeps daily across the stars from west to east. When-

ever in future we speak of the meridian of a spectator or observer, wo

intend the celestial meridian, which being a circle passing through the

poles of the heavens and the zenith of the observer, is necessarily a verti-

cal circle, and passes through the north and south points of the horizon.

(102.) Def. 19. The jyrime vertical is a vertical circle perpendicular to

the meridian, and which therefore passes through tho east and west points

of the horizon.

(10.'5.) Dkf. 20. Azimuth is the angular distance of a celestial object

from the north or south point of the horizon (according as it is the north

or south polo which is elevated), when the object is referred to tho horizon

by a vertical circle ; or it is the angle comprised between two vertical

planes— one passing through the elevated pole, the other through the

object. Azimuth may bo reckoned eastwards or westwards, from the

north or south point, and is usually so reckoned only to 180° cither way.

But to avoid confusion, and to preserve continuity of interpretation when

algebraic symbols are used (a point of es.srntial importance, hitherto too

little insisted on), we shall always reckon azimuth from the points of tho

horizon most rrmnte from the (h'vatcd pole, xcestward (.so as to agree in

general directions with the apparent diurnal iflotion of tho stars), and

' From AfBbic words,

•vhence our nether.

Nadir correepunda cvidi-iuly to tlie German nicder, (down
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carry its reckoning from 0° to 360° if always reckoned positive, consider-

ing the eastward reckoning aa negative.

(104.) Def. 21. Tlie altitude of a heavenly body is its apparent angular

elevation above the horizon. It is the complement to 90°, therefore, of

its zenith distance. The altitude and azimuth of an object being known,

its place in the visible heavens is determined.

(105.) Def. 22. The declination of a heavenly body is its angular

distance from the equinoctial or celestial equator, or the complement to

90° of its angular distance from the nearest pole, which latter distance is

called its Polar distance. Declinations are reckoned plus or minus,

according as the object is situated in the northern or southern celestial

hemisphere. Polar distances are always reckoned from the North Pole,

from 0° up to 180°, by which all doubt or ambiguity of expression with

respect to sign is avoided.

(lOG.) Def. 23. Hour circles of the sphere, or circles of declination,

are great circles passing through the poles, and of course perpendicular to

the equinoctial. The hour circle, passing through any particular heavenly

body, serves to refer it to a point in the equinoctial, as a vertical circle

doos to a point in the horizon.

(107.) Def. 24. The hour angle of a heavenly body is the angle at

the pole included between the hour circle passing through the body, and

the celestial meridian of the place of observation. Wo shall always

rickoti it positively/ from the upper culmination (art. 125) tcestwards, or

in conformity with the apparent diurnal motion, completely round the

circle from 0° to 300°. Hour angles, generally, are angles included at

the pole between different hour circles.

(108.) Def. 25. The riijht ascension of a heavenly body is the arc of

the equinoctial included between a certain point in tiiat circle called the

Veriud Equinox^ and the point in the same circle to which it is rei'orred

by the circle of declination passing through it. Or it is the angle included

between two hour circles, one of which passes through the vernal equinox

(and is called the equinoctial colurc), the other through the body. How
the place of this initial point on the e(piinoctial is determined, will be

explained further on.

(109.) The right ascensions of celestial objects are always reckoned

raxtirnrds from the equinox, and are estin)ated cither in degrees, minutcH,

and seconds, as in the case of terrestrial longitudes, from 0° to HtiO',

which completes the circle; or, in time, in himrs, minutes, and seconds,

from Oh. to 24h. The apparent diurnal motion of the iicavens being

contrary to the real motion of the earth, this

westward reckoning of longitudes. (Art. 91.)

'"-.s-.ft
-• . 1

:3 iu couionuiiv wuu lae
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(110.) Sidereal time is reckoned by the diurnal motion of the p'ars,

or rather of that point in the equinoctial from which right ascensions are

reckoned. This point may be considered as a star, though no star ".s, in

fact, there; and, moreover, the point itself is liable to a certair slow

variation,— so slow, however, as not to aflfect, perceptibly, the interval,

of any two of its successive returns to the meridian. This interval is

called a sidereal day, and is divided into 24 sidereal hours, and these again

into minutes and seconds. A clock which marks sidereal time, i. e. which

goes at such a rate as always to show Oh. Om. Os. when the equinox comes on

the meridian, is called a sidereal clock, and is an indispensable piece of furni-

ture in every observatory. Hence the hour angle of an object reduced to

time at the rate of 15° per hour, expresses the interval of sidereal tin.o

by which (if its reckoning be positive) it has past the meridian ; or, if

negative, the time it wants of arriving at the. meridian of the place of

observation. So also the right ascension of an object, if converted into

time ut the same rate (since 360° being described uniformly in 24 hours,

15'' must be so described in 1 hour), will express the interval of fcidoreal

time which elapses from the passage of the vernal equinox across the

meridian to that of the object next subsequent.

(HI.) As a globe or maps may be made of the whole or particular

regions of the surface of the earth, so also a globe, or general map of the

heavens, as well as charts of particular parts, may be constructed, atul tlic

stars laid down in their proper situations relative to each other, and to

the poles of the heavens and the celestial equator. Such a rcpres^ciita-

fion, once made, will exhibit a true appearance of the stars as they

present themselves in succession to every spectator on the surface, or as

they may be conceived to be seen a*., nu*' by one at the cent to of the

globe. It is, therefore, independent of al"; 7'9yrry)/((Vanocalities. lo

will occur in such a representation neither zenith, nadir, nor horiz

neither east nor west points; and although great circles may be drawn on

it from pole to pole, corresponding to terrestrial meridians, they can no

longer, in this point of view, bo regarded as the celestial meridians of

fixed points on the earth's surface, since, in the course of one diurnal

revolution, every point in it passes beneath each of them. It is ou

iiccount of this change of conception, and with a view to establish a con>-

pletc distinction between the two branches of Geof/rajihi/ and Uramxjra-

jihi/,^ that astronomers have adopted different terms, (viz. derUnatton and

rlijlit aKrr7tsiou) to represent those arcs in the heavens which correspond

to latitudes and longitudes on the ourth= It is for this FeuBOa that they

Tn, the earth
;
ypa^uv, to dcacribe or represent | ov^avot, the heaven.
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term the equator of the heavens the equinoctial; that what are meridians

on the earth are called Jumr circles in the heavens, and the angles they

include between them at the poles are called hour angles. All this is

convenient and intelligible ; and had they been content with this nomen-

clature, no confusion could ever have arisen. Unluckily, the early

astronomers have employed also the words latitude and longitude in their

uranography, in speaking of arcs of circles not corresponding to those

meant by the same words on the earth, but having referboce to the motion

of the sun and plauets among the stars. It is now too late to remedy

this confusion, which is ingrafted into every existing work on astronomy :

we can only regret, and warn the reader of it, that he may be on his

guard when, at a more advanced period of our work, wo shall have occa-

sion to define and use the terms in their celestia^ Heiise^ at the same timo

urgently recommending to .future w.lters the adoption of othe'd in their

places.

(112.) It remains to illustrate these descriptions by reference to a

figure. Let C be the centre of the earth, N C S its axis ; then are !N

and S its poles; E Q its equator; A B the pamlld of latitude of tli<i

station A on its surfnce; A P parallel to S C N, the direction in which

on observer at A will see the derated pole of the lioavcns; and A Z, the

prolongation of the terrestrial radius C ^
,
iiiut of his zenith. N A E S

will be his meridian; N G S that of some fixed station, as Greenwich

j

and G E, or the spherical angle G N E, his longitude, and E A his lati-

tude. Moreover, if 71 s be a plane touching the surface in A, this will
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be his sensible horizon : n A s n.arked on that plane by its intersection

with his meridian will be ais meridian line, and n and s the north and

south points of his horizon.

(113.) Again, neglecting the size of the earth, or conceiving him

stationed at its centre, and referring every thing to his rational horizon
;

let the annexed figure represent the sphere of the heavens ; C the specta-

tor; Z his zenith; and N his nadir: then will H A 0, a great circle of

the sphere, whose poles are Z N, be his celestial horizon; P p the

elevated and depressed poles of the heavens; H P the altitude of (h-i

pole, and H P Z E his meridian ; E 'i Q, a great circle perpendicular

to V p, will be the equinoctial; and if r represent the equinox, r T wil!

be the right ascension, T S the declination, and P S the polar distance

of any star or object S, referred to the equinoctial by the hour circle P
S Tp / and BSD will be the diurnal circle it will appear to describe

JU

Fig. 12.

R 7L

p£J/ //

—~~>^

\yiH^\/''-f\/?^
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o

Jyf

about the pole. Again, if we refer it to the horizon by the vertical circlf.

Z S M, M will be its azimuth, M S its altitude, and Z S its zenith

distance. II and are the north and south, e w the east and west points

of his horizon, or of the her-vens. Moreover, if H //, o, ^o small

circles, or parallvh of declination, touching the horizon in its n •
. :md

couth pfirfs. H h will be th -de oi perpetual apptarition, between

which and the elevated polo l; stars never fot; o ihxiA oi perpetual

ocru/tafion, between which and the depr "'sed polo they r rise. In

all the zone of the heavens between II -d o, they risr ; vj ' ,ct; anv

one of them, as S, remaining above the horizon in that part t its diurnal

circle rrprescntod by a IJ A, and bolow it throughout all the part repre

sentcd by A D «. It will exercise the reader to construct this figure for
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several different drvntions of the pole, and for a variety of positions of

the still h in ecii.

(1 1 >,) Ccl^'stial perspociive is that branch of the general science of

persfi! (ti\c >vi>ich toachea "s. to conclude, from a knowledge of the real

Bituat'iin pnd t><m'- '•'*
oliit".:? line;?, angles, motions, &c. with respect to

the spoi'fcator, their appraciti aspects, as seen by him projected on the

itiagin!!!) concave of the heavens; and, vice versd, from the apparent

C(j»iu^urations and niovo'.nentd of objects so seen projected, to conclude,

so far as f h:>y can be thonce 'included, their real geometrical relations to

each 1 l,her and to toe spectator. It agrees with ordinary perspective when

only a small visurl area is contemplated, because the concave ground of

th( celestii;! sphci •, lor a pinall extent, may be regarded as a plane sur-

face, ou which objects are seen projected or depicted as in common per-

spective. But when large amplitudes of the visual area are considered,

or when the whole contents of space are regarded as projected on the

wli'lc interior surface of the sphere, it becomes necessary to use a different

phras^cology, and to resort to a different form of conception. In common

perspective there is a single "point of sight," or "centre of the picture,"

the \isnal line from the eye to which is perpendicular to the "plane if

the pVture," and all straight lines arc represented by straight lines. In

celestial perfjpective, every point to which the view is for the moment

diroctc'l, is equally entitled to be considered as the "centre of the pic-

ture," every portion of the surface of the sphere being similarly related

to the fvc. Moreover, every straight line (supposed to be indefinitely

prolonged) is projected into a semicircle of the sphere, that, namely, in

which a plane passing through the line and the eye cuts its surface. And
every system of parallel straight lines, in whatever direction, is projected

into a system of semicircles of the sphere, meeting in two common apexes,

or vanishinf ts, diametrically oppohite to each other, one of which

corresponds ;o the vanishing point of parallels in ordinary perspective

;

the other, in such persp'^tive has no existence. In other words, every

point in the sphere to which the eye is directed may bo regarded as one

of the vanishing points, or one apex of a system of straight linc^, parallel

to tiiat radius of the sphere which passes throurrb it, or to th direction

of lie line of sight, seen in perspective from ;
..' \;;:.rf'i, n;id tho point?

dian< ' f Hy opposite, or that frvn which c is looking, as '.o v)thor.

Anc great circle of the sphere van) similarly bo rcgardeu as the

vni ' J circle of a system of planes, puiallel to its own.

).) A familial illustration of this is often to be bad by attending to

•'h. 1 v'S of liirht seen in tho r": ivbon jh" «iin'a vwa orr> rlnvfiviion tuo su!! s v;'.vs .".re

Ap' : :ure3 iu clouds, tho sun itself being at the time obscured behind the'u.
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These lines which, marking the course of rays emanating from a point

almost infinitely distant, are to be considered as parallel straight lines, are

thrown into great circles of the sphere, having two apexes or points of

common intersection— one in the place where the sun itself (if not

obscured) would be seen. The other diametrically opposite. The first

only is moat commonly suggested when the spectator's view is towards the

sun. But in mountainous countries, the phenomenon ot sunbeams con-

verging towards a point diametrically opposite to the sun, and as much

depressed below the horizon as the sun is elevated above it, is not unfre-

quently noticed, the back of the spectator being turned to the sun's place.

Occasionally, but much more rarely, the whole course of such a system

of sunbeams, stretching in semicircles across the hemisphere from horizon

to horizon (the sun being near setting), may be seen.' Thus again, the

streamers of the Aurora Borealis, which are doubtless electrical rays,

parallel, or nearly parallel to each other, and to the dipping needle, usually

appear to diverge from the point towards which the needle, freely sus-

pended, would dip northwards (t. c. about 70° below the horizon and 23°

west of north from London), and in their upward progress pursue the

course of great circles till they again converge (in appearance) towards

the point diametrically opposite (i. e. 70° above the horizon, and 23° to the

eastward of south), forming a sort of canopy over-head, having that point

for its centre. So also in the phenomenon of shooting stars, the lines of

direction which they appear to take on certain remarkable occasions of

periodical recurrence, are observed, if prolonged backwards, apparently to

meet nearly in one point of the sphere ; a certain indication of a general

near approach to parallelism in the real directions of their motions on

those occasions. On which subject more hereafter.

(110.) In relation to this idea of celestial perspective, we mayconceivo

the north and south poles of the sphere as the two vanishing points of a

pystem of lines parallel to the axis of the earth ; and the zenith and nadir

of those of a system of perpendiculars to its surface at the place of

observation, &c. It will be shown that the direction of a plumb-line, at

every place is perpendicular to the surface of still water at that place

' It is in such cases only that we conceive tliem as circles, the ordinnry conventions

of plane perspective becoming unt(!nal)ie. The auihor had the good fortune to witness

on one occasion the phenomenon described in the text under circumstances of more

than \i8unl grandeur. Approaching Lyons from the south on Sept. 30, 182(), about fij h,

? M., ti.o sun was sjen nearly setting behind broken masses of stormy c\oiu\, from

vl.use ap>ni res sfeamed forth beams of rose-coloured hght, traceable ail across the

Htmis|iliere almost to their opposite point of convergence behind the snowy precipices

of Mont Dhinc, conspicuously visible at ncnrly 100 rniies to the eastward. Tiie iin-

i
.esuioii produced was that of mother but feel)ier sun about to rise from beliind tlie

mountain, and darting forth precursory beams to meet those of the real one opposite.
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which is the true horizon, and though mathematically speaking no two

plumb-lines are exactly parallel (since they converge to the earth's centre),

yet over very small tracts, such as the area of a building— in one and

the same town, &c., the difference from exact parallelism is so suiiill that

it may be practically disregarded.' To a spectator looking upwards such

a system of plumb-lines will appear to converge to his zenith ; downwards,

to his nadir.

(117.) So also the celestial equator, or the equinoctial, must be con-

ceived as the vanishing circle of a system of planes parallel to the earth's

equator, or perpendicular to its axis. The celestial horizon of any spec-

tator is in like manner the vanishing circle of all planes parallel to his

true horizon, of which planes his rational horizon (passing through the

earth's centre) is one, and his sensible horizon (the tangent plane of his

f atiou) another.

(118.) Owing, however, to the absence of all the ordinary indications

of distance which influence our judgment in respect of terrestrial objects,

owing to the want of determinate figure and magnitude in the stars and

planets as commonly seen— the projection of the celestial bodies on the

ground of the heavenly concave is not usually regarded in this its true

light, of a pcnpcctivc representation or pirtnrCf and it even requires an

effort of imagination to conceive them in their true relations, as at vastly

different distances, one behind the other, and forming with one another

lines of junction violently foreshortened, and including anp\^s altdgether

differing from those which their projected representations appear to make.

To do so at all with effect prcsuj)poses a knowledge of their actual situa-

tions in space, which it is the business of astronomy to arrive at by appro-

priate conoileratious. But the connections which subsist among the

several parts of the picture, the purely geometrical relations among the

angles and sides of the spherical triangles of which it consists, constitute,

under the name of Uratiometry,- a preliminary and subordinate bnnieh of

the general science, with which it is necessary to be familiar before any

further progress can bo made. Some of the most eleimiitary and fre-

quently occurring of tlK\-<e relations we proceed to explain. And iirst, as

immediate consequences of the above deGuilions, the following propositions

will be borne in mind.

(119.) The altitude of the clcvateilpole is equal to the latitude of the

spertaturs </coijraphieal station.

For it appears, sec Ji</. art. 112, that the angle V \ Z between the

' An interval o^ a mile corresponds to a convergence ot p iinb-iinea amounting to

«omcwliat .eBs Bi^acc than a minute.

3 Ovfavitf, the l.^avuiis ; nirpuv, to tneasure : tho measuroment of tlic heavens.

liiiV
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polo and the zenith is equal to N C A, and the angles Z A n and N C E
being right angles, we have P A n=A C E. Now the former of these

is the elevation of the pole as seen from E, the latter is the angle at the

earth's centre subtended by the arc E A, or the latitude of the place.

(120.) Hence to a spectator at the north pole of the earth, the north

pole of the heavens is in his zenith. As he travels southward it becomes

less and less elevated till he reaches the equator, when both poles are in

his horizon— south of the equator the north pole becomes depressed

below, while the south rises above his horizon, and continues to do so till

the south pole of the globe is reached, when that of the heavens will be

in the zenith.

(121.) The same stars, in their diurnal revolution, come to the meridian,

siuxensi'velj/, of every place on the globe once in twenty-four sidereal hours.

And, since the diurnal rotation is uniform, the interval, in sidereal time,

which elapses between the same star coming upon the meridians of two

different places is measured by the difference of longitudes of the places.

(122.) Vice va'sd— the interval elapsing hetwecn two different stars

coming on the meridian of one and the same place, expressed in sidereal

time, is the measure of the difference of right ascensions of the stars.

(123.) The equinocL'al intersects the horizon in the east and west

points, and the meridian is a point whose altitude is equal to the co-lati-

tude of the place. Thus, ai • awich, of which the latitude is 51° 28'

40", the altitude of the intei section of the equinoctial and meridian is

38° 31' 20". The north and south poles of the heavens are tht poles of

the equinoctial. The east and west points of the horizon of a 'tator

are the poles of his celestial meridian. The north and south poiu' a his

horizor are the poles of his prime vertical, and his zenith and nadir are

the poles of his horizon.

(12-1.) All the heavenly bodies culminate (t. e. come to their greatest

altitudes) on the meridian ; which is, therefore, the best situation to ob-

serve them, being least . '"''-ed by the inequalities and vapours of the

atmosphere, as well as L.^u tiisplaced by refraction.

(125.) All celestial objects within the circle of perpetual apparition

conic twice on the meridian, above the horizon, in every diurnal revolu-

tion
; onc.3 above and once below the pole. These are called their iqijier

and loircr rnlminations.

(12G.) The problems of uranometry, as wo have descril)cd it, consist

in the solution of a variety of spherical triangles, both right and oblique

angled, according to the rules, and by the formulae of spherical trigonom-

etry, which we suppose known to the reader, or for which he will consult

appropriate treatises. We shall only here observe generally, that in all
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problems in ^vhich spherical geometry is concerned, the student will find

it a useful practical maxim rather to consider the poles of the great circles

which the question before him refers to than the circles themselves. To

use, for example, in the relations he has to consider, polar distances rather

than declinations, zenith distances rather than altitudes, &c. Bearing

this in mind, there are few problems in uranometry which will oifer any

difficulty. The following arc the combinations which most commonly

occur for solution wTien the place of one celestial object only on the sphere

is concerned.

(127.) In the trian le ZPS, Z is the zenith, P the elevated pole, and

S the star, sun, or other celesti il object. In this triangle occur, 1st, PZ,
which being the complement of PH (the altitude of the pole), is ob-

viously the complement of tht, 'atitude (or the co-latitude, as it is called ")

of the place ; 2d, P S, the polar distance, or the complement of the dc -

nation (co-declination) of the star; 3d, Z S, the zenith distance or co-alti-

tiulc of the star. If P S be greatc. than 90°, the objeot is situated on

the side of the equinoctial opposite to that of the elevated pole. If Z S

be so, the object is below the horizon.

18.

Li
'

i^i .

In the same iriangle the angles are, 1st, Z P S the lower angle ; 2d, PZ S

(the supplement of S Z 0, which latter is the azimuth of the star or other

heavenly body), 3d, PSZ, an angle wliich, from the infrequenc) if any

practical reference to it, has not acquired a name.'

riii;
'

<'

• In the practical discussion of the measures of double stars and other objects by the

aid of tlio position micrometer, this angle is sometimes required to be known; anil

when so required, it will be not inconveniently referred to as " the angle "f position

<ii ihp zenith."
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The following five astronomical magnitudes, then, occur among the sides

of this most useful triangle : viz., 1st, The co-latitude of tho place of

observation ; 2d, the polar distance ; 3d, the zenith distance j 4th, the

hour angle; and 5th, the sub-azimuth (supplement of azimuth) of a given

celestial object; and by its solution therefore may all problems be resolved,

in which three of these magnitudes are directly or indirectly given, and

the other two required to be found.

(128.) For example, suppose the time of rising or setting of the sun

or of a star were required, having given its right ascension and polar dis-

tance. The star rises when apparently on the horizon, or really about

34' below it (owing to refraction), so that, at the moment of its a])parent

rising, its zenith distance is 90° 34'=Z S. Its polar distance PS being also

given, and the co-latitude Z P of the place, we have given the three sides

of the triangle, to find the hour angle Z P S, which, being known, is to

be added to or subtracted from the star's right ascension, to give the side-

real time of setting or rising, which, if we please, may be converted iuto

solar time by the proper rules and tables.

(129.) As another example of the use of the same triangle, we may

propose to find the local sidereal time, and the latitude of the place of

observation, by observing equal altitudes of the same star east and west

of tho meridian, and noting the interval of the observations in sidereal

time.

The hour angles corresponding to equal altitudes of a fixed star being

equal, the hour angle east or west will be measured by half the observed

interval of tho observations. In our triangle, then, we have given this

hour angle Z P S, the polar distance P S of the star, and Z S, its co-

altitude at the moment of observation. Hence we may find P Z, tho

co-latitude of the place. Moreover, the hour angle of the star being

known, and also its right ascension, the point of the equinoctial is known,

which is on t;ie meridian at the moment of observation ; and, therefore,

the local sidi^vBal tinie at that moment. This is a very useful observation

for determining the latitude and time at an unknown station.
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CHAPTER III.»

OP THE NATURE OP ASTRONOMICAL INSTRUMENTS AND OBSERVATIONS

IN GENERAL. OP SIDEREAL AND SOLAR TIME.—OP THE MEASURE-

MENTS OP TIME.— CLOCKS, CHRONOMETERS.— OP ASTRONOMICAL

MEASUREMENTS.— PRINCIPLE OP TELESCOPIC SIGHTS TO INCREASE

THE ACCURACY OP POINTING.— SIMPLEST APPLICATION OF THIS

PRINCIPLE.—THE TRANSIT INSTRUMENT.—OP THE MEASUREMENT
OP ANGULAR INTERVALS.— METHODS OP INCREASING THE ACCU-

RACY OP READING.—THE VERNIER.—THE MICROSCOPE.—OP THE
MURAL CIRCLE.— THE MERIDIAN CIRCLE.— FIXATION OP POLAR

AND HORIZONTAL POINTS.— THE LEVEL, PLUMB-LINE, ARTIFICIAL

HORIZON.—PRINCIPLE OP COLLIMATION.—COLLIMATORS OP RITTEN-

IIOUSE, KATER, AND BENZENBERO.— OP COMPOUND INSTRUMENTS

WITH CO-ORDINATE CIRCLES.— THE EQUATORIAL, ALTITUDE, AND
AZIMUTH INSTRUMENTS.— THEODOLITE.— OP THE SEXTANT AND
REFLECTING CIRCLE.— PRINCIPLE OF REPETITION.— OF MICROME-

TERS.— PARALLEL WIRE MICROMETER.— PRINCIPLE OF THE DU-

PLICATION OP IMAGES.— THE HELIOMETER.'—DOUBLE REFRACTING

EYE-PIECE.— VARIABLE PRISM MICROMETER.— OP THE POSITION

MICROMETER.

(130.) Our first chapters have been devoted to the acquisition chiefly

of preliminary notions respecting the globe we inhabit, its relation to the

celestial objects which surround it, and the physical circumstances under

which all astronomical observations must be made, as well as to provide

ourselves with a stock of technical u-ords and elementary ideas of most

frequent and familiar use in the sequel. We might now proceed to a

more exact and detailed statement of the facts and theories of astronomy

;

but, in order to do this with full effect, it will be desirable that the

reader bo made acquainted with the principal means which astronomers

' The student who is anxious to become acquainted with the chief subject matter

of this work, may defer the reading of that part of this chapter which is devoted to

the description of particular instruments, or content himself with a cursory perusal

of It, until further advanced, when it will be necessary to return to it.

mm
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possess, of determining, with the degree of nicety their theories require,

the data on which they ground their conclusions ; in other words, of as-

certaining by measurement the apparent and real magnitudes with which

they are conversant. It is only when in possession of this knowledge

that ho can fully appreciate either the truth of the theories themselves,

or the degree of reliance to be placed on any of their conclusions ante-

cedent to trial : since it is only by knowing what amount of error can

certainly be perceived and distinctly measured, that ho can satisfy himself

whether any theory offers so close an approximation, in its numerical

results, to actual phenomena, as will justify him in receiving it as a true

representation of nature.

(131.) Astronomical instrument-making may be justly regarded as the

most refined of the mechanical arts, and that in which the nearest ap-

proach to geometrical precision is required, and has been attained. It

may be thought an easy t'ling, by one unacquainted with the niceties re-

quired, to turn a circle in metal, to divide its circumference into 360

equal parts, and these again into smaller subdivisions,— to place it accu-

rately on its centre, and to adjust it in a given position ; but practically

it is found to be one of the most difficult. Nor will this appear extra-

ordinary, when it is considered that, owing to the application of telescopes

to the purposes of angular measurement, every imperfection of structure

of division becomes magnified by the whole optical power of that instru-

ment ; and that thus, not only direct errors of workmanship, arising from

unsteadiness of hand or imperfection of tools, but those inaccuracies

which originate in far more uncontrollable causes, such as the unequal

expansion and contraction of metallic masses, by a change of tempcrf^ture,

and their unavoidable flexure or bending by their own weight, b'icome

perceptible and measurable. An angle of one minute occupies, en the

circumference of a circle of 10 inches in radius, only about -g^^ta part

of an inch, a quantity too small to be certainly dealt with without the

use of magnifying glasses; yet one minute is a gross quantity in the

astronomical measurement of an angle. With the instrument£ now em-

ployed in observatories, a single second, or the 60th part of a minute, is

rendered a distinctly visible and appreciable quantity. Now, the arc of

a circle, subtended by one second, is less than the 200,000th part of the

radius, so that on a circle of 6 feet in diameter it would occupy no greater

linear extent than -jf^s^th part of an inch ; a quantity requiring a power-

ful microscope to be discerned at all. Let any one figure to himself,

therefore, the difficulty of placing on the circumference of a metallic

circle of such dimensions (supposing the difficulty of its construction sur-

mounted), 360 marks, dots, or cognizable divisions, which shall all bo
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true to their places within such luirrow limits ; to say nothing of the sub-

division of the degrees so marked off into minutes, and of these again

into seconds. Such a work has probably baffled, and will probably for

over continue to baffle, the utmost stretch of human skill and industry

;

uor, if executed, could it endure. The ever-varying fluctuations of beat

and cold have a tendency to produce not merely temporary and transient,

but poruianont, uncompensated changes of form in all considerable masses

of tlu)sc njctals which alone are applicable to such uses; and tlioir own

weight, however symmetrically formed, must always bo unequally sus-

tained, since it is impossible to apply the sustaining power to erc/y/ inirt

separately : even could this bo done, at all events force must be used to

move and to fix them j which can never be done without producing toni-

poniry and risking permanent change of form. It is true, by dividing

them on their centres, and in the identical places they are destined to

occupy, ami by a thousand ingenious and delicate contrivances, wonders

have been accomplished in this department of art, and a degree of perfec-

tion has been given, not merely to chefs iVauvre, but to instruments of

niodurate prices and dimensions, and in ordinary use, which, on due con-

sideration, must appear very surprising. IJut though we are entitled to

louk for wonilcrs at the hands of scientific artists, we are not to expect

mintrhs. The demands of the astronomer will always surpass the power

of the artist; and it must, therefore, be constantly the aim of the furmcr

to make himself, as far Jis possible, independent of the imperfections inci-

dent to every work the Litter can place in his hands, lie must, thoreture,

ei'deavour so to combine his observations, so to choose his opportunities,

and so to familiarize himself with all the causes which may produce in-

ptrumontal deraiipiiiuiit, and with all the peculiarities of structure and

material of each iu^liiuiu'iit he possesses, as not to allow himself to be

milled by their errors, but to extract from their indications, as far as pos-

sible, all that is true, and reject all that is erroneous. It is in this that

the art of the practical astmnonier consists,— an art of itself of a curious

ami intricate nature, and of which we can here only notice some of the

leading and general featvu'es.

(^l.')lJ.) The great aim of the practical astronomer being numerical

correctness in the results of instrumental measurement, his constant caro

and vigilance must be directed to the detection and compensation of errors,

I'ilher by annihilating, or by taking account of, and allowing for them.

Now, if wo examine the sources from which errors may arise in any

instrumental determination, we shall find them chiefly reducible to three

principal heads:—
(iJJil.) Jst, External or incidental causes of error; comprehending
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sueb as depend on external, uncontrollable circumstances : such as, fluc-

tuations of weather, which disturb the amount of refraction from its tabu-

lated value, and, being reducible to no fixed law, induce uncertainty to

the extent of their own possible magnitude ; such as. by varying the tem-

perature of the air, vary also the form and position of the instniments

used, by altering the relative magnitudes and the tension of their parts
j

and others of the like nature.

(1154.) 2dly, Errors of o/isrrvatiun : such as arise, for example, from

incxpertness, defective vision, slowness in .seizing the exact iiisfaitt of

occurrence of a phenomenon, or precipitancy in anticipating it, &c.

;

from atmospheric indi.stinctnoss ; insufficient optical power in the instru-

ment, and the like. Under this head may also bo classed ail errors arising

from nionientary instrumental derangement,—slips in clamping, looseness

of screws, &c.

(l'5r).) i^dly. The third, and by far the most numeroua class of errors

to which astronomical measuromonts are liable, arise from causes which

may bo deemed instrumontal, and which may be subdivided into two

principal das.'^es. Thv. Jir^t comprehends those which arise from an instru-

ment not hciuf/ what it professes to be, which is rrior of tvorkwrniship.

Thus, if a pivot or axis, instead of being, as it ought, exactly cylindrical,

be slightly flattened, or elliptical,— if it be not exactly (as it is intended

it should) concentric with the circle it carries;— if this circle (so called)

be in reality not exactly circular, or not in one plane;— if its divisions,

intended to be precisely cquidistunt, should be placed in reality at unequal

intervals,—and a hundred other thinga of the same sort. These arc not

mere speculative sources of error, but practical annoyances, which every

ob.server has to contend with.

(l.'?0.) The ofJirr subdivision of instrumental errors comprehends such

as arise from an instrument not being placed in the pcsition it ought to

have ; and from those of its parts, which arc made purposely moveable,

nrit bt>ing properly disposed i)>ti'r sr. Tliese are errors of itiljuMmcnt.

Slime are unavoidable, as they arise from a general unsteadiness of tho

Hdil or building in which the instruments are placed; which, tiiou^di too

minute to be noticed in any other way, become appreciable in delicato

iistrononiical observations ; others, again, are consequences of imjjerfect

witrkmanship, as where an instrument once well adjusted will not remain

si\ liut keeps deviating and shifting. IJut the most important of this class

of errors arise from the non-exi,Htence of natural indications, othrr than

those afforded by astronomical observations themselves, whether nn instru

incnt has iv has not the exact position, with respect to the horizon and ita
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cardinal points, the axis of the earth, or to other principal astronomical

lines and circles, which it ought to have to fulfil properly its objects.

(137.) Now, with respect to the first two classes of error, it musi be

observed, that, in so far as they cannot be reduced to known laws, and

thereby become subjects of calculation and due allowance, they actually

vitiate, to their full extent, the results of any observations in which they

subsist. Being, however, in their nature casual and accidental, their

efiects necessarily lie sometimes oue way, sometimes the other; sometimes

diminishing, sometimes tending to increase the results. Hence, by greatly

multiplying observations, undt" varied circumstances, by avoiding unfa-

vourable, and taking advantage of favourable circuui stances of weather^

or otherwise using opportunity to advantage— and finally, by taking tho

mean or iivcrage of the results obtained, this class of errors may be so

far mhdufd, by setting them to destroy one another, as no longer sensibly

to vitiate any theoretical or practical conclusion. This is the great and

indeed onl}* resource against such errors, not merely to the astronomer,

but to the investigator of numerical results in every department of

physical research.

(13S.) With regard to errors of adjustment and workmanship, not

nnly tho jyossihilifj/, but the certainty of their existence, in every ima-

ginable form, in all instrumt?nts, must be contemplated. Human hands

or machines never formed a circle, drew a straight line, or erected a per-

pendicular, nor ever placed an instrument in perfect adjustment, unless

accidentally; and then only during an instant of time. This does not

prevent, however, that a great approximation to all these desiderata

should bo attained. But it is tho peculiarity of astronomical observation

to be the itlttmatc means of detection of all mcchanici.l defects which

elude by their minuteness every other mode of detection, ^'hat tho eye

cannot discern nor the touch perceive, a course of astronomici'.i observa-

tions will make distinctly evident. The imperfect productf of man's

hands arc hero tested by being brought into comparison under very great

magnifying p(iwcrs (corresponding in effect to u great increase in acute-

ncss of perception) vrith the pcifoct workmanship of nature; and there

is none which will bear the trial. Now, it may seem like arguing in a

vicious circle, to deduce theoretical conclusions and laws from observation,

and then to turn round upon the instnrments with which those observa-

tions were made, accuse thoni of in)porfection, and attempt to detect and

rectify their errors by means of the very laws and theories which they

have helped uh to a knowledge of. A litilo consideration, however, will

suffice to show tliat such a course of proceeding is perfectly legitimate.

(189.) The steps by v hich we arrive at the laws of natural phenomena,
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and especially those which depend for the'r verification on numerical

determinations, are necessarily successive. Gross results and palpable

laws are arrived at by rude observation with coarse instruftienta, or

without any instruments at all, and are expressed in language which i;^

not to be considered as absolute, but is to be interpreted with a degree of

latitude commensurate to the imperfection of the observations themselves.

These results are corrected and refined by nicer scrutiny, and with more

delicate means. The first rude expressions of the laws which embody

them are perceived to be inexact. The language used in their expression

is corrected, its terms more rigidly defined, or fresh terms introduced,

until the new state of language and terminology is brought to fit the

improved state of knowledge of facts. In the progress of this scrutiny

subordinate laws are brought into view which still further mooify both

the verbal statement and numerical results of those which first offered

themselves to our notice ; and when these are traced out and reduced to

certainty, others, again, subordinate to them, make the)'- appearance, and

become subjects of iurthcr inquiry. Now, it invariably happens (and

the reason is evident) that the first glimpse we catch of such subordinate

laws— the first form in which they arc dimly shadowed out to our mind.s

—is that of errors. We perceive a discordance between what we rrjyccf,

and what we Jttid. The first occurrence of such a discordance we attri-

bute to acciJont. It happens again and again; and wo begin to suspect

(jur instruments. We then inquire, to what amount of error their deter-

minations can, hi/ jDossi'hi'liti/, be liable. If their limit of possible error

exi ced the observed deviation, we at once condemn the instrument, and

ict about improving its conatruction or adjustments. Still the san.e

(luviations occur, and, so far from being palliated, are more marked and

bettor dollned tluiu before. We are now sure that we are on the traces

it' ii law of nature, and we pursue it till wo have reduced it to a definito

,-t itcuicnt, and verified it by repeated observation, under every variety

I if circumstances.

(140.) Now, in the course of this inquiry, it will not fail to happen

t!i it other discordances will strike us. Taught by experience, we suspect

the existence of some natural law, before unknown ; wo tabulate (i. c.

flrii'v out in order) the results of our observations; and we perceive, in

tills synoptic statement of them, distinct indications of a regular progrcs-

fMW. Again we improve or vary our instrument:-), and we now lose sight

of this supposed new law of nature altogether, or find it replaced by some

other, of a totally different character. Thus wo are led to suspect an

instrumental cause for what we have noticed. We examine, therefore,

tiio thiorif of our iustruiucnt • wc pupposc utfccis in its stri^cture, and, by



82 OUTLINES OF ASTRONOMr.

\
'

the aid of geometry, wo trace their influence in introducing actual errors

into its indications. These errors have their laws, which, so long as we

have no knowledge of causes to guide us, may be confounded with laws

of nature, as they are mixed up with them in their effects. They are not

fortuitous, like errors of observation, but, as they arise from sources

inherent in the instrument, and unchangeable while it aud its adjustments

remain unchanged, they are reducible to fixed and ascertainable forms

;

each particular defect, whether of structure or adjustment, producing its

own appropriate form of error. When these are thoroughly investigated,

we recognize among them one which coinc'des in its nature and progression

with that of our observed discordances. The mystery is at once solved.

We have detected, by direct observation, an instrumental defect.

(141.) It is, therefore, a chief requisite for the practical astronomer to

make himself completely familiar with the tlieory of his instruments. By
this alone is he enabled at once to decide what effect on his observations any

given imperfection of structure or adjustment will produce in any given

circumstances under which an observation can be made. This alone also

can place him in a condition to derive available and practical means of

destroying and eliminating altogether the influence of such imperfections,

by so arranging his obpcrvations, that it shall affect their results in oppo-

site ways, and that its influence shall thus disappear from their mean,

which is one of the chief modes by which precision is attained in practicnl

astronomy. Suppose, for example, the principle of an instrument required

that a circle should be concentric with the axis on which it is made to

turn. As this is a condition which no workmanship can exactfi/ fulfil, it

becomes necessary to inquire what errors will be produced in observations

made and registered on the faith of such an instrument, by any at^signcd

deviation in this respect ; that is to say, what would be the disagreement

between observations made with it aud with one absolutely perfect, could

such be obtained. Now, simple geometrical considerations suffice to show

— Ist. that if tho axis be oxceutric by a given fraction (say one thou-

sandth part) of the radius of the circle, all angles read off" on that part

of the circle toicards which the excentricity lies, will appear by that frac-

tional amount too small, and all on the opposite side too largo. And,

iidly, riiat whatever be the amount of the excentricity, and on whatever

part of the circle any proposed angle is measured, the effect of the error

in question on the result of observations depending on the graduation of

its circumference (or limb, as it is technically called) will be completely

annihilated by the very easy motliod of always reading off the divisions

on two diametrically opposite points of the circle, and taking a mean ; tor

the cflbct of excentricity is always to iucreaso the arc representing the

I;
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angle in question on one side of the circle, by just the same quantity by

which it diminishes that on the other. Again, suppose that the proper

use of the instrument required that this axis should be exactly parallel to

that of the earth. As it never can be placed or remain so, it becomes a

question, what amount of error will arise, in its use, fiom any assigned

deviation, whether in a horizontal or vertical plane, from this precise posi-

tion. Such inquiries constitute the theory of instrumental errors ; a

theory of the utmost importance to practice, and one of which a complete

knowledge will enable an observer, with moderate instrumental meaus,

often to attain a degree of precision which might seem to belong only to

the most refined and costly. This theory, as wil' readily be apprehended,

turns almost entirely on considerations of pure geometry, and those for

the most part not diflScult. In the present work, however, we have nci

further concern with it. The Astronomical instruments we propose briefly

to describe in this chapter will be considered as perfect both in construc-

tion and adjustment.'

(14*2.) As the above remarks are very essential to a right understand-

ing of the philosophy of our subject and the spirit of astronomical

methods, we shall elucidate them by taking one or two special case?.

Observant persons, before the invention of astronomical instruments, had

n'ready concluded the apparent diurnal motions of the stars to be per-

formed in circles about fixed poles in the heavens, as shown in the fore-

going chapter. In drawing this conclusion, however, refraction was

entirely overlooked, or, if forced on their notice by its great niagnitude

in the immediate neighbourhood of liie horizon, was regarded as r, local

irregularity, and, as such, neglected, or slurred over. As soon, however,

as the diurnal paths of the stars were attempted to bo traced by instru-

ments, even of the coarsest kind, it became evident that the notion of

exact circles described about one and the same pole would not represent

the phenomena correctly, but that, owing to some cause or other, the

apparent diurnal orbit of every star is distorted from a circular into an

oval form, its lower segment being flatter than its upper; and the devia-

tion being greater the nearer the star approached the horizon, the effect

king the same as if the circle had been squeezed upwards from below,

and the lower parts more than the higher. For such an effect, as it was

soon found to arise from no casual or instrumental cause, it became neces-

f^ary to seek a natm'al one ; and refraction readily occurred, to solve tho

' Tho principle on which the chief ndjustmenti of two or tliree of the most useful

niid common insiruments, such iia the trnnsit, the eqiiatoriul, mid the spxtiint, are per

lornu'il, nre, however, noticed, fur ihe convenience of readiTs vv'io inav use sucn in

s'.ruiiiiiits without going lurihtT into ihc uronua of praclical astronomy.
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difficulty. In fact, it is a case precisely analogous to what we have

already noticed (art. 47), of the apparent distortion of the sun near the

horizon, only on a larger scale, and traced up to greater altitudes. This

new law once established, it became necessary to modify the expressiou of

that anciently received, by inserting in it a salvo for the effec . of refrac-

tion, or by making a distinction between the apparent diurnal orbits, as

affected by refraction, and the true ones cleared of that effect. This dis-

tinction between the apparent and the true— between the uncorrected

and corrected— between the rough and obvious, and the refined and ulti-

mate— is of perpetual occurrence in every part of astronomy.

(143.) Again. The first impression produced by a view of the diurnal

movement of the heavens is that all the heavenly bodies perform this

revolution in one common period, viz. a day, or 24 hours. But no sooner

do we come to examine the matter instrumentalli/, i. e. by noting, by

time-keepers, their successive arrivals on the meridian, than we find dif-

t.reuccs which cannot be accounted for by any error of observation. All

the stars, it is true, occupy the same interval of time between their suc-

cessive appulses to the meridian, or to any vortical circle ; but tlus is a

very different one from that occupied by the sun. It is palpably shorter;

being, in fact, only 23'' 56' 4-09", instead of 24 hours, such hours us

our common clocks mark. Here, then, we have already two d}£crciit

days, a sidereal and a solar; and if, instead of the sun, wo observe the

moon, we find a third, much longer than either,— a lunar day, whoso

average duration is 24'' 54'" of our ordinary time, which last is solar time,

being of necessity conformable to the sun's successive re-appearances, on

which all the business of life depends.

(144.) Now, all the stars are found to be unanimous in giving the

same exact duration of 23'' 50' 4'09", for the sidereal day; which, there-

fore, wo cannot hesitate to receive as the period in which the earth makes

one revolution on its axis. We are, therefore, compelled to look on the

sun and moon as exceptions to the general law ; as haviiig a different

nature, or at least a different relation to us, from the stars; and as having

motions, real or apparent, of their own, independent of the rotation of

the earth on its axis. Thus a great and most important distinction is

ui.«iclosed to us.

(^145.) To establish these facts, almost no apparatus is required. An
observer need only station himself to the north of some well-defined ver-

tical object, as the angle of a building, and, placing his eye exactly at a

certain fixed point (such as a small hole in a plate of metal nailed to sonic

irumovoable support), notice the successive disappearances of any star be-
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bind the buildlag, by a watch.' When he observes the sun, he must

ehado his eye with a dark-coloured or smoked glass, and notice the moments

wlii'ti its western and eastern edges successively come up to the wall, from

which, by taking half the interval, he will ascertain (what he cannot di-

rectly ohscrve) the moment of disappearance of its centre.

(146.) When, in pursuing and establishing this general fact, we are

led to attend more nicely to the times of the daily arrival of the sun on

tlie meridian, irregularities (such they first seem to be) begin to make their

appearance. The intervals between two successive arrivals are not the same

at all times of the year. They arc sometimes greater, sometimes less, than

24 hours, as shown by the clock ; that is to say, the solar day is not always

of the same length. About the 21st of December, for example, it is liulf

a minute loiujer, and about the satne day of September nearly as much

sliortcr, than its avcriKje duration. And thus a distinction is again press-

ed upon our notice between the actual solar day, which is never two days

in succession alike, and the mean solar day of 24 hours, which is an ave-

rage of all the solar days throughout the year. Ilcro, then, a new source

of inquiry opens to us. The sun's apparent motion is not only not tiie

same with the stars, but it is not (us the latter is) uniform. It is subject

to fluctuations, whose laws become matter of investigation, lint to pur-

sue tlicse laws, wo require nicer means of observation than what we have

described, and are obliged to call in to our aid an instrument called the

transit Instrumrtif, especially dcstiuiHl for such observations, and to attend

minutely to all the causes of irregularity in the going of clocks and watches

which may affect our reckoning of time. Tiius wo become involved by

degrees in more and more delicate instrumental inquiries ; and we speed-

ily find that, in proportion as we ascertain the amount and law of one

great or leading fluctuatiim, or inequality, as it is callc;!, of the sun's

diurnal motion, we bring into view others continually smaller and smaller,

which were before obscured, or mixed up with errors of observation and

instrumental imperfections. In short, we may not inaptly compare the

mmn length of the solar day to the mean or average height of water in

a harbour, or the general level of the sea unagitated by tide or waves.

The great annual fluctuation above noticed may be compared to the daily

u

' This id nn cxrcllcnt prnrtirnl moihod of ascertaining the rate of n clock or watch,

being exceeding acrur;ite if a few prt'cauiions are attondi d to; liie ciiiof (jf which is,

to take care that that part of the cdito hciiind wliicli the siiii- (ii hrijiht one, not a planei)

disuppciirs shall lit- (juiie smooth ; as 'Mhervvisi! varialdo rcfrMi'iioii may translur the

point of disappciiraiico from u protuhcraiico to a notch, and tiiu8 vary the motnent of

ohscrvation nndulv. This is easi!lily

The vorticality of its edye should he insured hy the

by nailing up

use of a pluiiib-line.

cdf^ed

M
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variations of level produced by the tides, which are nothing but enormous

waves extending over the whole ocean, while the smaller subordir ine-

qualities may be assimilated to waves ordinarily so called, on which, vhen

large, we perceive lesser undulations to ride, and on these, again, minuter

ripplings, to the series of whose subordination we can perceive no end.

(147.) With the causes of these irregularities in the solar motion we

have no concern at present j their explanation belongs to a more advanced

part of our subject; but the distinction between the solar and sidereal

days, as it pervades every part of astronomy, requires to be early intro-

duced, and nf^-er lost sight of. It is, as already observed, the mean or

average length of the solar day, which is used in the civil reckoning of

time. It commences at midnight, but astronomers, even when they use

mean solar time, depart from the civil reckoning, commencing their day

at noon, and reckoning the hours from round to 24. Thus, 11 o'clock

in the forenoon of the second of January, in the civil reckoning of time,

corresponds to January 1 day 23 hours in the astronomical reckoning

;

and one o'clock in the afternoon of the former, to January 2 days 1 hour

of the latter reckoning. This usage has its advantages and disadvantages,

but the latter seem to preponderate ; and it would be well if, in conse-

quence, it could be broken through, and the civil reckoning substituted.

Untformity in nomenclature and modes of i eckoning in all matters relat-

ing to time, space, iceiglit, measure, dec, is of such vast and paramount

importance in every reloAion of life as to outweigh every consideration of

technical convenience or custom.^

(148.) Both astronomers and civilians, however, who inhabit different

points of the earth's surface, differ from each other in their reckoning of

time ; as it is obvious they must, if we consider that, when it is noon at

one place, it is midnight at a place diametrically opposite ; sunrise at

another; and sunset, again, at a fourth. Hence arises considerable in-

convenience, especially as respects places differing very widely in situation,

and which may even in some critical cases in\olvfc the mistake of a whole

day. To obviate this inconvenience, there has lately been introduced a

system of reckoning time by mean solar days and parts of a day counfed

from a fixed instant, common to all the world, and determined by no local

' The only (lisiulvantago to aslrdnomers of using the civil reckoning is this— thnt

their observations being ciuifly carried on during the nifrht, the day of their dale will.

in this reckoning, always have to be changed at midnight, and the former and latter

portion of every night's observations will belong to two dinbrently numbered civil days

of lilt' month. There is no denying this to be an inconvenience. Habit, however,

would alleviate it ; and fomc inconveniences must be cheerfully submitted to by all who
resolve to act on general principles. All other clasres of men, whose occupaiion e.\-

cxt'.nda to the night as well as day, submit to it, and lind their advantage in doing so.
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circumstance, such as noon or midnight, but by the motion of the sua

among the stars. Time, so reckoned, is called equinoctial time j and is

numerically the same, at the same instant, in every part of the globe.

Its origin will be explained more fully at a more advanced stage of our

work.

(149.) Time is an essential element in astronomical observation, in a

twofold point of view :— 1st, As the representative of angular motion.

Q'he earth's diurnal motion being uniform, every star describes its diurnal

circle uniformly; and the time elapsing between the passage of the stars

in succession across the meridian of any observer becomes, therefore, a

direct measure of their difference? of right ascension. 2dly, As the

fundamental element (or natural independent variable, to use the lan-

guage of geometers) in all dynamical theories. The great object of as-

tronomy is the determination of the laws of the celestial motions, and

their reference to their proximate or re note causes. New, the statement

of the law of any observed motion ia a celestial object can be no other

than a proposition declaring what has been, is, and will be, the real or

apparent situation of that object at any time, past, present, or future. To

compare su?h laws, therefore, with ob^er-ition, we must possess a register

of the observed situations of the object in question, and of the times when

they were observed.

(150.) The measurement of time is performed by clocks, chronometers,

clepsydras, and hour-glasses. The two former are alone used in modern

astronomy. The hour-glass is a coarse and rude contrivance for measur-

ng, or rather counting out, fixed portions of time, and is entirely disused.

iliC clepsydra, which measured time by the gradual emptying of a large

vessel if water through a determinate orifice, is susceptible of considera-

ble exactness, and was the only dependence of astronomers before ihe

invention of clocks and watches. At present it is abandoned, owing to

the greater convenience and exactness of the latter instruments. In one

case only has the revival of its use been proposed ; i\z. for the accurate

measurement of very small portions of time, by the flowing out of mer-

cury from a small orifice in the bottom of a vessel, kept constantly full

to a fixed height. The stream is intercepted at the moment of noting

any event, and directed aside into a receiver, into which it continues to

.LI, till the moment of noting any other event, when the intercepting

caiT'C is suddenly removed, the stream flows in its original course, au'i

ceases to run into the receiver. The weight of mercury received, com-

pared with the weight received in an interval of time observed by the

clock, gives the interval between the events observed. This ingenious

and simple method of resolving, with all pot-sible precision, a problem f^ * !!
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nf much importance in many physical inquiries, la due to the late Captain

Kater.

(151.) The pendulum clock, however, and the balance watch, with

those improvements and refinements in its structure which constitute it

emphatically a chronometer,^ are the instruments on which the astronomer

depends for his knowledge of the lapse of time. These instruments are

now brought to such perfection, that an habitual irregularity in the rate

of going, to the extent of a single second in twenty-four Lours in two

consecutive days, is not tolerated in one of good character; so that any

interval of time less than twenty-four hours may be certainly ascertained

Avithin a few tenths of a second, by their use. In proportion as intervals

are longer, the risk of error, as well as the amount of error risked, be-

comes greater, because the accidental errors of many days may accumu-

late ; and causes producing a slow progressive change in the rate of going

may subsist unpcroeived. It is not safe, therefore, to trust the determi-

nation of time to clocks, or watches, for many days in succession, without

checking them, and ascertaining their errors by reference to natural events

which we know to happen, day after day, at equal intervals. But if this

be done, the longest intervals may be fixed with the same precision as the

shortest; since, in fact, it is then only the times intervening between the

first and the last moments of such long intervals, and such of those

periodically recurring events adopted for our points of reckoning, as occur

within twenty-four hours respectively of either, that we measure by arti-

ficial means. The whole days are counted out for us by nature ; the frac-

tional parts only, at either end, are measured by our clocks. To keep the

reckoning of the integer days correct, so that none shall be lost or counted

twice, is the object of the calendar. Chronology marks out the order of

succession of events, and refers them to tlieir proper years and days

;

while chronometry, grounding its determinations on the precise observa-

tion of such regularly periodical events as can be conveniently ami exactly

subdivided, enables ns to fix the moments in which phenomena (n. cur, with

the lust degree of precision.

(152.) In the culmination or transit (i. e. the passage across the

meridian of an observer,) of every star in the heavens, he is furnished

with such a regularly periodical natural event as we allude to. Accord-

ingly, it is to the transits of the brightest and most conveniently situated

fixed stars that astronomers resort to ascertain their exact time, or, which

comes to the same thing, to determine the exact' amount of error of their

clocks.

(153.) Before we describe the instrument destined for the purpose of

' Xpuvof, time ; ixtTpciv, to measure.

if ;

:

wm
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obsei-ving such culminations, however, or those intended for the measure-

ment of angular intervals in the sphere, it is requisite to place clearly

before the reader the principle on which the telescope is applied in astro-

.,omy to the precise determination of a direction in space,— tha,t, namely^

of the visual ray by which we see a star or any other distant object.

(154 "" The telescope most commonly used in as'ronoray for these pur-

is the refracting telescope, which consists of ::?; . ]. 'ect-glass (either

or as is now almost universal, double, f1 1 ; • .vi at is called in

-, romatic combination) A; a tube AB, mo which the brass

tue object-glass is firmly screwed, and an eye-lens C, for which is

A.

Fig. 14.

B
I>
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lose of

often substituted a combination of glasses designed to increase the magni-

fying power of the telescope, or otherwise give more distinctness of vision

according to optical principles which we have no occasion here to refer to.

This also is fitted into a cell, which is screwed firmly into the end B of

the tube, so that object-glass, tube, and eye-glass may be considered as

forming one piece, invariable in the relative position of its parts.

(155) The line PQ joining the centres of the object and eye-glasses

and produced, is called the axis, or line of collimation of the telescope.

And it is evident, that the situation of this line holds a fixed relation to

the tube and its appendages, so long as the object and eye-glasses maintain

their fixity in this respect.

(156.) Whatever distant object E, this line is directed to, an inverted

picture or image of that object F is formed (according to the principles of

optics), in the focus of the object-glass, and may thi be viewed as if it

were a real object, through the eye-lens C, which (if of short focus) ena-

bles us to magnifi/ it just as such a lens would magnify a material object

in the same place.

(157.) Now as this image is formed and viewed in the air, being itself

immaterial and impalpable— nothing prevents our placing in that very

place F in the axis of the telescope, a real, substantial object of very

definite form and delicate make, such as a fine metallic point, as of a

needle— or better still, a cross formed by two very fine threads (spider-

lines), thin metallic wires, or lines drawn on glass intersecting each other

at right angles— and whose intersection is all but a mathematical point.

If such a point, wire, or cross be carefully placed and firmly fixed in tbn
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exact focus F, both of the object and eye-glass, it will be seen through the

latter at the same time, and occupying the same precise place as the image

of the distant star E. The magnifying power of the lens renders percep-

tible the smallest deviation from perfect coincidence, which, should it exist,

is a proof, that the axis Q P is not directed rigorously towards E. In that

case, a fine motion (by means of a screw duly applied), communicated to

the telescope, will be necessary to vary the direction of the axis till the

coincidence is rendered perfect. So precise is this mode of pointing found

in practice, that the axis of a telescope may be directed towards a star

or other definite celestial object without an error of more than a few tenths

of a second of angular measure.

(158.) This application of the telescope may be considered as completely

annihilating that part of the error of observation which might otherwise

arise from an erroneous estimation of the direction in which an object lies

from the observer's eye, or from the centre of the instrument. It is, in fact,

the grand source of all the precision ofmodern astronomy, without which all

other refinements in instrumental workmanship would be thrown away

;

the errors capable of being committed in pointing to an object, without

such assistance, being far greater than what could arise from any bat the

very coarsest graduation.' In fact, the telescope thus applied becomes,

with respect to angular, what the microscope is with respect to linear

dimension. By concentrating attention on its smallest parts, and magni-

fying into palpable intervals the minutest differences, it enables us n'^t

only to scrutinise the form and structure of the objects to which it is

' The honour of this capital improvement has been successfully vindicated by Der-

ham (Ph'l. Trans, xxx. C03) to our young, talented, and unfortunate countryman Gas-

coigne, from his correspondence with Crabtree and Horrockes, in his (Derham's)

possession. The passages cited by Dcrham from these letters leave no doubt that, su

early as 1G40, Uaacoigne had applied telescopes to his quadrants and sextants, with

threads in the common focut of the gla»ie» ; and had even carried the invention so far

as to illuminate the field of view by artificial light, which he found " iiery helpful when

the moon appeareth not, or it is not otherwiie light enough." Thnso inventions were

freely communicated by him to Crabtree, aud through him to his friend Horrockrs, the

f>rido and boast of British astronomy ; both of whom expressed their unbounded adnii-

•"ation of this and many other of his delicate and admirable improvements in the art

of observation, (tascoigne, however, perished, at the ago of twenty-three, at (lie

battle of Marslon Moor ; and the premature and sudden death of Horrockes, at a yet

earlier ago, will account for iho temporary oblivion of the invention. It wos revived,

or reinvented, in 1667, by Picard and Auzout (Lalundo, Astron. U310), afier which its

use became universal. Morin, even earlier than Guscoigne (in 1G35), had proposed to

Hubslituto the telescope for plain sights ; but it is the thread or wire strctclud in the

focus with which the imago of a star can be brou«lit to exact coincidence, \\ hich

gives the tolescnpe its advantage in practice ; and the idea of this docs not seem to Imvo

occurred to Morin. See Lalande, ttbri $uprd.
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pointed, but to refer their apparent places, with all but geometrical pre-

cision, to the parts of any scale with which we propose to compare them.

(159.) We now return to our subject, the determination of time by the

transits or culminations of celestial objects. The instrument with which

such culminations are observed is called a transit instrument. It consists

of a telescope firmly fastened on a horizontal axis directed to the east and

west points of the horizon, or at right angles to the plane of the meridian

of the place of observation. The extremities of the axis are formed into

cylindrical pivots of exactly equal diameters, which rest in notches formed

in metallic supports, bedded (in the case of large instruments) on strong

pieces of stone, and susceptible of nice adjustment by screws, both in a

vertical and horizontal direction. By the former adjustment, the axis can

Fig. 15.

be rendered precisely horizontal, by levelli)i(j it with a Icvrl made to rest

on the pivots. By the latter adjustment the axis is brought precisely into

the east and west directions, the criterion of which is furnished by the

observations themselves made with the instruniont, in a manner presently

to be explained, or by a well-defined object, called a mcrIdIan-mark, origi-

nally determined by such observations, and then, for convenience of ready

reference, permanently established, at a great distance, exactly in a mcri-

(lian line passing through the central point of the whole instrument. It

is evident, from this description, that, if the axis, or lino of colliniation

of the telescope be once well adjusted at right angles to the axis of the

transit, it will never quit the plane of the meridian, when the instrument

is turned round on its axis of rotation.

(100.) lu the focus of the eye-piece, and at right angles to the length

of the telescope, is placed, not a single cross, as in our general explanation

iu art. 157, but a system of one horizontal and several c(|iii(listant vertical

threads or wires, (five or seven are more usually employed,) as represented

in the aimexed figure, which always appear in thr frhl of vim; when

priiperly illuminated, by day by the lig^ ' of the sky, by night by that of

a lamp introduced by a contrivance not ueccssary here to explain. Thu

:«!i||:;
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Fig. 16.
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place of this system of wires may be altered by adjusting screws, giving

it a lateral (horizontal) motion; and it is by this means brought to such

a position, that the middle one of the vertical wires shall intersect the line

of colUmation of the telescope, where it is arrested and permanently

fastened.' In this situation it is evident that the middle thread will bo a

visible representation of that portion of the celestial meridian to which

the telescope is pointed ; and when a star is seen to cross this wire in

the telescope, it is in the act of culminating, or passing the celestial meri-

dian. The instant of this event is noted by the clock or chronometer,

which forms an indispensable accompaniment of the transit instrument.

For greater precision, the moment of its crossing all the vertical threads

is noted, and a mean taken, which (since the threads are equidistant)

would give exactly the same result, were all the observations perfect, and

will, of course, tend to subdivide and destroy their errors in an avciage of

the whole in the contrary case.

(IGl.) For the mode of executing the adjustments, and allowu c

the errors unavoidable in the use of this simple and elegant instrument,

the reader must consult works especially devoted to this department of

practical astronomy.' We shall here only mention one important verifica-

tion of its correctness, which consists in reversing the oads of the axis, or

turning it east for west. If this be done, and it continue to give the

same results, and interiect the same point on the meridian mark, we may

be sure that the line of collimation of the telescope is truly at right angles

to the axis, and describes strictly a plane, i. e. marks out in the heavens

a great circle. In good transit observations, an error of two or three

tenths of a second of time in the moment of a star's culmination is the

utmost which need bo apprehouded, exclusive of the error of the clock : in

' There is no wny of bringing (he trua optic axi» of the ohjoct-glnsa to coincide

exactly with the hne of colhniation, but, so long as the object-gluiis does not shift or

nhaiiu in its cell, any lino holding an invarinhle jmsition with respect to that axis, may
oe iQKon for the conventional or astronoinienl axis with equal effect.

• See Dr. Pearson's Treatise on Prnctical Aptronomy. Also Bianchi Sopra lo

Htromontc do' Paasagi. Ephem. di Milano, 1824.
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other words, a clock may be compared with the earth's diurnal motion by

a single observation, without risk of greater error. By multiplying

observations, of course, a yet greater degree of precision may be obtained.

(162.) The plane described by the line of collimation of a transit ought

to be that of tLo meridian of the place of observation. To ascertain

whether it is so or not, celestial observation must be resorted to. Now, as

the meridian is a great circle passing through the pole, it necessarily

bisects the diurnal circles described by all the stars, all which describe the

two semicircles so arising in equal intervals of 12 sidereal hours each.

Hence, if we choose a star whose whole diurnal circle is above the horizon,

or which never sets, and observe the moments of its upper and lower tran-

sits across the middle wire of the telescope, if we find the two semidiurnal

portions east and west of the plane described by the telescope to be

described mpreciseli/ equal times, we may be sure that plane is the meridian.

(163.) The angular intervals measured by means of the transit instru-

ment and clock are arcs of the equinoctial, intercepted between circles of

declination passing through the objects observed; and their measurement,

in this case, is performed by no artificial graduation of circles, but by the

help of the earth's diurnal motion, which carries equal arcs of the equi-

noctial across the meridian, in equal times, at the rate of 15° per sidereal

hour. In all other cases, when we would measure angular intervals, it is

Fig. 17.

a S

necessary to have recourse to circles^ or portions of circles, constructed of

luotal or other firm and durable material, and mechanically subdivided into

equal parts, such as degrees, minutes, &c. The simplest and most obvious

mode in which the measurement of the angular interval between two

directions in space can be performed is ns follows. Let ABCD bo a

circle, divided into 860 degrees, (numbered in order from any point 0" in

the circumference, round to the same point again,) and connected with it^

centre by spokes or mys, x, y, c, firmly united to its circumference or
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limb. At the centre let a circular hole be pierced, in which shall move

a pivot exactly fitting it, carrying a tube, whose axis, a 6, is exactly

parallel to the plane of the circle, or perpendicular to the pivot j and also

two arms, m, n, at right angles to it, and forming one piece with the tube

and the axis ; so that the motion of the axis on the centre shall carry the

tube and arms smoothly round the circle, to be arrested and fixed at any

point we please, by a contrivance called a clamp. Suppose, now, we

would measure the angular interval between two fixed objects, S, T. The

plane of the circle must first be adjusted so as to pass through them both,

and immoveably fixed and maintained in that position. This done, let the

axis a 6 of the tube be directed to one of them, S, ani clamped. Then

will a mark on the arm m point either exactly to some one of the divisions

on the limb, or between two of them adjacent. In the former case, the

division must be noted as the reading of the arm m. In the latter, the

fractional part of one whole interval between the consecutive divisions by

which the mark on m surpasses the last inferior division must be estimated

or measured by some mechyiical or optical means. (See art. 165.) The

division and fractional part thus noted, and reduced into degrees, minutes,

and seconds, is to be set down as the reading of the limb corresponding

to that position of the tube a b, where it points to the object S. The

same must then bo done for the object T ; the tube pointed to it, and the

limb " read off," the position of the circle remaining meanwhile unaltered.

It is manifest, then, that, if the lesser of these readings be subtracted

from the greater, their difference will be the angular interval between S

and T, as seen from the centre of the circle, at wha.;ever point of the limb

the commencement of the graduations or the point 0® be situated.

(164.) The very same result will be obtained, if, instead of making the

m
tube moveable upon the circle, we connect it invariably with the latter,

and make both revolve together on an axis concentric with the circle, and

forming one piece with it, working in a hollow formed to receive and ft

it in some fixed support. Such a combination is represented in section in

the annexed sketch. T is the tube or sight, fastened, &tpp, on the circle

A B, whode axis, D, works in the solid metallic centring E, from which

:' -

1
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originates an arm, F, carrying at its extremity an index, or other proper

mark, to point out and read off the exact division of the circle at B, the

point close to it. It is evident that, as the telescope and circle revolve

through any angle, the part of the limb of the latter, which by such

revolution is carried past the index F, will measure the angle described.

This is the most usual mode of applying divided circles in astronomy.

(165.) The index F may either be a simple pointer, like a clock hand

{.fiu- ^)) O'f * vernier {fig. b) j or, lastly, a compound microscope (fig.

Fig. 19.

rn

c), represented in section in fig. d, and furnished with a cross in the com-

mon focus of its object and eye-glass, moveable by a fine-threaded screw,

by which the intersection of the cross may be brought to exact coincidence

with the image of the nearest of the divisions of the circle formed in the

focus of the object lens upon the very same principle with that explained,

art. 157 for the pointing of the telescope, only that here the fiducial cross

is made moveable ; and by the turns and parts of a turn of the screw

required for this purpose the distance of that division from the original or

zero point of the microscope may be estimated. This simple but delicate

contrivance gives to the reading off of a circle a degree of accuracy only

limited by the powier of the microscope, and the perfection with which a

screw can be executed, and places the subdivision of angles on the same

footing of optical certainty which is introduced into their measurement by

the use of the telescope.

(166.) The exactness of the result thus obtained must depend, 1st, on

the precision with which the tube a b can be pointed to the objects ; 2dly,

on the accuracy of graduation of the limb ; 3dly, on the accuracy with

which the subdivision of the intervals between any two consecutive gradu-

ations can be performed. The mode of accomplishing the latter object

with any required exactness has been explained in the hst article. With

regard to the graduation of the limb, being merely of a mechanical nature.
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we shall pass it without remark, further than this, that, in the present

state of instrument-making, the amount of error from this source of inac-

curacy is reduced within very narrow limits indeed.' With regard to the

first, it must be obvious that, if the sights a b he nothing more than

simple crosses, or pin-holes at the ends of a hollow tube, or an eye-hole

at one end, and a cross at the other, no greater nicety in pointing can be

expected than what simple vision with the naked eye can command. But

if, in place of these simple but coarse contrivances, the tube itself be con-

verted into a telescope, having an object-glass at b, an eye-piece at a, and

a fiducial cross in their common focus, as explained in art. 1 57 ; and if

the motion of the tube on the limb of the circle be arrested when the

object is brought just into coincidence with the intersectional point of

that cross, it is evident that a greater degree of exactness may be attained

iu the pointing of the tube than by the unassisted eye, in proportion to

the magnifying power and distinctness of the telescope used.

(167.) The simplest mode in which the measurement of an angular in-

terval can be executed, is what we have just described ; but, in strictness,

this mode is applicable only to terrestrial angles, such as those occupied

on the sensible horizon by the objects which surrouud our station,— be-

cause those only remain stationary during the interval while the telescope

is shifted on the limb from one object to the other. But the diurnal

motion of the heavens, by destroying this essential condition, renders the

direct measurement of angular distance from object to object by this means

impossible. The same objection, however, does not apply if we seek only

to determine the interval between the diurnal circles described by any

two celestial objects. Suppose every star, in its diurnal revolution, were

to leave behind it a visible trace in the heavens,— a fine line of light, for

instance,— then a telescope once pointed to a star, so as to have its image

brought to coincidence with the intersection of the wires, would constantly

remain pointed to some portion or other of this line, which would there-

fore continue to appear in its field as a luminous line; permanently inter-

secting the same point, till the star came round again. From one such

line to another the telescope might be shifted, at leisure, without error
j

and then the angular interval between the two diurnal circles, in the plane

of the telescope's rotation, might be measured. Now, though we cannot

see the path of a star in the heavens, we can wait till the star itself crosses

the field of view, and seize the moment of its passage to place the inter-

section of its wires so that the star shall traverse it ; by which, when the

' In the great Ertel circle at Pulkovn, the probable amount of the accidental error

of division is stated by M. Struve not to exceed 0"'2C4. Desc. de TObs. centrale de

Pulkova, p. 147.
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telescope is well clamped, we equally well secure the position of its diurnal

circle as if we continued to see it ever so long. The reading off of the

limb may then be performed at leisure ; and when another star comes

round into the plane of the circle, we may unclamp the telescope, and a

similar observation will enable us to assign the place of its diurnal circle

on the limb : and the observations may be repeated alternately, every day,

as the stars pass, till we are satisfied with their result.

(168.) This is the principle of the mural circle, which is nothing more

than such a circle as we have described in art. 163, firmly supported, in

the plane of the meridian, on a long and powerful horizontal axis. This

axis is let into a massive pier, or wall, of stone (whence the name of the

instrument), and so secured by screws as to be capable of adjustment

both in a vertical and horizontal direction ) so that, like the axis of the

transit, it can be maintained in the exact direction of the east and west

points of the horizon, the plane of the circle being consequently truly

meridional.

(169.) The meridian, being at right angles to all the diurnal circles

described by the stars, its arc intercepted between any two of them will

measure the least distance between these circles, and will be equal to the

difference of the declinations, as also to the difference of the meridian

altitudes of the objects— at least when corrected for refraction. These

differences, then, are the angular intervals directly measured by the mural

circle. But from these, supposing the law and amount of refraction

known, it is easy to conclude, not their differences only, but the quantities

themselves, as we shall now explain.

(170.) The declination of a heavenly body is the complement of its

distance from the pole. The pole, being a point in the meridian, might

be directly observed on the limb of the circle, if any star stood exactly

therein ; and thence the polar distances, and, of course, the declinatiois

of all the rest, might be at once determined. But this not being the

case, a bright star as near the pole as can be found is selected, and observed

in its vpper and lower culminations ; that is, when it passes the meridian

(ihove and hclow the pole. Now, as its distance from the pole remains

the same, the difference of reading off the circle in the two cases is, of

course (when corrected for refraction), equal to twice the polar distance

of the star ; the arc intercepted on the limb of the circle being, in this

case, equal to the angular diameter of the star's diurnal cu'cle. In the

annexed diagram, H P represents the celestial meridian, P the pole,

B 11, A Q, C D the diurnal circles of stars which arrive on the meridian at

B, A, and C in their upper and at R, Q, D in their lower culminations,

of which D and Q happen above the horizon HO. P is the pole ; and if
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Fig. 20.

we suppose A^o to be the mural circle, having S for its centre, bacpd
will be the points on its circumference corresponding to BACPD in the

heavens. Now the arcs ba, hc,hd, and cd are given immediately by ob-

servation ; and since C P= P D, we have also cp=pd, and each of them

= ^cd, consequently the place of the polar pointy as it is called, upon

the limb of the circle becomes known, and the arcs pb, pa, pc, which

represent on the circle the polar distances required, become also known.

(171.) The situation of the pole star, which is a very brilliant one, is

eminently favourable for this purpose, being only about a degree and an half

from the pole ; it is, therefore, the star usually and almost solely chosen

for this important purpose ; the more especially because, both its culmina-

tions taking place at great and not very different altitudes, the refractions

by which they are affected are of small amount, and differ but slightly

lirom each other, so that their correction is easily and safely applied. The

brightness of the pole star, too, allows it to be easily observed in the day-

time. In consequence of these peculiarities, this star is one of constant

resort with astronomers for the adjustment and verification of instruments

of almost every description. In the case of the transit, for instance, it

furnishes an excellent object for the application of the method of testing

the meridional situation of the instrument described in art. 162, in fact,

the most advantageous of any for that purpose, owing to its being the

most remote from the zenith, at its upper culmination, of all bright stars

observable both above and below the pole.

(172.) The place of the joolar point on the limb of the mural circle

once determined, becomes an origin, or zefo point, from which the polar

distances of all objects, referred to other points on the same limb, reckon.

It matters not whether the actual commencement 0° of the graduations

stand there, or not j since it is only by the differences of the readings

that the arcs on the limb are determined ; and hence a great advantage is

iiilii
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obtained in the power of commencing anew a fresh series of observations,

in which a different part of the circumference of the circle shall be

employed, and different graduations brought into use, by which inequalities

of division may be detected and neutralized. This is accomplished prac-

tically by detaching the telescope from its old bearings on the circle, and

fixing it afresh, by screws or clamps, on a different part of the circum-

ference.

(173.) A point on the limb of the mural circle, not less important

than the polar point, is the horizontal point, which, being once known,

becomes in like manner an origin, or zero point, from which altitudes are

reckoned. The principle of its determination is ultimately nearly the

same with that of the polar point. As no star exists in the celestial

horizon, the observer must seek to determine two points on the limb,

the one of which shall be precisely as far hehw the horizontal point as

the other is above it. For this purpose, a star is observed at its culmina-

nation on one night, by pointing the telescope directly to it, and the next,

by pointing to the image of Hie same star reflected in the still, unruffled

surface of a fluid at perfect rest. Mercury, as the most reflective fluid

known, is generally chosen for that use. As the surface of a fluid at rest

is necessarily horizontal, and as the angle of reflection, by the laws of optics,

is equal to that of incidence, this image will be just as much depressed

below the horizon as a star itself is above it (allowing for the difference

of refraction at the moment of observation). The arc intercepted on the

limb of the circle between the star and its reflected image thus consecu-

tively observed, when corrected for refraction, is the double altitude of

the star, and its point of bisection the horizontal point. The reflecting

surface of a fluid so used for the determination of the altitudes of objects

is called an artif/yial horizon.^

(174.) The mural circle is, in fact, at the same time, a transit instru-

ment; and, if furnished with a proper system of vertical wires in the

focus of its telescope, may be used aa such. As the axis, however, is

only supported at one end, it has not the strength and permanence neces<

sary for the more delicate purposes of a transit; nor can it be verified, as

a transit may, by the reversal of the two ends of its axis, east or west.

> By a peculiar and delicate manipulation and management of the setting bisection

and reading off of the circle, aided by the use of a moveable horizontal micrometic
wire in the focus of the object-glass, it is found practicable to observe a slow moving
star (as the pole star) on one and the same night, both by reflection and direct vision,

sufficiently near to either culmination to give the horizontal point, without lisking the
change of refraction in twenty- four hours; so that this source of error is thus com-
pletely eliminated.
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Nothing, however, prevents a divided circle being permanently fastened

on the axis of a transit instrument, either near to one of its extremities,

or close to the telescope, so as to revolve with it, the reading oflF being

performed by one or more microscopes fixed on one of its piers. Such an

instrument is called a transit circle, or a meridian circle, and serves

for the simultaneous determination of the right ascensions and polar dis-

tances of objects observed with it ; the time of transit being noted by the

clock, and the circle being read off by the lateral microscopes. There is

much advantage, when extensive catalogues of small stars have to be

formed, in this simultaneous determination of both their celestial co-ordi-

nates : to which may be added the facility of applying to the meridian

circle a telescope of any length and optical power. The construction of

the mural circle renders this highly inconvenient, and indeed impracticable

beyond very moderate limits.

(175.) The determination of the horizontal point on the limb of an

instrument is of such essential importance in astronomy, that the student

should bo made acquainted with every means employed for this purpose.

These are, the artificial horizon, the plumb-line, the level, and the colli-

mator. The artificial horizon has been already explained. The plumb-

line is a fine thread or wire, to which is suspended a weight, whose oscil-

lations are impeded and quickly reduced to rest by plunging it in water.

The direction ultimately assumed by such a line, admitting its perfect

fiexihility, is that of gravity, or perpendicular to the surface of still

water. Its application to the purposes of astronomy is, however, so deli-

cate, and difficult, and liable to error, unless extraordinary precautions arc

taken in its use, that it is at present almost universally abandoned, foi

the more convenient, and equally exact instrument the level.

(176.) The level is a glass tube nearly filled with a liquid, (spirit of

wine, or sulphuric ether, being thus now generally used, on account of

Fig. 21.

'immrnxms^si^i

their extreme mobility^ and not being liable to freeze,) the bubble in

which, when the tube is placed horizontally, would rest indifferently in

any part if the tube could be mathematically straight. But that being

i! >
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impossible to execute, and every tube having some slight curvature j if

the convex side be placed upwards the bubble will occupy the higher part,

as in the figure (where the curvature is purposely exaggerated). Suppose

such a tube, as A B, firmly fastened on a straight bar, C B, and marked

at a b, two points distant by the length of the bubble; then, if the

instrument be so placed that the bubble shall occupy this interval, it is

clear that C D can have no other than one definite inclination to the hori-

zon ; because, were it ever so little moved one way or other, the bubble

would shift its place, and run towards the elevated side. Suppose, now,

that we would ascertain whether any given line P Q be horizontal ; let

the base of the level C D be set upon it, and note the points a b, between

which the bubble is exactly contained ; then turn the level end for end,

so that C shall rest on Q, and D on P. If then the bubble continue to

occupy the same place between a and b, it is evident that P Q can be no

otherwise than horizontal. If not, the side towards which the bubble

runs is highest, and must be lowered. Astronomical levels are furnished

with a divided scale, by which the places of the ends of the bubble can

bo nicely marlced ; and it is said that they can be executed with such

delicacy, as to indicate a single second of angular deviation from exact

horizontality. In such levels accident is not trusted to to give the requi-

site curvature. They are ground and polished internally by peculiar

mechanical processes of great delicacy.

(177.) The mode in which a level may be applied to find the horizontal

point on the limb of a vertical divided circle may be thus explained ; let

A B be a telescope firmly fixed to such a circle, D E F, and moveable in

one with it od a horizontal axis C, which must be like that of a transit,

susceptible of reversal (see art. 161) and with which the circle is insep-

arably connected. Direct the telescope on some distant well-defined object

S, and bisect it by its horizontal wire, and in this position clamp it fast.

Let L be a level fastened at right angles to an arm, L E F, furnished with

a microscope, or vernier at F, and, if we please, another at E. Let this

arm be fitted by grinding on the axis C, but capable of moving smoothly

on it without carrying it round, and also of being clamped fast on it, so as

to prevent it from moving until required. While the telescope is kept

fixed on the object S, let the level be set so as to bring its bubble to the

marks a b, and clamp it there. Then will the arm L C F have some cer-

tain determinate inclination (no matter what) to the horizon. In this

position let the circle be read off at F, and then let the whole apparatus

be reversed by turning its horizontal axis end for end, without undamping

the level arm from the axis. This done, by the motion of the whole in-

strument (level and all) on its axis, restore the level to its horizontal posi-
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Fig. 22.

airiiv

tion with the bubble at a b. Tlien wo are sure that tho telescope has

now the aamo inclination to the horizon the other waj/, that it had when

pointed to S, and the reading off at F will not have been changed. Now
unclamp the level, and keeping it nearly horizontal, turn round the circle

on the axis, so as lo carry back the telescope through the zenith to S, and

in that position clamp tho circle and telescope fast. Then it is evident

that an angle equal to twice the zenith distance of S has been moved over

by the axis of the telescope from its last position. Lastly, without un-

claniping the telescope and circle, lot the level be once more rectified.

Then will the arm L K F once more assume the same definite position

with respect to the horizon ; anu, consequently, if the circle be again read

off, the difference between this and the previous reading must measure the

arc of its circumference which has passed under the point F, which may

be considered as having all the while retained an invariable position.

This difference, then, will bo the double zenith distance of S, and its half

will bo tho zenith distance simply, the complement of which is its alf'tude.

Thus the altitude corresponding to a given reading of tho limb becomes

known, or, in other words, the horizontal point on tho limb is ascertained

Circuitous iis this process may appear, there is no other mode of employ-

ing the level for this purpose which does not in the end come to the same

thing. Most eomujonly, howet-er, the level is used as a mere fulutt'al re-

ference, to preserve a horizontal point onco well determined by other

means, which is done by adjusting it so as to stand level when the tolc-

hcopo is truly horizontal, and thus leaving it, depending on tho permanence

of its adjustment.

(178.) Tho last, but probably not tho least exact, as it certainly is, in
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innumerable cases, the most convenient means of ascertaining the horizon'

till point, is that afforded by the floating collimator, an invention of Cap-

tain Kater, but of which the optical principle was first employed by Rit-

tenhouse, in 1785, for the purpose of fixing a definite direction in space

by the emergence of parallel rays from a material object placed in the

focus of a fixed lens. This elegant instrument is nothing more than a

small telescope furnished with a cross-wire in its focus, and fastened hori-

zontally, or as nearly so as may be, on a flat iron float, which is made to

swim on mercury, and which, of course, will, when left to itself, assume

always one and the same invariable inclination to the horizon. If the

cross-wires of the collimator be illuminated by a lamp, being in the focus

of its object-glass, the rays from them will issue parallel, and will there-

Fig. 23.

fore be in a fit state to be brought to a focus by the object-glass of any

other telescope, in which they will form an image as if they cameft'om

a celestial object in their direction, i. e. at an altitude equal to their decli-

nation. Thus the intersection of the cross of the collimator may be ob-

served as if it were a star, and that, however near the two telescopes are

to each other. By transferring then, the collimator stillfloating on a ves-

sel of mercury from the one side to the other of a circle, we are furnished

with two quasi-celestial objects, at precisely equal altitudes, on opposite

sides of tho centre ; and if these be observed in succession with the tele-

scope of the circle, bringing its cross to bisect the image of the cross of tho

collimator (for which end the wires of tho latter cross are purposely set

45'' inclined to the horizon), the difference of the readings on its limb

will be twice the zenith distance of either ; whence, as in the last article,

the horizontal or zenith point is immediately determined. Another, and,

in many respects, preferable form of the floating collimator, in wliicli tho

telescope is vertical, and whereby tho zenith point is directly asccrtuiueJ,

is described in tho Phil. Trans. 1828, p, 257, by tho same author.

(179.) By fur tho neatest and most delicate application of tho prinri-

pie of cuUimation of Rittcnhousc, however, is suggested by Benzonberg,

which affords at oucc, and by a single observation, an exact knowledge

of tho nadir point of an astronomical circle. In this combination, the
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Fig. 24.

telescope of the circle is its own collimator. The object observed is the

central intersectional cross of the wires in its own focus rcfiecicd in mer-

cury. A strong illumination being thrown upon the system of wires

(art. 160) by a lateral lamp, the telescope of the instrument is directed

vertically downwards towards the surface of the mercury, as in the figure

annexed. Tho rays diverging from the wires issue in parallel pencils

from tho object-glass, are incident on the mercury, and are thence re-

flected back (without losing their parallel character) to tho object-glass,

which is therefore enabled to collect them again in its focus. Thus is

formed a reflected image of tho system of cross-wires, which, when

brought by the slow motion of the telescope to exact coincidence (inter-

section upon intersc ion) with tho real system as seen in the eye-piece

of the instrument, indicates tho precise and rigorous verticality of tho

optical axis of tho telescope when directed to the nadir point.

(IbO.) Tho transit and mural circle are essentially meridian instru-

mr^nts, being used only to observe the stArs at the moment of their

meridian passage. Independent of this being tho most favourable mo-

ment for seeing them, it is that in which their diurnal motion is parallel

to the horizon. It is tbcreforo easier at this time than it could be at any

other, to place the telescope exactly in their true direction ; since their

apparent cOurBc iu iho avid of view being puruilel to the horizontul threud

of tho system of wires therein, they may, by giving a fine motion to tho
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lotioa to tbo

telescope, be brought to exact coincidence with it, and time may be

allowed to examine and correct this coincidence, if not at first accurately

hit, which is the case in no other situation. Generally speaking, all

angular magnitudes which it is of importance to ascertain exactly, should,

if possible, be observed at their maxima or minima of increase or dimi*

nution; because at these points they remain not perceptibly changed

during a time long enough to complete, and even, in many cases, to

repeat and verify, our observations in a careful and leisurely manner.

The angle which, in the case before us, is in this predicament, is the

altitude of the star, which attains its maximum or minimum on the

meridian, and which is measured on the limb of the mural circle.

(181.) The purposes of astronomy, however, require that an observer

should possess the means of observing any object not directly on the

meridian, but at any point of its diurnal course, or wherever it may

present itself in the heavens. Now, a point in the sphere is determined

by reference to two great circles at right angles to each other ; or of two

circles, one of which passes through the pole of the other. These, in

the language of geometry, are co-ordinates by which its situation is

ascertained: for instance,— on the earth, a place is known if we know

its longitude and latitude ;— in the starry heavens, if we know its right

ascension and declination j
— in the visible hemisphere, if wo know its

azimuth and altitude, &c.

(1 82.) To observe au object at any point of its diurnal course, wc must

possess the means of directing a telescope to it ; which, therefore, must be

capable of motion in two planes at right angles to each other ; and the

amount of its angular motion in each must be measured on two circles

co-ordinate to each other, whose planes must be parallel to those in which

the telescope moves. The practical accomplishment of this condition is

effected by making the axis of one of the circles penetrate that of the

other at right angles. The pierced axis turns on fixed supports, while

the other has no connection with any external support, but is sustained

entirely by that which it penetrates, which is strengthened and enlarged

at the point of penetration to receive it. The annexed figure exhibits

the simplest form of such a combination, though very fur indeed from

the best in point of mechanism. The two circles are read off by ver-

niers, or microscopes; the one attached to the fixed support which

carries the principal axis, the other to an arm projecting from that axis.

Both cii^cles also are susceptible of being clamped, the clamps being

attached to the same ultimate bearing with which the apparatus for

rsadiug Oa ia oonneoted.

(183.) It is manifest that such a combination, however its prinolpal
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axis be pointed (provided that its direction be invariable,) will enable us

to ascertain the situation of any object with respect to the observer's

station, by angles reckoned upon two great circles in the visible hemi-

sphere, one of which has for its poles the prolongations of the principal

axis or the vanishing points of a system of lines parallel to it, and the

other passes always through these poles : for the former great circle is

the vanishing line of all planes parallel to the circle A B, while the

latter, in any position of the instrument, is the vanishing line of all the

planes parallel to the circle Q H ; and these two planes being, by the

construction of the instrument, at right angles, the great circles, which

are their vanishing lines, must be so too. Now, if two great circles of

a sphere be at right angles to each other, the one will always pass

through the other's poles.

(184.) There are, however, but two positions in which such an appa-

ratus can be mounted so as to be of any practical utility in astronomy.

The first is, when the principal axis C D is parallel to the earth's axis,

and therefore points to the poles of the heavens which are the vanishing

points of all lines in this system of parallels ; and when, of course, the

plane of the circle A B is parallel to the earth's equator, and therefore

has the equinoctial for its vanishing circle, and measures, by its arcs read

off, hour angles, or differences of right ascension. In this case, the great

oirclcs in the heavens, corresponding to the various positions, which the

circle Q H can be made to asm i me, by the rotation of the instrument

rt^u'id its axis C D, ars all bour^iirclcs ; and the arcs read off oa i,aiB

circle will bu declinations, or polar distances, or their differences.
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(185.) In this position the apparatus assumes the name of an equato-

rial, or, as it was formerly called, a parallactic instrument. It is a most

convenient instrument for all such observations as require an object to be

kept long in view, becaose, being once set upon the object, it can be fol-

lowed as long as we please by a single motion, i. e. by merely turning the

whole apparatus round on its polar axis. For since, when the telescope

is set on a star, the angle between its direction and that of the polar axis is

equal to the polar distance of the star, it follows, that when turned about

its axis, without altering the position of the telescope on the circle G H,

the point to which it is directed will always lie in the small circle of the

heavens coincident with the star's diurnal path. In many observations

this is an inestimable advantage, and one which belongs to no other instru-

ment. The equatorial is also used for determining the place of an un-

known by comparison with that of a known object, in a manner to be

described in the fifth chapter. The adjustments of the equatoriul are

somewhat complicated and difficult. They are best performed in this

manner:— 1st, Follow the pole star round its whole diurnal course, by

which it will become evident whether the polar axis is directed above or

below, to the right or to the left, of the true pole,—and correct it accord-

ingly (without any attempt, during this process, to correct the errors, if

any, in the position of the declination axis). 2dly, after the polar axis is

thus brought into adjustment, place the plane of the declination circle in

or near the meridian ; and, having there secured it, observe the transits

of several known stars of widely diflFerent declinations. If the intervals

between these transits correspond to the known differences of right ascen-

sions of the stars, we may bo sure that the telescope describes a true

meridian, and that, therefore, the declination axis is truly perpendicular

to the polar one ;— if not, the deviation of the intervals from this law

will indicate the direction and amount of the deviation of the axis in

question, and enable us to correct it.'

(186.) A very great improvement has, within a few years of the present

time, been introduced into the construction of the equatorial instrument.

It consists in applying a clockwork movement to turn the whole inatru-

lueut round upon its polar axis, and so to follow the diurnal motion of

any celestial object, without the necessity of the observer's manual inter-

vention. The driving power is the descent of a weight which communi-

' Sco Littrow on the Adjustment of the Equatorial (Mem. Ast. Soc. vol. ii. p. 4b),

where fnrmulDD aro given for ascertaining the amount and direction of ail tliu misnd-

justnicnts simultaneously. But the practical observer, who wishes to avoid bewilder

ing himself by doing two things at once, had better proceed oa recommended in th<t

tent.
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cates motion to a train of wheelwork, and thus, ultimately, to the poLr

axis, while, at the same time, its too swift descent is controlled and regu-

lated to the exact and uniform rate required to give that axis one turn in

24 hours, by connecting it with a regulating clock, or (which is found

preferable in practice) by exhausting all the superfluous energy of the

driving power, by causing it to overcome a regulated friction. Artists

have thus succeeded in obtaining a perfectly smooth, uniform, and regular

hk motion, which, when so applied, serves to retain any object on which the

telescope may be set, commodiously, in the centre of the field of view for

whole hours in succession, leaving the attention of the observer undis-

tracted by having a mechanical movement to direct, and with both his

bands at liberty.

(187.) The other position in which such a compound apparatus as we

have described in art. 182 may be advantageously mounted, is that in

which the principal axis occupies a vertical position, and the one circle, A
B, consequently corresponds to the celestial horizon, and the other, G H,

to a vertical circle of the heavens. The angles measured on the former

are therefore azimuths, or differences of azimuth, and those of the latter

zenith distances, or altitudes, according as the graduation commences from

the upper point of its limb, or from one 90° distant from it. It is there-

fore known by the name of an azimuth and altitude instrument. The

vertical position of its principal axis is secured either by a plumb-line

suspended from the upper end, which, however it be turned round, should

continue always to intersect one and the same fiducial mark near its lower

extremity, or by a level fixed directly across it, whose bubble ought not

to shift its place, on moving the instrument in azimuth. The north or

eouth point on the horizontal circle is ascertained by bringing the vertical

circle to coincide with the plane of the meridian, by the same criterion by

which the azimuthal adjustment of the transit is performed (art. 162),

and noting, in this position, the reading off of the lower circle ; or by the

following process.

(188.) Let a bright star be observed at a considerable distance to the

east of the meridian, by bringing it on the cross wires of the telescope.

In this position let the horizontal circle be read off, and the telescope

securely clamped on the vertical one. When the star has passed the

meridian, and is in the descending point of its daily course, let it be fol-

lowed by moving the whole instrument round to the west, without, how-

ever, unclamping the telescope, until it comes into the field of view ; and

until, by continuing the horizontal motion, the star and the cross of the

wires come once more to coincide. In this position it is evident the star

must have the same precise altitude above the western horizon, that it hod
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at the moment of the first observation above the eastern. At this point

let the motion be arrested, and the horizontal circle be again read off.

The difference of the readings will be the azimnthal arc described in the

interval. Now, it is evident that when the altitudes of any star are equal

on either side of the mendian, its azimuths, whether reckoned both from

the north or both from the south point of the horizon, must also be equal,

— consequently the north or south point of the horizon must bisect the

azimuthal arc thus determined, and will therefore become known.

(189.) This method of determining the north and south points of a

horizontal circle is called the "method of equal altitudes," and is of great

and constant use in practical astronomy. If we note, at the moments of

the two observations, the time, by a clock or chronometer, the instant

half-way between them will be the moment of the star's meridian passage,

which may thus be determined without a transit; and, vice versd, the

error of a clock or chronometer may by this process be discovered. For

this last purpose, it is not necessary that our instrument should be pro-

vided with a horizontal circle at all. Any means by which altitudes can

be measured will enable us to determine the moments when the same star

arrives at equal altitudes in the eastern and western halves of its diurnal

course ; and, these once known, the instant of meridian passage and the

error of the clock become also known.

(190.) Thus also a meridian line may be drawn and a meridian marie

erected. For the readings on the north and south points on the limb of

the horizontal circle being known, the vertical circle may be brought ex-

actly into the plane of the meridian, by setting it to that precise reading.

This done, let the telescope be depressed to the north horizon, and let the

point intersected there by its cross-wires be noted, and a mark erected

there, and let the same be done for the south horizon. The line joining

these points is a meridian line, passing through the centre of the hori-

zontal circle. The marks may be made secure and permanent if required.

(191.) One of the chief purposes to which the altitude and azimuth

circle is applicable is the investigation of the amount and laws of refrac-

tion. For, by following with it a circumpolar star which passes the

zenith, and another which grazes the horizon, through their whole diurnal

course, the exact ajpparent form of their diurnal orbits, or the ovals into

which their circles are distorted by refraction, can be traced ; and their

deviation from circles, being at every moment given by the nature of tho

observation in the direction in which the rrfraction itself takes place (i. e.

in altitude), is made a matter of direct observation.

(192.) The zenith sector and the iheodoltte are peculiar modifications

of the altitude and azimuth instrument. The former is adapted for the
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very exact observation of stars in or near the zenith, bj giving a great

length to the vertical axis, and suppressing all the circumference of the

vertical circle, except a few degrees of its lower part, by which a great

length of radius, and a consequent proportional enlargement of the divi-

sions of its arc, is obtained. The latter is especially devoted to the mea-

sures of horizontal angles between terrestrial objects, in which the telescope

never requires to be elevated more than a few degrees, and in which,

therefore, the vertical circle is either dispensed with, or executed on a

smaller scale, and with less delicacy; while, on the other hand, great care

is bestowed on securing the exact perpendicularity of the plane of the

telescope's motion, by resting its horizontal axis on two supports like the

piers of a transit-instrument, which themselves are firmly bedded on the

spokes of the horizontal circle, and turn with it.

(193.) The next instrument we shall describe is one by whose aid the

angular distance of any two objects may be measured, or the altitude of

a single one determined, either by measuring its distance from the visible

horizon (such as the sea-offing, allowing for its dip), or from its own reflec-

tion on the surface of mercury. It is the sextant, or quadrant, commonly

called Hadky's, from its reputed inventor, though the priority of invea-

tion belongs undoubtedly to Newton, whose claims to the gratitude of the

navigator are thus doubled, by his having furnished at once the only

theory by which his vessel can be securely guided, and the only instru-

ment which has ever been found to avail, in applying that theory to its

nautical uses.'

(194.) The principle of this instrument is the optical property of re-

flected rays, thus announced:—"The angle between the flrst and last

directions of a lay which has suffered two reflections in one plane is equal to

twice the inclination of the reflecting surfaces to each other. Let A B be

the limb or graduated arc, of a portion of a circle 60" in extent, but

divided into 120 equal parts. On the radius C B let a silvered plane glass

D be fixed, at right angles to the plane of the circle, and on the moveable

radius C E let another such silvered glass, C, be fixed. The glass D is

permanently fixed parallel to A C, and only one half of it is silvered, the

other half allowing objects to be seen through it. The glass C is wholly

silvered, and its plane is parallel to the length of the moveable radius E,

* Newton communicated it to Dr. Halley, who suppressed it. The description of

the instrument was found, after the death of Halley, among his papers, in Newton's
own handwriting, by his executor, who communicated the papers to the Royal Society,

twenty-five years after Newton's death, and eleven after the publication of Hadley's

invention, which might be, and probably was, independent of any knowledge of New-
ton'b, though Button insinuates the contrary.



'?K-

THE SEXTANT. Ill

at the extremity E of which a vernier is placed to read off the divisions

of the limb. On the radius A C is set a telescope F, through which any

object, Q, may be seen by direct rays which pass through the unsilvered

portion of the glass D, while another object, P, is seen through the same

telescope, by rays, which, after reflection at C, have been thrown upon the

silvered part of D, and are thence directed by a second reflection into the

telescope. The two images so formed will both be seen in the field of

view at once, and by moving the radius C E will (if the reflectors be truly

perpendicular to the plane of the circle) meet and pass over, without oblit-

erating each other. The motion, however, is arrested when they meet,

and at this point the angle included between the direction P of one ob-

ject, and F Q of the other, is twice the angle E C A included between the

fixed and moveable radii C A, C E. Now, the graduations of the limb

being purposely made only half as distant as would correspond to degrees,

the arc, A E, when read oflF, as if the graduations were wTiole degrees, will,

in fact, read double its real amount, and therefore the numbers so read off

will express, not the angle E C A, but its double, the angle subtended by

the objects.

(195.) To determine the exact distances between the stars by direct

observation is comparatively of little service ; but in nautical astronomy

the measurement of their distances from the moon, and of their altitudes,

is of essential importance ; and as vbe sextant requires no fixed support,

but can be held in the hand, and used on ship-board, the utility of the

instrument becomes at once obvious. For altitudes at sea, as no level,

plumb-line, or artificial horizon can be used, the sea-offing affords the only

resource ; and the image of the star observed, seen by reflection, is brought

to coincide with the boundary of the sea seen by direct rays. Thus the

altitude above the sea4ine is found ; and this corrected for the dip of the

horizon (art. 23) gives the true altitude of the star. On land, an artifi-
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cial horizon may be used (art. 178), and the consideration of dip is ren-

dered unnecessary.

(196.) The adjustments of the sextant are simple. They consist in

fixing the two reflectors, the one on the revolving radius E, the other

on the fixed one OB, so as to have their planes perpendicular to the

plane of the circle, and parallel to each other, when the reading of the

instrument is zero. This adjustment in the latter respect is of little

moment, as its effect is to produce a constant error, whose amount is

readily ascertained by bringing the two images of one and the same star

or other distant object to coincidence ; when the instrument ought to read

zero, and if it does not, the angle which it does read is the zero correction

and must be subtracted from all angles measured with the sextant. The

former adjustments are essential to be maintained, and are performed by

small screws, by whose aid either or both the glasses may be tilted a little

one way or another until the direct and reflected images of a vertical line (a

plumb-line) can be brought to coincidence over tJieir whole extent, so as

to form a single unbroken straight line, whatever be the position of the

Dioveable arm, in the middle of the field of view of the telescope, whose

axis is carefully ad; sted by the optician to parallelism with the plane of

the limb. In practice it is usual to leave only the reflector D on the fixed

radius adjustable, that on the moveable beiog set to great nicety by the

maker. In this case the best way of making the adjustment is to view a

pair of lines crossing each other at right angles (one being horizontal, the

other vertical) through the telescope of the instrument, holding the plane

of its limb vertical,— then having brought the horizontal line and its

reflected image to coincidence by the motion of the radius, the two

images of the vertical arm must be brought to coincidence by tilting one

way or other the fixed reflector D by means of an adjusting screw, with

which every sextant is provided for that purpose. When both lines coin-

cide in the centre of the field, the adjustment is correct.

(197.) The reflecting circle is an instrument destined for the same uses

as the sextant, but more complete, the circle being entire, and the divi-

sions carried all round. It is usually furnished with three verniers, so as

to admit of three distinct readings off, by the average of which ibe error

of graduation and of reading is reduced. This is altogether a very refined

and elegant instrument.

(198.) We must not conclude this part of our subject without mention

of the " principle of repetition ;" an invention of Borda, by which the

error of graduation may be diminished to any degree, and, practically

nneakincr. annihilated. Let PQ be two nbiecta which wr mnv Runnnse

fixed, for purposes of mere explanation, and let K L be a telescope move-
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able on 0, the common axis of two circles, A M L and a 6 c, of which the

former, A M L, is absolutely fixed in the plane of the objects, and carries

the graduations, and the latter is freely moveable on«the axis. The tele-

scope is attached permanently to the latter circle, and moves with it. An
arm a A carries the index, or vernier, which reads off the graduated

limb of the fixed circle. This arm is provided with two clamps, by which

it can be temporarily connected with either circle, and , detached at

pleasure. Suppose, now, the telescope directed to P. Clamp the index

arm A to the inner circle, and unclamp it from the outer, and read off.

Then carry the telescope round to the other object Q. In so doing, the

inner circle, and the index-arm which is clamped to it, will also be carried

round, over an arc A B, on the graduated limb of the outer, equal to the

angle P Q. Now clamp the index to the outer circle, and unclamp the

inner, and read off : the difference of readings will of course measure the

angle P Q; but the result will be liable to two sources of error— that

of graduation and that of observation, both which it is our object to get

rid of. To this end transfer the telescope back to P, without unclamping

the arm from the outer circle; then, having made the bisection of P,

clamp the nrm to b, and unclamp it from B, and again transfer the tele-

scope to Q, by which the arm will now be carried with it to C, over a

second arc, BC, equal to the angle POQ. Now again read off; then

will the difference between this reading and the original one measure

ttcice the angle POQ, affected with loth errors of observation, but only

with the same error of graduation as before. Let this process be re-

peated as often as we please (suppose ten times) j then will the final arc

A B C D read off on the circle be ten times the required angle, affected

by the joint errors of all the ten observations, but only by the same con-

stant error of graduation, which depends on the initial and final readings

off alone. Now the errors of observation, when numerous, tend to

8
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hnl»ae« anrl destroy oue another ; so that, if suflSciently multiplied, their

Wi^utsKD^e ^iii disappear from the result. There remains, then, only the

conatigi^ ^or of graduation, which comes to be divided in the final result

by the nuiuiov., -^ observations, and is thercfoii diminished in its influence

to one tenth of iid possible amount, or to less if need be. The abstract

beauty and advantage of this principle seem to be counterbalanced in

practice by some unknown cause, which, probably, must be sought for in

imperfect clamping.

(199.) Micrometers are instruments (as the name imports') for measur-

ing, with great precision, small angles, not exceeding a few minutes, or at

most a whole degree. They are very various in construction and principle,

nearly all, however, depending on the exceeding delicacy with which space

can be subdivided by the turns and parts of a turn of fine screws. Thus

—in the parallel wire micrometer^ two parallel threads (spider's lines arc

generally used) stietched on sliding frames, one or both moveable by

Fig. 28.

screws in a direction perpendicular to that of the tnreads, are placed in

the common focus of the object and eye-glasses of a telescope, and brought

by the motion of the screws exactly to cover the two extremities of the

image of any small object seen in the telescope, as the diameter of a

planet, &c , the angular distance between which it is required to measure.

This done, the threads are closed up by turning one of the screws till they

exactly cover each other, and the number of turns and parts of r turn

required gives the interval of the threads, vrhich must be converltiti iij '>

angular measure, either by actual calculation from the linear n^;.;-v ..

the threads of the screw and the focal length of the object-giass, or

experimentally, by measuring the image of a known object placed at a

known distan'^o (as a foot-rule at a hundred yards, &c.) and therefore sub-

tending a knc ,

~ aogle.

(200.) Tip K '^^'llon r)f the image of an object by optical means

furnishes a va?-irt . ^ncl f^^rtiie resource in micrometry. Suppose by any

optical contrivanCvT i a single image .?. of any object can be converted into

two, exactly equal ai>d similar, A J8, at a distance from one another,

' aliiK^oi, SITia!! i
jiifptiiif tO mcuBUro.
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dependent (l/y touie iiia jhanical movement) on the will of the observer,

and in auy ?"iqivrpd direction from one another. As these can, therefore,

be mido to approach to or recede from each other at pleasure, they may

be Viipj^it in the first place to approach till they touch one another on

one side, as at A C, and then being made by continuing the motion to

cross and touch on the opposite side, as A D, it is evident that the

quantity of movement required to produce the change from one contact

to the other, if uniform, will measure the double diameter of the object A.

(201.) Innumerable optical combinations may be devised to operate

such duplication. The chief and most important (from its recent appli-

cations,) is the heliometer, in which the image is divided by bisecting the

ohject-glass of the telescope, and making its two halves, set in separate

brass frames, slide laterally on each other, as A B, the motion being

Fig. 30.

produced and measured by a screw. Each half, by the laws of optics,

forms its own image (somewhat blurred, it is true, by diffraction,') in its

own axis; and thus two equal and similar images are formed side by side

in the focus of the eye-piece, which may be made to approach and recede

by the motion of the screw, and thus afford the means of measurement

as above described.

(202.) Double refraction through crystallized media affords another

' This might be cured, though at an expense of light, hy limiting each half to a

circular space by diaphragms, as represented by the dotted lines.
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it

means of accomplishing the same end. Without going into the intrica-

cies of this difficult branch of optics, it will suffice to state that objects

viewed through certain crystals (as Iceland spar, or quartz) appear

double, two images equally distinct being formed, whoso angular distance

from each other varies from nothing (or perfect coincidence,) up to a

certain limit, according to the direction with respect to a certain fixed

Urn in the crystal, called its optical axis. Suppose, then, to take the

simplest case, that the eye-lens of a telescope, instead of glass, were

formed of such a crystal (say of quartz, which may be worked as well or

better than glass,) and of a spherical form, so as to offer no difference

when turned about on its centre, other than the inclination of its optical

axis to the visual ray. Then when that axis coincides with the line of

coUimation of the object-glass, one imago only will be seen, but when

made to revolve on an axis perpendicular to that line, two will arise,

opening gradually out from each other, and thus originating the desired

iiuplicatioD. In this contrivance, the angular amount of the rotation of

the sphere affords the necessary datum for determining the separation of

the images.

(203.) Of all methods which have been proposed, however, the

simplest and most unobjectionable would appear to be the following. It

Fig. 31.

^ I'

\,-\^-

is well known to every optical student, that two prisms of glass, a flint

and a crown, may be opposed to each other, so as to produce a coluurhio^

deflection of parallel rays. An object seen through such a compound or

achromatic prism, will bo seen simply deviated in direction, but in uo

way otherwise altered or distorted. Let such a prism be constructed

with its surfaces so nearly parallel that the total deviation produced in

traversing them shall not exceed a sniali amount (say 5'.) Let tWn bo

out in half, and from each half lot a circular disc be formed, and ccincnteil
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MICROMETERS. IIT

on circular plate of parallel gloss, or otherwise sustained, close to and

concentric with the other by a framework of metal so light na to inter-

cept but a small portion of the light which passes on the outside (as in

the annexed figure,) where the dotted lines represent the radii sustaining

cue, and the undotted those carrying the other disc. The whole must

be so mounted as to allow one disc to revolve in its own plane behind

the other, fixed, and to allow the amount of rotation to be read off. It

is evident, then, that when the deviations produced by the two discs

conspire, a total deviation of 10' will be effected on all the light which

has passed through them ; that when they oppose each other, the rays

will emerge undeviatcd, and that in intermediate positions a deviation

varying from to 10', and calculable from the angular rotation of the

one disc on the other, will arise. Now, let this combination bo applied

at such a point of the cone of rays, between the object-glass and its

focus, that the discs shall occupy exactly half the area of its section.

Then will half the light of the object lens pass undeviatcd— the other

half deviated, as above described; and thus a duplication of image,

vuriablc and mcasureable (as required for micrometric measurement) will

occur. If the objcctrglass be not very largo, the most convenient point

of its application will be cxtornally before it, in which case the diameter

of the discs will be to that of the object-glass as 707 : 1000; or (allow-

ing for the spokes) about as 7 to 10.

(204.) The Position Micrometer is simply a straight thread or wiro

wliieh is carried round by a smooth revolving motion, in the common focus

of the object and eye-glasses, in a plane perpendicular to the axis of the

teleft'ope. It serves to doteruiinc the situation with respect to some fixed

line in the field of view, of the line joining any two objects or points of

an object seen in that field— as two stars, for instance, near enough to bo

.>ccn at once. For this purpose the moveable thread is placed so as to

cover both of them, or stand, as may best be judged, parallel to their line

of junction. And its angle, with the fixed one, is then re:id off upon a

small divided circle exterior to the instrument. When such a micrometer

is applied (as it most commonly is) to an cquatorially mounted telescope,

the zero of its position corresponds to a direction of tho wire, such as, pro-

longed, will represent a circle of declination in tho heavens— and the

"angles of position " so read off are reckoned invariably from one point,

and in one direction, viz., vnrth,/oUowiti(/, novth, precrdiiii/ ; so that 0"

position corresponds to tho situation of an object exactly north of that as-

sumed as a centre of reference,— OO'^ tu a situation exactly cmtward or

follow i)in ! 180° exactly 5f>«r't; uud 270° exactly ttcsC, or prccWj'ny iu

the order of diurnal raoveroerit.
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CIIAPTER IV.

OF GEOGRAPHY.

4'i

I L

1

OF TIIK FIOUKE OF THE KARTII.—ITS EXACT DIMENSIONS.—ITS FORM

—

THAT OF EQUlUimiUM MODIFIKl) IIY CENTRIFUGAL FORCE.— VARIA-

TION OF GRAVITY ON ITS HURFACK.— STATICAL AND DYNAMICAL

MEASURES OF GRAVITY.— THE PENDULUM.— GR.WITY TO A SPUE-

ROM).—OTHER EFFKOTS OF THE EARTll's ROTATION. TRADE WINDS.

— DETERMINATION OP GEOGRAI'llICAL POSITIONS.— OF LATITUDES.

OF LONGITUDES.— OONDUCT OF A TRIGONOMETRICAL SURVEY.

—

OF MAPS. — PROJECTIONS OF TIIK SPHERE. MEASUREMENT OF

HEIGHTS UY THE HAROMETER.

('20;').) (iEO(HiAPilY is not only tho iiiost iinportuDt of tho practical

braiu'lu's of kuowloilgo to wliirh aistroiioiuy is applied, but it is also,

thooivtii'iilly spi'akinjr, an ossoiitial j)art of tho latter sfionco. Tho earth

beinjj tho general station from which we view tho heavens, u knowledge

of tho ItM.'al situation of partieular stations on its surface is of great coii-

seipu'neo, when we ooino to inquire tho distances of tho nearer heavenly

bodies frou> us, as concluded from tibsorvations of their parallax as well

as on all otlier occasions, where a ditl'cronce of locality can be supposed to

intluenco astronomical results. A\'e propose, therefore, in this chapter, to

explain tho prim'iplcs, by which astronomical observation is applied to

ijcographical determinations, and to give at tho sanui time an outline of

geojrraphy so far as it is to be considered a part of astronomy.

(_'l>(t.^ (u'ography, as the word imports, is a delineation or description

of the earth. In its widest .sense, this comprehends not only tho delinea-

tion of tho form of its continents and seas, its rivers atid mountains, but

their physical condition, climates, and prinluets, and their appropriation

by connnunities of men. With physical and political geography, how-

ever, we have no concern here. Astroiiomiral gii'graphy has for its

objects the exact knowledge of the form and dimensions (>f the earth, the

parts of 'ts surface occupied by sea and land^ and the configuration of the

1 I
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into the various forms of mountain, tabic land, and valley ; neither should

the form of the bed of the ocean, regarded as a continuation of the sur-

face of the land beneath the water, be left out of consideration : we

know, it is true, very little of it ; but tliis is an ignorance rather to bo

laaicutcd, and, if possible, remedied, than acquiesced in, inasmuch as

there are many very important branches of inquiry which would be

greatly advanced by a better acquaintance with it.

(207.) With regard to tho tigure of the earth (u a witoh, we have

already shown that, speaking loosely, it may be regarded as spherical; but

the reader who has duly appreciated the remarks in art. 22 will not be at

a loss to perceive that this result, concluded from observations not suscep-

tible of much exactness, and embracing vcr}' small portions of the surface

at O'n. r can only be regarded as a first approximation, and may require t<,'

bo >. unally modified by entering into minutiae before neglected, or by

liereasing tho delicacy of our observations, or by including in their extent

li'.iyoi* areas of its surface. For instance, if it should turn out (as it will),

on minuter inquiry, that the true figure is somewhat elliptical, or flattened,

in the manner of an orange, having the diameter which coincides with the

axis about gJoth part shorter than tho diameter of its equatorial circle;

— this is so trifling a deviation from tho spherical form that, if a model

of such proportions wore turned in wood, and laid before us on a table,

the nicest eye or hand v/ould not detect the flattening, since the difference

of diameters, in a globe of fifteen inches, would amount only to ^'^th of

an inch. In all common parlance, and for all ordinary purposes, then, it

would still be called a globe; while, novortholess, by careful measurement,

tlio dill'ercnco would not fail to be noticed; and, speaking strictly, it would

bo termed, not a globe, but an oblate ellipsoid, or spheroid, which is the

name appropriated by geometers to the form above described.

(208.) Tho sections of such a figure by a plane are not circles, but

ellipses; so that, on such a shaped earth, tho horizon of a spectator would

nowhere (except at tho poles) bo exactly circular, but somewhat ollipticul.

It is easy to demonstrate, however, that its deviation from the circul.ir

form, arising from so slight an " dUptlviti/ " as above supposed, would hv

(|uite imperceptible, not only to our eye-sight, but to tho test of tiio dip-

sector ; so that by that mode of observation wo should never be lod to

notice so small a deviation from perfect sphericity. IIow we arc \vd to

this conclusion, as a practical result, will aj)pear, when wo have explained

tho means of determining with accuracy tho dimensions of the whole, or

liny part of tho earth.

(201).) As we cannot grasp the earth, nor recede from it fur enough to

view it at once as a whole, and compare it with a known standard of mca-

1 u
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sure in any degree commensurate to its own size, but can only creep about

upon it, and apply our diminutive measures to comparatively small parts

of its vast surface in succession, it becomes necessary to supply, by geo-

metrical reasoning, the defect of our physical powers, and from a delicate

and careful measurement of such small parts to conclude the form and

dimensions of the whole mass. This would present little difficulty, if wc

were sure the earth was strictly a sphere, for the proportion of the cir-

cumference of a circle to its diameter being known (viz. that of 3-1415926

to 1-0000000), we have only to ascertain the length of the entire circum-

ference of any great circle, such as a meridian, in miles, feet, or any other

standard units, to know the diameter in units of the same kind. Now,

the circumference of the whole circle is known as soon as we know the

exact length of any aliquot part of it, such as 1° or -j^^th part ; and this,

being not more than about seventy miles in length, is not beyond the

limits of very exact measurement, and could, in fact, be measured (if we

knew its exact termination at each extremity) within a very few feet, or,

indeed, inches, by methods presently to be particularized.

(210.) Supposing, then, we were to begin measuring with all due nicety

from any station, in the exact direction of a meridian and go measuring

on, till by some indication we were informed that we had accomplished an

exact degree from the point we set out from, our problem would then be

at once resolved. It only remains, therefore, to inquire by what indica-

tions we can be sure, 1st, that we have advanced an exact degree ; and,

2dly, that we have been measuring in the ?xact direction of a great circle.

(211.) Now the earth has no landmarks on it to indicate degrees, nor

traces inscribed on its surface to guide us in such a course. The compass,

though it affords a tolerable guide to the mariner or the traveller, is far

too uncertain in its indications, and too little known in its laws, to be of

any use in such an operation. Wo must, therefore, look outwards, and

refer our situatidn on the surface of our globe to natural marks, external

to it, and which are of equal permanetico and stability with the earth

itself. Such marks are atlbrded by the stars. By observations of their

jiicridian altitudes, performed at any station, and from their known polar

distances, we conclude the height of the pole ; and since the altitude of

the pole is equal to the latitude of the place (art. 119) the same obser-

vations give the latitudes of any stations where we may establish the

requisite instruments. When our latitude then, is found to have dlmin-

i:ihcd a degree, wo know that, jyroiidrd we hare JcejU to the meridian, wo

have described one three hundred and sixtieth part of the earth's circum-

ference.

/'!212^^ Tlifl flirnrtinn nf fliA tnopiilinn mnrr hn aonnrnA of nvoi.Tr mafnnf.
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by the observations described in art. 162, 188 ; and although local diffi-

culties may oblige us to deviate in our measurement from this exact direc-

tion, yet if we keep a strict account of the amount of this deviation, a

very simple calculation will enable us to reduce our observed measure to

its meridional value.

(213.) Such is the principle of that most important geographical ope-

ration, the measurement of an arc of the meridian. In its detail, however,

a somewhat modified course must be followed. An observatory cannot be

mounted and dismounted at every step; so that we cannot identify and

measure an exact degree neither more nor less. But this is of no conse-

quence, provided we know with equal precision Jiow much, more or less,

we have measured. In place, then, of measuring this precise aliquot

part, we take the more convenient method of measuring from one good

observing station to another, about a degree, or two or three degrees, as

the case may be, or indeed any determinate angular interval apart, and

determining by astronomical observation the precise difference of latitudes

between the stations.

(214.) Again, it is of great consequence to avoid in this operation

every source of uncertainty, because an error committed in the length of

a single degree will be multiplied 360 times in the circumference, and

nearly 115 times in the diameter of the earth concluded from it. Any
error which may affect,the astronomical determination of a star's altitude

will be especially influential. Now, there is still too much uncertainty

and fluctuation in the amouni of refraction at moderate altitudes, not to

make it especially desirable to avoid this source of error. To effect this,

we take care to select fur observation, at the extreme stations, some star

which passes through or near the zeniths of both. The amount of refrac-

tion, within a few degrees of the zenith, is very small, and its fluctuations

and uncertainty, in point of quantity, so exctssively minute as to bo

utterly inappreciable. Now, it is the same thing whether we observe the

imlc to be raised or depressed a degree, or the zenith distance of a star

when on a meridian to have changed by the same quantity (fig. art. 128).

If at one station wo observe any star to pass through the zenith, and at

the other to pass one degree south or north of the zenith, we are sure that

the geographical latitudes, or the altitudes of the pole at the two stations,

must differ by the same amount.

(215.) Granting that the terminal points of one degree can be

ascertained, its length may bo measured by the methods which will bo

presently described, as we have before remarked, to within a very few feet.

Now, the error which may be committed in fixing each of these terminal

puiuts cannot exceed that which mav bo committed in the observation of

k-3
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the zenith distance of a star properly situated for the purpose in question.

This error, with proper care, can hardly exceed half a second. Supposing

we grant the possibility of ten feet of error in the length of each degree

in a measured arc of five degrees, and of half a second in each of the

zenith distances of one star, observed at the northern and southern sta-

tions, and, lastly, suppose all these errors to conspire, so as to tend all of

them to give a result greater, or all less, than the truth, it will appear,

by a very easy proportion, that the whob amount of error which would

be thus entailed on an estimate of the earth's diameter, as concluded

from such a measure, would not exceed 1147 yards, or about two thirds

of a mile, and this is ample alloTvance.

(216.) This, however, supposes that the form of the earth is that of a

perfect sphere, and, in consequence, the lengths of its degrees in all parts

precisely equal. But, when we come to compare the measures of meri-

dional arcs made in various parts of the globe, the results obtained,

although they agree sufficiently to show that the supposition of a spherical

figure is not very remote from the tnith, yet exhibit discordances far

greater than what we have shown to be attributable to error of observation,

and which render it evident that the hypothesis, in strictness of its word-

ing, is untenable. The following table exhibits the lengths of arcs of the

meridian (astronomically determined as above described), expressed in

British standard feet, as resulting from actual measurement made with all

possible care and precision, by commissioners of various nations, men of

the first eniiucuce, supplied by their respective governments with the best

instruments, and furnished with every facility which could tend to ensure

a successful result of their important labours. The lengths of the degrees

in the lust column Jire derived from the numbers set down in the two

preceding ones by simple proportion, a method not quite exact when the

arco are large, but sufficiently so for our purpose.
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Country.
Latitude of

Middle of Arc
Arc

Dioaaured.

Measured
Length in

Feet.

the Decree
at the Mid-
dle Lati-

tude in
I'cet.

Sweden,* A B • + 06° 20' lO"-0 l" 37' 19"'6 593277 365744

Sweden, A • - 4-66 19 37 57 30-4 351S32 367086

Russia, A + 58 17 37 3 35 52 1309742 305368

Russia, B - - + 56 3 555 8 2 28-9 2937439 365291

Prussia, B + 54 58 260 1 30 290 551073 365420

Denmark, B - - + 54 8 137 1 31 53-3 559121 365087

Hanover, A B - + 52 32 16-6 2 57-4 736425 305300

England, A - - + 52 35 45 3 57 131 1442953 364971

England, B + 52 2 194 2 50 23-5 1036409 364951

France, A +46 52 2 8 20 0.3 3040005 304872

France, A B +44 51 25 12 22 12-7 4509832 304572

Rome, A - - + 42 59 _^ 2 9 47 787919 304202
America, A - - + 39 12 1 28 450 538100 363780

India, A B + 16 8 21-5 15 57 40-7 5794598 303044

India, A B + 12 32 20-8 1 34 56'4 574318 302950

Peru, A B - - — 1 31 0'4 3 7 3-5 1131050 303020

Cape of Good Hope, A —33 18 30 1 13 17-5 445506 304713

Cape of Good Hope, B —35 43 2U0 3 34 34-7 1301993 364000

It is evident from a mere inspection of the second and fifth columns of

this, table, that the measured length of a degree increases icith the lati-

tude, being greatest near the poles, and least near the equator. Let ns

now consider what interpretation is to be put upon this conclusion, as

regards the form of the earth.

(217.) Suppose we held in our hands a model of the earth smoothly

turned in wood, it would be, as already observed, so nearly spherical, that

neither by the eye nor the touch, unassisted by instruments, could we

detect any deviation from that form. Suppose, too, wo were debarred

from mcasu' ing directly across from surface to surface in diifercnt direc

tions with any instrument, by which we might at once ascertain whether

• The astronomers by whom
lows ;

—
Swollen, A B— Svanberg.

Sweden, A— Manpertuis.

Rus^iiii, A— Struve.

Russiii, B— Struve, Tenner.
Piussiii— Bessel, Bayer.

Denmark — Schumacher.
Hnnover— Gauss.

Knirliind — Roy, Knt^r.

France, A— Lncai!!e, Cassiui,

these measurements were executed were as fol

France, A B— Delambre, Mechain.

Rome— Bosrovich.

America— Mason and Dixon.

India, 1st— Lambton.

India, 2d — Lambton, Everest.

Peru— Larondamine, BouKuer.

Cape of Good Hope, A— Lncaille.

Cape of Good Hope, B— Mnclear.

—Mr. Nachr. 574
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one diameter were longer than another ; how, then, we may ask, are we

to ascertain whether it is a true sphere or not? It is clear that we hare

no resource, but to endeavour to discover, by some nicer means than

simple inspection or feeling, whether the convexity of its surface is the

same in every part; and if not, where it is greatest, and where least.

Suppose, then, a thin plate of metal to be cut into a concavity at its edge,

so as exactly to fit the surface at A : let this now be removed from A,

and applied successively to several other parts of the surface, taking care

to keep its plane always on a great circle of the globe, as here represented.

If, then, we find any position, B, in which the light can enter in the

middle between the globe and plate, or any other, C, where the latter tilts

by pressure, or admits the light under its edges, we are sure that the cnr-

vature of the surface at B is less, and at C greater, than at A.

(218.) What we here do by the application of a metal plate of deter-

minate length and curvature, we do on the earth by the measurement of

a degree of variation in the altitude of the pole. Curvature of a surface

is nothing but the continual deflection of its tangent from one fixed direc-

tion as we advance along it. When, in the same measured distance of

advance we find the tangent (which answers to our horizon) to have

shifted its position with respect to a fixed direction in space, (such as the

axis of the heavens, or the line joining the earth's centre and some given

star,) more in one part of the earth's meridian than in another, we con-

clude, of necessity, that the curvature of the surface at the former spot is

greater than at the latter ; and vice versd, when, in order to produce the

same change of horizon with respect to the pole (suppose 1°) we require

to travel over a longer measured space at one point than at another, we

assign to that point a less curvature. Hence we conclude that the cnrva-

turf, of a meridional section of the earth is scnsihli/ greater at the cqua'

wr than towards the poles ; or, in other words, that the earth is no^

spherical, but flattened at the poles, or, which comes to the same, protu-

be"ant at the equator.

^:!:ii
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(219.) Let NABDEF represent a meridional section of the earth, C
its centre, and N A, B D, G E, arcs of a meridian, each corresponding to

one degree of difference of latitude, or to one degree of variation in the

meridian altitude of a star, as referred to the horizon of a spectator travel-

ling along the meridian. Let nN, aA, &B, (2D, //G-, eE, be the respec-

tive directions of the plumb-line at the stations N, A, B, D, G, E, of

which we will suppose N to be at the pole and E at the equator; then

will the tangents to the surface at these points respectively be perpen-

dicular to these directions ; and, consequently, if each pair, viz. nN and

a A, 6B and dJ),gGt and eE, be prolonged till they intersect each other

(at the points x, y, z), the angles Na;A, By D, GzE, will each be one

degree, and, therefore, all equal ; so that the small curvilinear arcs N A,

BD, GE, may be regarded as arcs of circles of one degree each, described

about X, y, z, as centres. These are what in geometry are called centres

of curvature, and the radii a;N or a; A, yB or yD, zG or zE, represent

Fig. 33.

radii of curvature, by which the curvatures at those points are deter-

mined and measured. Now, as the arcs of different circles, which sub-

tend equal angles at their respective centres, are in the direct proportion

of their radii, and as the arc N A is greater than B D, and that again

than G E, it follows that the radius N x must be greater than By, and

By than E«. Thus it appears that the mutual intersections of the

plumb-lines will not, as in the sphere, all coincide in one point C, the

centre, but will be arranged along a certain curve, x ^ z (which will be

rendered more evident by considering a number of intermediate stations). P" f!!Bm
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To this curve geomelers have given the name of the evolute of the curve

N A B D G E, from whose centres of curvature it is constructed.

(220.) In the flattening of a round figure at two opposite points, and

its protuberance at points rectangularly situated to the former, we recog-

nize the distinguishing feature of the elliptic form. Accordingly, the

next and simplest supposition that we can make respecting the nature of

the meridian, since it is proved not to be a circle, is, that it is an ellipse,

or nearly so, having N S, the axis of the earth, for its shorter, and E F,

the equatorial diameter, for its longer axis; and that the form of the

earth's surface is that which would arise from making such a curve revolve

about its shorter axis N S. This agrees well with the general course of

the increase of the degree in going from the equator to the pole. In the

ellipse, the radius of curvature at E, the extremity of the longer axis is

the least, and at that of the shorter axis, the greatest it admits, and the

form of its evolute agrees with that here represented.' Assuming, then,

that it is an ellipse, the geometrical properties of that curve enable us to

assign the proportion between the lengths of its axes which shall corre-

spond to any proposed rate of variation in its curvature, as well as to fix

upon their absolute lengths, corresponding to any assigned length of the

degree in a given latitude. Without troubling the reader with ihb inves-

tigation, (which may be found in any work on the conic sections,; it will

be sufficient to state results which have been arrived at by the most sys-

tematic combinations of the measured arcs which have hitherto been made

by geometers. The most recent is that of Bessel*, who by a combination

of the ten arcs, marked B in our table, has concluded tho dimensions of

the terrestrial spheroid to be as follows:

—

Feet Miles.

Greater or equatorial diameter ... ^ 41,847,192 =. 7935604
Lesser or polar diameter .... = 41,707,324 = 7899-114

Difference of diameters, or polar compression = 139,768 = 26-471

Propo;tion of diameters as 29915 to 298-15.

The other combination whose results we shall state, is that of Mr.

Airy", who concludes as follows

:

Feet. Miles.

Equatorial diameter = 41,847,426 = 7925-648

Polar diameter = 41,707,620 = 7899-170

Polar compression = 139,806 = 26-478

Proportion of diameters as 299-33 to 298-33.

' The dotted lines are the portions of the evolute belonging to the other quadrants.

* Schumacher's Astronomische Nachrichten, Nos. 333, 334, 335, 438.

• Encyclopaedia Metropolitana, " Figure of the Earth" (1831).
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These conclusions are based on the consideration of those 13 aitis, to

which the letter A is annexed', and of one other arc of 1° 7' 31"'l,

measured in Piedmont by Plana and Carlini, whose discordance with the

rest, owing to local causes hereafter to be explained, arising from the ex-

ceedingly mountainous nature of the country, render the propriety of so

employing it very doubtful. Be that as it may, the strikingly near ac-

cordance of the two sets of dimensions is such as to inspire the greatest

confidence in both. The measurement at the Cape of Good Hope by

Lacaille, also used in this determination, has always been regarded as

unsatisfactory, and has recently been demonstrated by Mr. IMaclear to be

erroneous to a considerable extent. The omission of the former, and the

substitution for the latter, of the far preferable result of Sir. Maclear's

second measurement would induce, however, but a trifling change in the

final result.

(221.) Thus v/e sec that the rough diameter of 8000 miles we have

hitherto used, is rather too great, the excess being about 100 miles, or

g'jjth part. As convenient numbers to remember, the reader may bear in

mind, that in our latitude there are just as many thousands of feet in a

degree of the meridian as there are days in the year (365) : that, speak-

ing loosely, a degree is about 70 British statute miles, and a second about

100 feet; that the equatorial circumference of the earth is a little less

than 25,000 miles (24,899), and the ellipticity or polar flattening

amounts to one 300th part of the diameter.

(222.) The two sets of results above stated are placed in juxtaposition,

and the particulars given more in detail than may at first sight appear

consonant, either with the general plan of this work, or the state of the

reader's presumed acquaintance with the subject. But it is of importance

that he should early be made to see how, in astronomy, results in admira-

ble concordance emerge from data accumulated from totally difierent quar-

ters, and how local and accidental irregularities in the data themselves

become neutralized and obliterated by their impartial geometrical treat-

ment. In the cases before us, the modes of calculation followed are

widely different, and in each the mass of figures to be gone through to

arrive at the result, enormous.

(223.) The supposition of an elliptic form of the earth's section through

the axis is recommended by its simplicity, and confirmed by comparing

the numerical results we have just set down with those of actual measure-

. ment. When this comparison is executed, discordances, it is true, are

observed, which, although still too great to be referred to error of

' In those which have both A and B, the numbers used by Mr. Airy differ slightlv

from Bessel's, which are those we have preferred.

ill
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measurement, are yet so small, compared to the errors which would result

from the spherical hypothesis, as completely to justify our regarding the

earth as an ellipsoid, and referring the observed deviations to either local

or, if general, to comparatively small causes.

(224.) Now, it is highly satisfactory to find that the general elliptical

figure thus practically proved to exist, is precisely what ought theoretically

to result from the rotation of the earth on its axis. For, let us suppose

the earth a sphere, at rest, of uniform materials throughout, and exter-

nally covered with an ocean of equal depth in every part. Under such

circumstances it would obviously be in a state of equilibrium ; and the

water on its surface would have no tendency to run one way or the other.

Suppose, now, a quantity of its materials were taken from the polar

regions, and piled up all around the equator, so as to produce that dif-

ference of the polar and equatorial diameters of 26 miles which we know

to exist. It is not less evident that a mountain ridge or equatorial co7iti-

nent, only, would be thus formed, from which the water would run down

the excavated part at the poles. However solid matter might rest where

it was placed, the liquid part, at least, would not remain there, any more

than if it were thrown on the side of a hill. The consequence therefore,

would be the formation of two great polar seas, hemmed in all round by

equatorial land. Now, this is by no means the case in nature. The

ocean occupies, indifferently, all latitudes, with no more partiality to the

|jolar than to the equatorial. Since, then, as we see, the water occupies

an elevation above the centre no less than 13 miles greater at the equator

than at the poles, and yet manifests no tendency to leave the former and

run towards the latter, it is evident that it must be retained in that

situation by some adequate power. No such power, however, would exist

in the case we have supposed, which is therefore not conformable to

nature. In other words, the spherical form is not the figure of equili-

hrium ; and therefore the earth is either not at rest, or is so internally

constituted as to attract the water to its equatorial regions, and retain it

there. For the latter supposition there is no primd facie probability, nor

any analogy to lead us to such an idea. The former is in accordance with

all the phenomena of the apparent diurnal motion of the heavens j and

therefore, if it will furnish us with the power in question, we can have no

hesitation in adopting it as the true one.

(225.) Now, every body knows that when a weight is whirled round,

it acquires thereVy a tendency to recede from the centre of its motion
;

which is called the centrifugal force. A stone whirled round in a sling

is a common illustration j but a better, for our present purpose, will be a

pail of water, suspended by a cord, and made to spin rounds while the
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Fig. 33.

cord hangs perpendicularly. The surface of the water, instead of re-

maining horizontal, will become concave, as in the figure. The centri-

fugal force generates a tendency in all the water to leave the axis, and

press towards the circumference ; it is, therefore, urged against the pail,

and forced up its sides, till the excess of height, and consequent increase

of pressure downwards, just counterbalances its centrifugal force, and a

state of equillhrium is attained. The experiment is a very easy and

instructive one, and is admirably calculated to show how the form of

eqmlihnum accommodates itself to varying circumstances. If, for ex-

ample, we allow the rotation to cease by degrees, as it becomes slower we

shall see the concavity of the water regularly diminish ; the elevated

outward portion will descend, and the depressed central rise, while all the

time a perfectly smooth surface is maintained, till the rotation is ex-

hausted, when the water resumes its horizontal state.

(226.) Suppose, then, a globe, of the size of the earth, at rest, and

covered with a uniform ocean, were to be set in rotation about a certain

axis, at first very slowly, but by degrees more rapidly, till it turned round

once in twenty-four hours ; a centrifugal force would be thus generated,

whose general tendency would be to urge the water at every point of tho

surface to recede from the axis. A rotation might, indeed, be conceived

so swift as to firt the whole ocean from the surface, like water from a

niop. But this would require a far greater velocity than what we now

9
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speak of. In the case supposed, the weiyht of the water would still keep

it on the earth j and the tendency to recede from the axis could only be

satisfied, therefore, by the water leaving the poles, and flowing towards

the equator ; there heaping itself up in a ridge, just as the water in our

pail accumulates against the side ; and being retained in opposition to its

weight, or natural tendency towards the centre, by the pressure thus

caused. This, however, could not take place without laying dry the

polar portions of the land in the form of immensely protuberant conti-

nents ; and the difference of our supposed cases, therefore, is this : — in

the former, a great equatorial continent and polar seas would be formed

;

in the latter, protuberant land would appear at the poles, and a zone of

ocean be disposed around the equator. This would be the first or im-

mediate effect Let us now see what would afterwards happen, in the

two cases, if things were allowed to take their natural course.

(227.) The sea is constantly beating on the land, grinding it down,

and scattering its worn-off particles and fragments, in the state of mud

and pebbles, over its bed. Geological facts afford abundant proof that the

existing continents have all of them undergone this process, even more

than once, and been entirely torn in fragments, or reduced to powder, and

submerged and reconstructed. Land, in this view of the subject, loses

its attribute of fixity. As a mass it might hold together in opposition to

forces which the water freely obeys; but in its state of successive or

simultaneous degradation, when dissemi.iated through the water, in the

state of sand or mud, it is subject to all the impulses of that fluid. In

the lapse of time, then, the protuberant land in both cases would be des-

troyed, and spread over the bottom of the ocean, filling up the lower parts,

and tending continually to remodel the surface of the solid nucleus, in onr-

respondcnco with the form of equilibrmm in both cases. Thus, after a

sufficient lapse of time, in the case of an earth at rest, the equatorial con-

tinent, thus forcibly constructed, would again bo levelled and transforred

to the polar excavations, and the spherical figure be so at Iciijrth rcst(n'ed.

In that of an earth in rotation, the polar protuberances would grudually

be cut down and disappear, being transferred to the equator (us being

then the dce^test sea), till the earth would assume by degrees the form we

observe it t« have— that of a flattened or oblate ellipsoid.

(228.) We are far from meaning here to trace the process h/ vhi'rh

the earth really assumed its actual form ; all we int«nd is, to show that

this is the form to which, under the conditions of a rotation on its axis,

it must tend; and which it would attain, even if originally and (so to

Mneak') nnrvAfRnlv nnnittitiitod nthprwixA.

(229.) But, further, the dimensions of the earth and the time of its

!
.

ii
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rotation being known, it is easy thence to calculate the exact amount of

tue centrifugal force,' which, at the equator, appears to be ^g^th part of

the force or weight by which all bodies, whether solid or liquid, tend to

fall towards the earth. By this fraction of its weight, then, the sea at

the equator is lightened, and thereby rendered susceptible of being sup-

ported on a higher level, or more remote from the the centre than at the

poles, where no such counteracting force exists; and where, in conse-

quence, the water may be considered as specifically heavier. Taking this

principle as a guide, and combining it with the laws of gravity (as devel-

oped by Newton, and as hereafter to be more fully explained), mathemati-

cians have been enabled to investigate, A priori, what would be the figure

of equilibrium of such a body, constituted internally as we have reason

to believe the earth to be ; covered wholly or partially with a fluid ; and

revolvI.:g uniformly in twenty-four hours; and the result of this inquiry

is found to agree very satisfactorily with what experience shows to be the

case. From their investigations it appears that the form of equilibrium

is, in fact, no other than an oblate ellipsoid, of a degree of elliptieity very

nearly identical with what is observed, and which would be no doubt

accurately so, did we know, with precision, the internal constitution and

materials of the earth.

(230.) The confirmation thus incidentally furnished, of the hypothesis

of the earth's rotation on its axis, cannot fail to strike the reader. A
deviation of its figure from that of a sphere was not contemplated among

the original reasons for adopting that hypothesis, which was assumed

Eolely on account of the easy explanation it oflFers of the apparent diurnal

motion of the heavens. Yet wo see that, once admitted, it draws with it,

as a necessary consequence, this other remarkable phenomenon, of which

no other satisfactory account could be rendered. Indeed, so direct is their

connection, that the elliptieity of the earth's figure was discovered and

demonstrated by Newton to be a consequence of its rotation, and its amount

actually calculated by him, long before any measurement had suggested

such a conclusion. As we advance with our subject, we shall find

the same simple principle branching out into a whole train of singular

and important consequences, some obvious enough, others which at first

3?cm entirely unconnected with it, and which, until traced by Newton up

to this their origin, had ranked among the most inscrutable arcana of

astronomy, as well as among its grandest phenomena.

(231.) Of its more obvious consequences, wo may hero mention ono

which fulls naturally within our present subjoot. If the earth real'.y

M
if'ii

\k

me of itfl
' Newton'a Principia, iii. Prop. 19.
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revolve on its axis, this rotation must generate a centrifugal force (see

art. 225,) the eflFect of which must of course be to counteract a certain

portion of the weight of every body situated at the equator, as compared

with its weight at the poles, or in any intermediate latitudes. Now, this

is fully confirmed by experience. There is actually observed to exist a

difference in the gravity, or downward tendency, of one and the same

body, when conveyed successively to stations in different latitudes. Ex-

periments made with the greatest care, and in every accessible part of the

globe, have fully demonstrated the fact of a regular and progressive

increase in the weights of bodies corresponding to the increase of lati-

tude, and fixed its amount and the law of its progression. From these it

appears, that the extreme amount of this variation of gravity, or the

difference between the equatorial and polar weights of one and the same

mass of matter, is 1 part in 194 of its whule weight, the rate of increase

in travelling from the equator to the pole being as the square of the sine

of the latitude.

(232.) The reader will here naturally inquire, what is mrant by

speaking of the same body as having different weights at different sta-

tions; and, how such a fact, if true, can be ascertained. When wc

weigh a body by a balance or a steelyard, wo do but counteract its weight

by the equal weight of another body under the very same circumstances

;

and if both the body weighed and its counterpoise bo removed to another

station, their gravity, if changed at all, will bo changed equally, so that

they will still continue to counterbalance each other. A difference in the

intensity of gravity could, therefore, never bo detected by these means

;

nor is it in this sense that wo assert that a body weighing 194 pounds at

the equator will weigh 195 at the pole. If counterbalanced in a scaL

or steelyard at the former station, an additional pound placed in one or

other scale at the latter would inevitably sink the beam.

(233.) The meaning of the proposition may be thus explained:—
Conceive u m eight x suspended at the equator by a string without weight

Fig. 85.
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passing over a pulley, A, and conducted (supposing such a thing possi-

ble) over other pulleys, such as B, round the earth's convexity, till the

other end hung down at the pole, and there sustained the weight y. If,

then, the weights x and y were such as, at any one station, equatorial or

polar, would exactly counterpoise each other on a balance, or when sus-

pended side by side over a single pulley, they would not counterbalance

each other in this supposed situation, but the polar weight y would pre-

ponderate ; and to restore the equipoise the weight x must be increased

by x^jth part of its quantity.

(284.) The means by which this variation of gravity may be shown

to exist, and its amount measured, are twofold (like all estimations of

jiicchuuical power,) statical and dynamical. The former consists in

putting the gravity of a weight in equilibrium, not with that of another

weight, but with a natural power of a different kind not .'iable to be

affected by local situation. Such a power is the elastic force of a spring.

Let A B C be a strong support of brass standing on the foot A E D cast

in one piece with it, into which is let a smooth plate of agate, D, which

can bo adjusted to perfect horizontality by a level. At C let a spiral

ppring G bo attached, which carries at its lower end a weight F, polished

niid convex bolow. The length and strength of the spring must bo bo

adjusted that the weight F yhall be sustained by it just to swing clear of

contact with tho ngatc plate in the highest latitude at which it is intended

to use tho instrument. TI on, if small weights bo added cautiously, it

may be made to descend till it y/(,s' i/nt-cn tho agate, a contact which can

be made with tho utmost imaginable delicacy. Lot thoM weights bo .;:r'

)'*£
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noted ; the weight F detached ; the spring G carefully lifted off its hook,

and secured, for travelling, from rust, strain, or disturbance, and the

whole apparatus conveyed to a station in a lower latitude. It will then

bo found, on remounting it, that, although loaded with the same addi*

tional weights as before, the weight F will no longer have power enough

to stretch the spring to the extent required for producing a similar con-

tact. More weights will require to be added ; and the additional quan-

tity necessary will, it is evident, measure the difference of gravity

between the two stations, as exerted on the whole quantity of pendent

matter, i. e. the sum of the weight F and half that of the spirol spring

itself. Granting that a spiral spring can be constructed of such strength

and dimensions that a weight of 10,000 grains, including its own, shnll

produce an elongation of 10 inches without permanently straining it,'

one additional grain will produce a further extension of j^^g^th of an

inch, a quantity which cannot possibly be mistaken in such a contact as

that in question. Thus we should be provided with the means of mea-

suring the power of gravity at any station to within yoJugth of its whole

quantity.

(235.) The other, or dynamical process, by which the force urging any

given weight to the earth may bo determined, consists in ascertaining the

velocity imparted by it to the weight when suffered to fall freely in a given

time, as one second. This velocity cannot, indeed, be directly measured

;

but indirectly, the principles of tucuhanics furnish an easy and certain

means of deducing it, an<l, consequently, the intensity of gravity, by ob-

serving the oscillutions of a pendulum. It is proved from mechanical

principlti', that, if one and the mime pendulum be made to oscillate at

dillbrent stations, or under the influence of different forces, and the

numbers of oscillations made in the same time in each case be counted,

the intensities of tlic forces will bo to each other as the squares of the

numbers of oscillations made, and thus their proportion becomes known.

For instance, it is found that, under the equator, a pendulum of a certain

forni and length makes 8(3,400 vibrations? in a mean solar day ; and that,

when transported to London, the same pendulum makes 80,535 vibrations

- -

' Whether the prorcss nbove dtscriliod could ever be so fnr perfected nnd refined ns

10 hecoino n suhstiiute lor ilio use of the pniidulum inimt depend on the deprce of

perninncnre and uniformity of ortion ot springs, on the constancy or vnrinbility of the

eflfot «)f teniperoturo on their linsiic force, on the possibility of irnnsporting thrm,

obiiolutcly unaltered, from plnco to place, &,c. 'I'ho great ndviintngcs, however,

which such nn nppnrntus nnd mode of observation would possess, in point of convc.

nirii'-e, chenpness, porinbility, and expcdiiion, over th'> prewnl laborious, tedious, and

eiDP.isivc process, render the attempt well worth making.

Newton'a Principia, ii, Trop. 24, Cor. 3.
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in tlio same time. Hence we conclude, that the intensity of the force

urging the pendulum downwards at the equator is to that at London as

(86,400)» to (86,535)', or as 1 to 1-00315; or, in other words, that a

mass of matter weighing in London 100,000 pounds, exerts the same

pressure on the ground, or the same effort to crush a body placed below

it, that 100,315 of the same pounds transported to the equator would

exert there.

(236.) Experiments o.' this kind have been made, as above stated, with

the uttDOst care and minutest precaution to ensure exactness in all acces-

sible latitudes ; and their general and fiual result has been, to give j^^
for the fraction expressing the difference of gravity at the equator and

poles. Now, it will not fail to be notice^ by the reader, and will, pro-

bably, occur to him as an objection againsv, Jio explanation here given of

the fact by the earth's rotation, that this differs materially from the frac-

tion ^1^ expressing the centrifugal force at the equator. The difference

by which the former fraction exceeds the latter is ^^^j, a small quantity

in itself, but still far too large, compared with the others in question, not

to be distinctly accounted for, and not to prove fatal to this explanation

if it will not render a strict account of it.

(237.) The mode in which this difference arises affords a curious and

instructive example of the indirect influence which mechanical causes

often exercise, and of which astronomy furnishes innumerable instances.

The rotation of the earth gives rise to the centrifugal force ; the centri-

fugal force produces an ellipticity in the form of the earth itself; and this

very ellipticity of form modifies its power of attraction on bodies placed

at its surface, and thus gives rise to the difference in question. Here,

then, wo have the same cause exercising at once a direct and an indirect

influence. The amount of the former is easily calculated, that of the

latter with fur more difficulty, by an intricate and profound application of

geometry, whose steps wo connot pretend to trafte in a work like the pre-

sent, and can only state its nature and result.

(238.) The weight of a body (considered as undiminished by a centri-

fugal force) is the effect of the earth's attraction on it. This attrnction,

as Newton has demonstrated, consists, not in a tendency of all matter to

any one particular centro, but in a disposition of every particle of matter

in the universe to press towards, and if not opposed to approach to, every

other. The attraction of the earthy then, on a body placed on its surfuco,

is not a simple but a complex force, resulting from the Hcparate attractions

of all its parts. Now, it is evident, that if the earth were a perfect sphere,

the attraction exerted by it on a body any whore placed on its surface,

whether at its equator or pole, must bo exactly alike,— for the simple

I'fli
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reason of the exact symmetry of the sphere in every direction, it is net

less evident that, the earth being elliptical, and this symmetry or simili-

tude of all its parts not existing, the same result cannot be expected. A
body placed at the equator, and a similar one at the pole of a flattened

ellipsoid, stand in a diflFerent geometrical relation to the mass as a whole.

This difference, without entering further into particulars, may be expected

to draw with it a difference in its forces of attraction on the two bodies.

Calculation confirms this idea. It is a question of purely mathematical

investigation, and has been treated with perfect clearness and precision

by Newton, Maclaurin, Clairaut, and many other eminent geometers j and

the result of their investigations is to show that, owing to the elliptic form

of the earth alone, and independent of the centrifugal force, its attraction

ought to increase the weight of a body in going from the equator to the

pole by almost exactly -^^xjth. part; which, together with jg^th due to

the centrifugal force, make up the whole quantity, y^^th, observed.

(239.) Another great geographical phenomenon, which owes its exis-

tence to the earth's rotation, is that of the trade-winds. These mighty

currents in our atmosphere, on which so important a part of navigation

depends, arise from, 1st, the unequal exposure of the earth's surface to

the sun's rays, by which it is unequally heated in different latitudes;

and, 2dly, from that general law in the constitution of all fluids, in virtue

of which they occupy a larger bulk, and become specifically lighter when

hot than when cold. These causes, combined with the earth's rotation

from west to east, afford an easy and satisfactory explanation of the mag-

nificent phenomena in question.

(240.) It is a matter of observed fact, of which we shall give the

explanation farther on, that the sun is constantly vertical over some one

or other part of the earth between two parallels of latitude, called the

tropics, respectively 23^° north, and as much south of the equator; and

that the whole of that zofle or belt of the earth's surface included between

the tropics, and equally divided by the equator, is, in consequence of the

great altitude attained by the sun iu its diurnal course, maintained at a

much higher temperature than those regions to the north and south

which lie nearer the poles. Now, the heat thus acquired by the earth's

surface is communicated to the ineuuibent air, which is thereby expanded,

and rendered specifically lighter than the air incumbent on the rest of the

globe. It is therefore, in obedience to the general laws of hydrostatics,

displaced and buoyed up from the surface, and its place occupied by

colder, and therefore heavier air, which glides in, on both sides, along the

surface, from the recions beyond the tropics ; while the displaced air, thus

U
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raised above its due level, and unsustained by any lateral pressure, flows

over, as it were, and forms an upper current in the contrary direction, or

towards the poles ; which, being cooled in its course, and also sucked

down to supply the deficiency in the extra-tropical regions, keeps up thus

a continual circulation.

(241.) Since the earth revolves about an axis passing through the

poles, the equatorial portion of its surface has the greatest velocity of

rotation, and all other parts loss in the proportion of the radii of the

circles of latitude to which they corresponc'. But as the air, when rela-

tively and apparently at rest on any part of the earth's surface, is only so

because in reality i; participates in the motion of rotation proper to that

part, it follows that when a mass ot air near the poles is transferred to

the region near the equator by any impulse urging it directly towards that

circle, in every point of its progress towards its new situation it must be

found deficient in rotatory velocity, and therefore unable to keep up with

tbe speed of the new surface over which it is brought. Hence, the cur-

rents of air which set in towards the equator fron. the north and south

must, as they glide along the surface, at the same time lag, or hang back,

and drag upon it in the direction opposite to the earth's rotation, i. e.

from east to west. Thus these currents, which but for the rotation would

be simply northerly and southerly winds, acquire, from this cause, a rela-

tive direction towards the west, and assume the character of permanent

north-easterly and south-easterly winds.

(242.) Were any considerable mass of air to be suddenly transferred

from beyond the topics to the equator, the difference of the rotatory velo-

cities proper to the two situations would be so great as to produce not

merely a wind, but a tempest of the most destructive violence. But this

is not the case : the advance of the air from the north and south is

gradual, and all the while the earth is continually acting on, and by the

friction of its surface accelerating its rotatory velocity. Supposing its

progress towards the equator to cease at any point, this cause would

almost immediately communicate to it the deficient motion of rotation,

after which it would revolve quietly with the earth, and be at relative

rest. We have only to call to mind the comparative thinness of the coat-

ing which the atmosphere forms around the globe (art. 35), and the im-

mense mass> of the latter, compared with the former (which it exceeds at

least 100,000,000 times), to appreciate fully the absolute command of

any extensive territory of the earth over the atmosphere immediately

incumbent on it, in point of motion.

(243.) It follows from this, then, that as the winds on both aiuos ap-
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of tliu (liuriiiil oii-oloa iiiunnuio very ulowly in tho iiuiuodiato vicinity

of tho (Mpititor, aiiil for Hovuriil (logroct on oitlior Hiilu of it iiunlly ohnngo

lit all, Tliiii) tlio iViution of tho Hurfiico huH nioro tiino to act in nooolorii-

ting tho volocity of tho air, bringing it towards u etuto of irlattvn rout,

itnd diiiiini»«hing thon>by tho roliitivo nut of tho onrronts from ouNt to wost,

which, on tho othor bund, ia fuublj, und, at longth, not ut all roinforuod

by thu causo which originally produced it. Arrived, thon, at tbo oqnattir,

tho trudc!) must bo oxpoctod to Ioho their easterly olmraotor altogothcr.

Hut not only thia but tho northern and southurn ourront« horo mooting

and opposing, will uiutuully destroy each other, leaving only sueh pre-

ponderancy n^ may bo duo to a difleronoo of local oauHos acting in tho two

hemispheroH,— which iu some regions around tho equator may lio one

way, iu somo another.

(244.) Tho result, then, must bo tho production of two groat tropicul

belt,s, in tho northern of which a constant north-oostorly, and in tho

southern a south-easterly, wind must prevail, whilo tbo winds in the

equatorial belt, which separates tho two former, should bo comparntivoly

calm and frtni from any steady prevalence of enstiirly character. All

these consequences uro agreeable to observed fact, and tho systoin of aeriul

curivnts above described constitutes in reality what is understood by the

regular tnnh' tn'n<h.

(*J ir>.) The coustnnt friction thus produced between tho earth and at-

mosphei-o in the regions near tho equat^ir must (it may bo objected) by

degri'08 redu'.H) and at length destroy tbo rotation of tbo whole mass.

The laws of dynamics, however, render such a consequence, generally,

impossible ; and it is easy to see, in tho present case, wboro and how the

e(Mnpons!ition t^kes place. Tho heated equatorial air, whilo it rises and

flows over towards tho polos, carries with it tho rotatory volocity due to

it8 equatorial situation into a higher latitude, where tho earth's snrtaco

bus less motion. Ileuce, as it travels northward or southward, it will

i/ai» continually Miore and more on the surface of tho earth in its diurnul

motion, and assume constantly more and more a westerfy relative direc-

tion; and when at length it returns to the surface, in its circulation,

which it must do more or less in all tho interval botweon tho tropics and

tbo polos, it will act on it by its friotiou as a powerful south-west wind in

tho northern hemisphere, and a north-west in the southern, and restore to

it the impulse taken up from it at the equator. We bavo here tho origin

' Poo Cnpinin HbU'b " Frngmoiita of VoyngoB and Trnvols," 2d scries, vol. i. p.

163, whrro this is very distinctiy, and, so far as I om awuro, for the first time, rousuiied

OUL
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of tlio HOuth-woHt and wostorly galos so provalcnt in our latitudes, and of

iho almont universal weHtorly winds in the North Atlantic, which arc, in

fact, nothing else than a part of the gunoral systom of the re-action of the

trades, and of the procosM hy which the equilibrium of the earth's mo-

tion in maintained under their action.'
^

(24(1) In order to construct a map or model of the earth, and obtain

a knowledge of the distribution of sea and land over its surface, the forms

of the outlines of its continents and islands, the courses of its rivers and

mountain chains, and the relative situations, with respect to each otiicr,

of those points which chiefly interest uk, as centres of human habitation,

or from other causes, it is necessary to possess the means of determining

correctly the situation of any proposed station on its surface. For this

two elements require to bo known, the latitude and longitude, the foriiior

nssigning its distance from the polos or the equator, the latter, the meri-

dinii on which that distance is to bo reckoned. To these, in striotncsN,

hIiouUI bo added, its height above the sea level ; but the considcratiuu of

thin had better bo deferred, to avoid complicating the subject.

(247.) The latitude of a station on a sphere would bo merely the

length of ail arc of the meridian, intercepted between the station uiid tlio

nearest point of the equator, reduced into degrees. (See art. 88.) ]iut

m the earth is elliptic, this mode of conceiving latitudes becomes inappli-

cable, and we are compelled to resort for our definition of latitude to a

generalization of thuii property (art. 110,) which affords the readiest

means of determining it by observation, and which has the advantage of

being independent of tho figure of the earth, which, after all, is not

rxvctli/ an ellipsoid, or any known geometrical solid. Tho latitude of a

station, then, is tho altitude of tho elevated pole, and is, therefore, astro-

nomically determined by those methods already explained for a.sccrtuining

' .^8 it is our object nieroly to illustrato the mode in which the earth's rotation offects

the Htiiiosphcro on tlie groat scale, we omit all consideration of local periodical winds,

such im monsoons, &c.
It sioniB worth inquiry, whether hurricanes in tropical ciimaloa may not arise from

poriiona of the upper currents prematurely diverted downwards before their relntive

volociiy bus been sulKciently reduced by friction on, and gradual mixing with, tiie

lower str;iin; ond so dusiiing upon tho earth with that tremendous velocity which gives

them their destructive character, and of which hardly any rational account hiis yet

been ((iven. But it by no means follows that this must always be tho cdse. In

generni, a rapid transfer, either way, in latitude, of any mass of -^ir which local or

tempnrnry causes might curry above the immediate reach of the friction of the earth"$

turfnre, would give a tearful exaggeration to its velocity. Wherever such a muss
should strike the earth, a hurricane might arise ; and should two such masses encon.n

!er i!< mid nir, a tofnado of any degree of intensity on record might easily resuit from

their combination.
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that important element. In consequence, it will be remembered that, to

make a perfectly correct map of the whole, or any part of the earth's

surface, equal differences of latitude are not represented by exactly equal

intervals of surface.

(248.) For the purposes of geodesical ' measurements and trigonome-

trical surveys, an exceedingly correct determination of the latitudes of the

most important stations is required. For this purpose, iiierp^'ore, the

zenith sector (an instrument capable of great precision) is most commonly

used to observe stars passing the meridian near the zenith, whose declina-

tions have become known by previous long series of observations at fixed

observatories, and which are therefore called standard or fundamental

Btars. Recently a method* has been employed with great success, which

consists in the use of an instrument similar in every respect to the transit

instrument, but having the plane of motion of the telescope not coinci-

dent with the meridian, but with the prime vertical, so that its axisj of

rotation prolonged passes through the north and south points of the

horizon. Let A B C D be the celestial hemisphere projected on the

horizon, P the pole, Z the zenith, A B the meridian, C D the prime

vertical, Q B, S part of the diurnal circle of a star passing near the

zenith, whose polar distance P R is but little greater than the co-htitude

of the place, or the arc P Z, between the zenith and pole (art, 112.)

Then the moments of this star's arrival on the prime vertical at Q and S

• Vy\, the earth ; hm^ (from ^cu, to bind,) a joining or connection (of ports.)

' Devised originally by Romer, Revived cr re-invented bv Besse!.

—

Ailr^ T^ach.f^

No. 40.
°

' '

|!lpl*i
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will, if the inutarument be correctly adjusted, be those of its crossing the

middle wire in the field of view of the telescope (art. 160.) Conse-

quently the interval between these moments will be the time of the star

passing from Q to S, or the measure of the diurnal arc Q R S, which

corresponds to the angle Q P S at the pole. This angle, therefore, be-

comes known hy the mere observation of an interval of time, in which it

is not even necessary to know the error of the clock, and in which, when

the star passes near the zenith, so that the interval in question is small,

even the rate of the clock, or its gain or loss on true sidereal time, may

be neglected. Now the angle Q P S, or its half Q P R, and P Q the

polar distance of the star, being known, P Z the zenith distance of the

pole can be calculated by the resolution of the right-angled spherical

triangle P Z Q, and thus the co-latitude (and of course the latitude) of

the place of observation becomes ktibwn. The advantages gained by this

mode of observation are, 1st, that no readings of a divided arc are needed,

so that errors of graduation and reading are avoided : 2dly, that the

arc Q R S is very much greater than its versed sine R Z, so that the

difference R Z between the latitude of the place and the declination of

the star is given by the observation of a magnitude very much greater

than itself, or is, as it were, observed on a greatly enlarged scale. In

consequence, a very minute error is entailed on R Z by the commission

of even a considerable ono in Q R S : 3dly, that in this mode of obser-

vation all the merely instrumental errors which affect the ordinary use of

the transit instrument are either uninfluential or eliminated by simply

reversing the axis.

(249.) To determine the latitude of a station, then, is easy. It is

otherwise with its longitude, whose exact determination is t~ matter of more

difficulty. The reason is this :— as there are no meridia:is marked upon

the earth, any more than parallels of latitude, we are obliged in this case,

as in the case of the latitude, to resort to marks external to the earth, i. c.

to the heavenly bodies, for the objects of our measurement ; but with this

difference in the two cases— to observers situated at stations on the same

meridian (i. e. differing in latitude) the heavens present different aspects

at all moments. The portions of them which become visible in a com-

plete diurnal rotation are not the same, and stars which are common to

both describe circles differently inclined to their horizons, and differently

divided by them, and attain different altitudes. On the other hand, to

observers situated on the same parallel (i. e. differing only in longitude)

the heavens present the same aspects. Their visible portions are the

same ; and the same stars describe circles equally inclined, and similarly

divided by their horizons, and attain the same altitudes. In the former

I . if 'h
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case there is, in the latter there is not, any thing in the appearance of the

heavens, watched through a whole diurnal rotation, which indicates a dif-

ference of locality in the observer.

(250.) But not two observers, at different points of the earth's surface,

can have at the same instant the same celestial hemisphere visible. Sup-

pose, to fix our ideas, an observer stationed at a given point of the equator,

and that at the moment when he noticed some bright star to be in his

zenith, and therefore on his meridian, he should be suddenly transported,

in an instant of time, round one quarter of the globe in a westerly direction,

it is evident that he will no longer have the same star vertically above

him : it will now appear to him to be just rising, and he will have to wait

six hours before it again comes to his zenith, t. e. before the earth's rota-

tion from west to east carries him back again to the line joining the star

and the earth's centre from which he set out.

(251.) The difference of the caseS; then, may be thus stated, so as to

afford a key to the astronomical solution of the problem of the longitude.

In the case of stations differing only in latitude, the same star comes to

the meridian at the same time, but at different altitudes. In that of

stations differing only in longitude, it comes to the meridian at the same

altitude, but at different times. Supposing, then, that an observer is in

possession of any means by which he can certainly ascertain the time of a

known star's transit across his meridian, he knows his longitude ; or if he

knows the difference between its time of transit across his meridian and

across that of any other station, he knows their difference of longitudes.

For instance, if the same star pass the meridian of a place A at a certain

moment, and that of B exactly one hour of sidereal time, or one twenty-

fourth part of the earth's diurnal period, later, then the difference of lon-

gitude between A and B is one hour of time or 15" of arc, and B is so

much west of A.

(252.) In order to a perfectly clear understanding of the principle on

which the problem of finding the longitude by astronomical observations

is resolved, the reader must learn to distinguish between time, in the

abstract, as common to the whole universe, and therefore reckoned from

an epoch independent of local situation, and hnal time, which reckons, at

each particular place, from an epoch, or initial instant, determinei by local

convenience. Of time reckoned in the former, or abstract manner, wc

have an example in what we have before defined as equinoctial time, which

dates from an epoch determined by the sun's motion among the stars.

Of the latter, or ?oca? reckoning, we have instances in every sidereal clock in

an observatory, and in every town clock for common use. Every astrono-

jner regulates, or aiuia at regulating, uis sideFeal clock, so that it shall
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indicate O*" 0"" 0',when a certain point in the heavens, called the equinox,

18 on the meridian of bis station. This is the epoch of his sidereal time

;

which is, therefore, entirely a local reckoning. It gives no information to

say that an event happened at such and such an hour of sidereal time,

unless we particularize the station to which the sidereal time meant apper-

tains. Just so it is with mean or common time. This is also a local

reckoning, having for its epoch mean noon, or the average of all the

times throughout the year, when the sun is on the meridian of that par-

ticular place to which it belongs; and, therefore, in like mauner, when

we date any event by mean time, it is necessary to name the place, or

particularize what mean time we intend. On the other hand, a date

by equinoctial time is absolute, and requires no such explanatory addition.

(253.) The astronomer sets and regulates his sidereal clock by observ-

ing the mer'.dian passages of the more conspicuous and well-known jfors.

Each of these holds in the heavens a certain determinate and known place

with respect to that imaginary point called the equinox, and by noting the

times of their passage in succession by his clock he knows when the equi-

nox passed. At that moment his clock ought to have marked O"" O" 0';

and if it did not, he knows and can correct its error, and by the agreement

or disagreement of the errors assigned by each star be can ascertain

whether his clock is correctly regulated to go twenty-four hours in one

diurnal period, and if not, can ascertain and all'»w for its rate. Thus,

although his clock may not, and indeed c ,ot, either be set correctly, or

go truly, yet by applying its error and rate (as they are technically

termed), he can correct its indications, und ascertain the exact sidereal

times corresponding to them, and proper to his locality. This indispensa-

ble operation is called getting his h^al time. For simplicity of explana-

tion, however, we shall suppose the clock a perfect instrument ; or, which

comes to the same thing, its error and rate applied at every moment it is

consulted, and included in its indications.

(254
"^ Suppose, now, of two observers, at distant stations, A and B,

each, independently of the other, to set and regulate his clock to the true

sidereal time of his station. It is evident that if one of these clocks

could be taken up without deranging its going, and set down by the side

of the other, they would be found, on comparison, to differ by the exact

difference of their local epochs; that is, by the time occupied by the equi-

nox, or by any star, in passing from the meridian of A to that of B ; in

other words, by their difference of longitude, expressed in sidereal hours,

minutes, and seconds.

(255.) A pendulnm elojk cannot be thus taken up and transported

uoiii place to place without derangement, but a chronometer may. Sup

HI
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pose, then, the observer at B to use a chronometer instead of a clock, he

may, by bodily transfer of the instrument to the other station, procure a

direct comparison of sidereal times, and thus obtain his longitude from A.

And even if he employ a clock, yet by comparing it first with a good

chronometer, and then transferring the latter instrument for comparison

with the other clock, the same end will be accomplished, provided the

going of the chronometer can be depended on.

(256.) Were chronometers perfect, nothing more complete and conve-

nient than this mode of ascertaining differences of longitude could bo

desired. An observer, provided with such an instrument, and with a por-

table transit, or some equivalent method of determining the local time at

any given station, might, by journeying from place to place, and observing

the meridian passages of stars at each, (taking care not to alter his chro-

nometer, or let it run down,) ascertain their differences of longitude with

any required precision. In this case, the same time-keeper being used at

every station, if, at one of them, A, it mark true sidereal time, at any

other, 1i, it will be just so much sidereal time in error as the difference of

longitudes of A and B is equivalent to : in other words, the longitude of

B from A will appear as the error of the time-keeper on the local time of

B. If ho travel westward, then his chronometer will appear continually

to gain, although it really goes correctly. Suppose, for instance, he set

out from A, when the equinox was on the meridian, or his chronometer at

O"", and in twenty-four hours (sid. time) had travelled 15° westward to B.

At the moment of arrival there, his chronometer will again point to O"*

;

but the equinox will bo, not on his new meridian, but on that of A, and

he must wait one hour more for its arrival at that of B. When it does ar-

rive there, then his watch will point not to 0^ but to 1', and will therefore

be l^fast on the local time of B. If ho travel eastward, the reverse will

happen.

(257.) Suppose an observer now to set out from any station as above

described, and constantly travelling westward to make a tour of the globe,

and return to the point ho set out from. A singular consequence will

happen : he will have lost a day in his reckoning of time. IIo will enter

the day of his arrival in his diary, as IMonday, for instance, when, in fiict,

it is Tue uy. The rcas<in is obvious. Days and nights are caused by the

alternate appearance of the sun and stars, as the rotation of the earth car-

ries the spectator round to view them in succession. So many turns as

he makes absolutely round the centre, so often will ho pass through the

earth's shadow, and emerge into light, and so many nights and days will

ho experience. But if lie travel once round the globe in the direction of

its motion, he will, on his arrival, have really made one turn more round
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its centre ; and if in the opposite direction, one turn less than if he had

remained upon one point of its surface : in the former case, then, he will

have witnessed one alternation of day and night more, in the latter one

less, than if he had trusted to the rotation of the earth alone to carry him

round. As the earth revolves from west to east, it follows that a westward

direction of his journey, by which he counteracts its rotation, will cause

him to lose a day, and an eastward direction, by which he conspires with

it, to gain one. In the former case, all his days will be .longer ; in the

latter, shorter than those of a stationary observer. This contingency has

actually happened to circumnavigators. Hence, also, it must necessarily

happen that distant settlements, on the same meridian, will diflFcr a day

in their usual reckoning of time, according as they have been colonized by

settlers arriving in an eastward or in a westward direction,—a circumstance

which may produce strange confusion when they come to communicate

with each other. The only mode of correcting the ambiguity, and settling

the disputes which such a diflference may give rise to, consists in having

recourse to the equinoctial date, which can never be ambiguous.

(258.) Unfortunately for geography and navigation, the chronometer,

though greatly and indeed wonderfully improvod by the skill of modem
artists, is yet far too imperfect an instrument to be relied on implicitly.

However such an instrument may preserve its uniformity of rate for a

few hours, or even days, yet in long absences from home the chances of

error and accident become so multiplied, as to destroy all security of reli-

ance on even the best. To a certain extent this may, indeed, be remedied

by carrying out several, and usi"i^ them as checks on each other; but,

besides the expense and trouble, this is only a palliation of the evil—
the great nnd fundamental,— as it is the only one to which the determina-

tion of ftinr/itiides hy time-hcepcrs is liable. It become^ necessary, there-

fore, to resort to other means of communicating from one station to another

II knowledge of its local time, or of propagating from some principal sta-

tion, as a centre, its local time as a universal standard with which the

local time at any other, however situated, may be at once compared, and

thus the longitudes of all places bo referred to the meridian of Euch cen-

tral point.

(250.) The simplest and most accurate method by which this object

can be accomplished, when circumstances admit of its adoption, is that by

telegraphic signal. Let A and 11 bo two observatories, or other stations,

provided with accurate moans of determining thir rrsprrtire local times,

and let us first suppose them vigiblo from e.".ch other. iiiuir UlUCKH DCing

regulated, and their errors and rates ascertained and applied, let a signal

be made at A, of some sudden and definite kind, such as the flash of
j

10
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powder, the explosion of a rocket, the sudden extinction of a bright light,

or any other which admits of no mistake, and can be seen at great dis-

tances. The moment of the signal being made must be noted by each

observer at his respective clock or watch, as if it were the transit of a star,

or other astronomical phenomenon, and the error and rate of the clock at

each station being applied, the local time of the signal at each is deter-

mined. Consequently, when the observers communicate their observations

of the signal to each other, since (owing to the almost instantaneous

transmission of light) it must have been seen at the same absolute instant

by both, the diflference of their local times, and therefore of their longitudes,

becomes known. For example, at A the signal is observed to happen at

5h Qm 0* sid. time at A, as obtained by applying the error and rate to the

time shown by the clock at A, when the signal was seen there. At B the

same signal was seen at 5" 4'° 0*, sid. time at B, similarly deduced from

the time noted by the clock at B, by applying its error and rate. Conse-

quently, the diflference of their local epochs is 4'" 0', which is also their

diflference of longitudes in time, or 1° 0' 0" in hour angle.

(260.) The accuracy of the final determination may be increased by

making and observing several signals at stated intervals, each of which

aflfords a comparison of times, and the mean of all which is, of course,

more to be depended on than the result of any single comparison. B;

this means, the error introduced by the comparison of clocks may bo re-

garded as altogether destroyed.

(2G1.) The distances at which signals can be rendered visible must of

course depend on the nature of the interposed country. Over sea the

explosion of rockets may easily be seen at fifty or sixty miles ; and in

mountainous countries the flash of gunpowder in an open spoon may be

seen, if a proper station bo chosen for its exhibition, at much greater

distances.

(202.) When the direct light of the flash can no longer be perceived,

either owing to the convexity of the interposed segment of the earth, or

to intervening obstacles, the sudden illumination cast on the under surface

of the clouds by the explosion of considerable quantities of powder may

often bo observed with success; and in this way signals have been made

at very much greater distances. Whatever means can bo devised of exci-

ting in two distant observers the same sensation, whether of sound, light,

or visible motion, ai precipe!i/ the saniv. instant of time, may bo employed

as a longitude signal. Wherever, for instance,'an unbroken line of oh-o-

tro-telegraphio connection has been, or hereafter may bo, established, the

means exist of making as coruplcto a comparison of clocks or watches as

if they stood side by side, so that no method more complete for the deter-
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raination of diiFerences of longitude can be desired. The differences of

longitude between the observatories of New York, Washington, and Phila-

delphia, have been very recently determined in this manner by the astro-

nomers at those observatories.

(263.) Where no such electric communication exists, however, the

interval between observing stations may be increased by causing the

signals to be made not at one of them, but at an intermediate point ; for,

provided they are seen by both parties, it is a matter of indifference where

they are exhibited. Still the interval which could be thus embraced

would be very limited, and the method in consequence of little use, but

for the following ingenious contrivance, by which it can be extended to

any distance, and carried over any tract of country, however diflficult.
-^

(204.) This contrivance consists in establishing, between the extreme

stations, whoso difference of longitude is to be ascertained, and at which

the local times are observed, a chain of intermediate stations, alternately

destined for signal '. '. observers. Thus, let A and Z be the extreme

stations. At B let > -.al station be established, at which rockets, &c.

are fired at stated intervals. At C let an observer be placed, provided

with a chronometer ; at D, another signal atation ; at E, another observer

and chronometer ; till the whole line is occupied by stations so arranged,

that the signal at B can be seen from A and C ; those at D, from C and

E ; and so on. Matters being thus arranged, and the errors and rates of

Fig. 88.

1^

A. Ji :d f. j;' y.

the Clocks at A and Z ascertained by astronomical observation, let a signal

be made at B, and observed at A and C, and the times noted. Thus the

differcuco between A's clock and C's chronometer becomes kno\, n. After

a short interval (five minutes for instance) let a signal be made at D, and

observed by C and E. Then will the difference between their rcspcctivo

chronometers bo detcrniincd ; and the difference between the former and
the clock at A being already ascertained, the difference between the clock

A and chronometer E is therefore known. This, however, supposes that

the intormcdiuto chronometer C has kept true sidereal time, or at least a

known rate, in the interval between the signals. Now this interval is

purposely made so very short, that no instrument of any pretonsioDS to

mamiramn
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character can possibly produce an appreciable amount of error in its lapse

by deviations from its usual rate. Thuj the time propagated from A to

C may be considered ^ handed overj witl at gain or loss (save from error

of observation), to E. Similarly, by the signal made at F, and observed

at E and Z, tlie time so transmitted to E is forwarded on to Z ; and thus

at length the clocks at A and Z are compared. The process may be

repeated as often as is necessary to destroy error by a mean of results

;

and when the line of stations is numerous, by keeping up a succes-

sion of signals, so as to allow each observer to note alternately those on

either side, which is easily pre-arranged, rjmny comparisons may be kept

running along the line at once, by which time is saved, and other advan-

tages obtained.' In important cases the process is usually repeated on

several nights in succession.

(265.) In place of artificial aignnls, natural ones, when they occur

sufficiently definite for observation, may be equally employed. In a clear

night the number of those singular meteors, called shooting stars, which

may be observed, is often vary great, especially on the 9th and 10th of

August, and some other days, as November 12 and 1 3 ; and as they are

sudden in their appearance and disappearance, and from the great height

at w'lich they have been ascertained to take place are visible over exten-

sive re j'ons of the earth's surface, there is no doubt that they may be

resorted to with advantage, by previous concert and agreement between

distant observers to watch and note them.^ Those sudden disturbances

of the magnetic needle, to which the name of magnetic shocks has been

given, have been S' Jsfactorily ascertained to be, very often at least,

simultaneous over a lole continents, and in some, perhaps, over the whole

globe. Thesj, u observed at magnetic observatories with precise atten-

tion to astronomical time, may become the means of determining their

differences of longitude with more precision, possibly, than by any other

method, if a sufficient number of remarkable shocks be observed to

ascertain their identity, about which the intervals of time between their

occurrence (exactly alike at both stations) will leave no doubt.

If'

' For a complete account of this method, nnd the mode of deducing the moat ndvnn-

tageous result from a combination of all the observations, see a paper on the diflbrence

of longitudes of Greenwich and Paris, Phil. Trans. 1826 ; by the Author of thia

volume.

•This idea was first suggested by the late Dr. Moskclyno, to whom, however, the

practically useful fact of their periodic recurrence was unknown. Mr. Cooper has tliua

employed the meteors of the 10th and 12th August, 1847, to determine the difference

«f longitudes of Markrce and Mount Eagle, in Ireland. Those .•f the samo epoch have

also been used in Germany for ascertaining the longitudes of seveiu! stations, ouu with

very satisfactory resulis.

M«
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(266.) Anotner species of natural signal, visible at once over a whole

terrestrial hemisphere, is afforded by the eclipses of Jupiter's satellites, o'

which we shall speak more at large when we come to treat of those bodies.

Every such eclipse is an event which possesses one great advantage in ito

applicability to the purpose in question, viz. that the time of its happen-

ing, at any fixed station, such as Grreenwich, can be predicted from u long

course of previous recorded observation and calculation thereon founded,

and that this prediction is sufficiently precise and certain, to stand in the

place of a corresponding observation. So that an observer at any other

station wherever, who shall have observed one or more of these eclipses,

Dud ascertained his local time, instead of waiting for a communication

with Greenwich, to inform him at what moment the eclipse took place

there, may use the predicted Greenwich time instead, and thence, at

once, and on the spot, determine his longitude. This mode of ascertain-

ing longitudes is, however, as will hereafter appear, not susceptible of

great exactness, and should only be resorted to when others cannot be

had. The nature of the observation also is such that it cannot be made

at sea'
J
so that, however useful to the geographer, it is of no advantage

to navigation.

(207.) But such phenomena as these are of only occasional occurrence;

and in their intervals, and when cut off from all communication with any

fixed station, it is indispensable to possess some means of deierminiug

longitudes, on which not only the geographer may rely for a knowledge

of the exact position of important stations on land in remote reg'ons, but

on which the navigator can securely stake, at every instant of his adven-

turous course, the lives of himself and comrades, the interests of his

country, and the fortunes of his employers. Such a method is afforded

by Lunar Observations. Though we have not yet introduced the

I'cader to the phenomena of the moon's motion, this will not prevent us

from giving here the exposition of the principle of tl.e lunar method ; on

the contrary', it will be highly advantageous to do so, since by this course

we shall have to deal > ith the naked principle, apart from all the peculiar

sources of difficulty with which the lunar theory is encumbered, but

' To accomplish this is still a desideratum. Observing chairs, suspended with stu

dioua precaution for ensuring freedom of motion, have been resorted to, under the vain

hope of mitigating tiie etll-ct ot the ship's oscillation. The opposite course seonis moro
promising, viz. to merely deaden the motion by a somewiiot stiff mspension (as by a

conrBo and rough ctblr). ntid by friction strings attached to wciiihts running through

loops (not pulleys) fixed in the wood-work of the vessel. At least, such means hove

been found by the author of ainguin. pfHcacy in incrcasiiig personal eomfuri in the bui<

pension of a cot.



150 OUTLINES OF ASTRONOMY.

1

t

> 1

W-'ri!

Lrr;:il'.-.!l';: t,.i

which are, in fact, completely extraneous to the principle of its applica-

tion to the problem of the longitudes, which is quite elementary.

(268.) If there were in the heavens a clock furnished with a dial-plate

and hands, which always marked Greenwich time, the longitude of any

station would be at once determined, so soon as the local time was known,

by comparing it with this clock. Now, the Dffices of the dial-plate and

hands of a clock are these :— the former carries a set of marks upon it,

whose position is known; the latter, by p "sing over and among these

marks, inform us, by the place it holds with respect to them, what it is

o'clock, or what time has elapsed since a certain moment when it stood at

one particular spot

(269.) In a clock the marks on the dial-plate are uniformly distributed

all around the circumference of a circle, whose cectrc is that on which the

hands revolve with a uniform motion. But it is clear that we should, with

equal certainty, though with much more trouble, tell what o'clock it were,

if the marks on the dial-plate were «7iequally distributed,— if the hands

were excentric, and their motion not uniform,— provided we knew, 1st,

the exact intervals round the circle at which the hour and minute marks

were placed ; which would be the case if we had them all registered in a

table, from the results of previous careful measurement :— 2dly, if we

knew the exact amount and direction of excentricity of the centre of mo-

tion of the hands;— and 3dly, if we were fully acquainted with all the

mechanism which put the hands in motion, so as to be able to say at every

instant what were their velocity of movement, and so as to be able to cal-

culate, without fear of srror, how much time should correspond to so

MUCH anf/ular movemen'.

(270.) The visible surface of the starry heavens is the dial-plate of our

clock, the stars are the fixed marks distributed around its circuit, the moon

ie the moveable hand, which, with a motion that, superficially considered,

seems uniform, but which, when carefully examined, is found to be far

otherwise, and which, regulated by mechanical .aws of astonishing com-

plexity and intricacy in result, though beautifully simple in principle and

design, performs a monthly circuit among thein, passing visibly over and

hiding, or, as it is called, occulting some, and gliding beside and betwceu

others ; and whose position among them can, at any moment when it is

visible, be exactly measured by the help of a sextant, just as we might

measure the place of our clock-hand among the marks on its dial-pbte

with a pair of compasses, and thence, from the known and calculated laws

of its motion, deduce the time. That the moon does so move among the

sffii's, while the latter hold constantly, with rosj/cet to each other, the same
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relative position, the notice of a few nights, or even hours, will satisfy the

commencing student, and this is all that at present we require.

(271.) There is only one circumstance wanting to make our analogy

complete. Suppose the hands of our clock, in^vv^dd of moving gaite close

to the dial-plate, were considerably elevated above, or distant in front of

of it. Unless, then, in viewing it, we kept our eye just in the line of

their centre, we should not see them exactly thro'TU or projected upon

their proper places on the dial. And if we were either unawi<.re of this

cause of optical change of place, this parallax— or negligent in not

taking it into account— we might make great mistakes in reading the

time, by referring the hand to the wrong mark, or incorrectly appreciating

its distance from the right. On the other hand, if we took care to note,

in every case when we had occasion to observe the time, the exact posi-

tion of the eye, there would be no difficulty in ascertaining and allowing

for the precise influence of this cause of apparent displacement. Now,

this is just what obtains with the apparent motion of the moon among

the stars. The former (as will appear) is comparatively near to the earth

— the latter immensely distant; and in consequence of our not occupy-

ing the centre of the earth, but being carried about on its surface, and

constantly changing place, there arises a ^?cfra??as;, which displaces the

moon apparently among the stars, and must be allowed for before we can

tell the true place she would occupy if seen frcm the centre.

(272.) Such a clock as we have described might, no doubt, be con-

sidered a very bad one ; but if it were our onli/ one. and if incalculable

interests were at stake on a perfect knowledge of time, we should justly

regard it as most precious, and think no pains ill bestowed in studying

the laws of its movements, or in facilitating the means of reading it

correctly. Such, in the parallel we are drawing, is the lunar theory,

whose object is to reduce to regularity, the indications of this strangely

irregular-going clock, to enable us to predict, long beforehand, and with

absolute certainty, whereabouts among the stars, at every hour, minute,

and second, in every day of every year, in Greenwich local time, tho

moon u-oidd be seen from the earth's centre, tnd will be seen from every

accessible point of its surface; and such is vhe lunar method of longi-

tudes. Thn moon's; apparent anguliir distance from all those principal

and conspicuous stars which lie in its course, as seen from the earth's

centre, are computed and tabulated with the utmost care and precision in

almanacks published under national control. No sooner docs an observer,

in any port of tho globe, at sea or on land, mo.af^ure its actual distance

from any uiie of those standard stars (whose places in tho heavens have

been ascertained for the purpose with the most anxious solicitude,) than

'0^
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he has, in fact, performed that comparison of his local time with the

local times of every observatory in the world, which enables him to as-

certain his difference of longitude from one or all of them.

(273.) The latitudes and longitudes of any number of points on the

earth's surface may be ascertained by the methods above described ; and

by thus laying down a sufficient number of principal points, and filling in

the intermediate spaces by local surveys, might maps of countries be

constructed. In practice, however, it ig found simpler and easier to

divide each particular nation into a scries of great triangles, the angles

of which are stations conspicuously visible from each other. Of these

triangles, the anghs only are measured by means of the theodolite, with

the exception of one side only of one triangle^ which is called a base,

and which is measured with every refinement which ingenuity can devise

or expense command. This base is of moderate extent, rarely surpassing

six or seven miles, and purposely selected in a perfectly horizontal plane,

otherwise conveniently adapted to the purposes of measurement. Its

length between its two extreme points (which are dots on plates of gold

or platina let into massive blocks of stone, and which are, or at least

ought to he, in all cases preserved with almost religious care, as monu-

mental records of the highest importance,) is then measured, with every

precaution to ensure precision,' and its position with respect to the

meridian, as well as the geographical positions of its extremities, carefully

ascertained.

(274.) The annexed figure represents such a chain of triangles. A B

Fig. 38.

.3 the base, 0, C, stations visible from both its extremities (one of which,

J, we will suppose to be a nutioual observatory, with which it is a prin-

cipal object that the base should bo as closely and immediately connected

as possible ;) and D, E, F, G, II, K, other stations, remarkable points in

' The greatest j,oisible error in the Irish bnBO of between seven and eight miles,

near Londonderry, ia supposed not to exceed two inches.
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tho country, by whose connection its whole surface may be covered, as it

were, with a network of triangles. Now, it is evident that the angles of

the triangle A, B, C being observed, and one of its sides. A, B, mea-

sured, the other two sides, A C, B C, may bo calculated by the rules of

trigonometry ; and thus each of the sides A C and B C becomes in its

turn a base capable of being employed as known sides of other triangles.

For instance, the angles of the triangles A C G and B C F being known

by observation, and their sides A C and B C, we can thence calculate the

lengths A G, C G, and B F, C F. Afjain, C G and C F being known

and the included angle G C F, G F may be calculated, and so on. Thus

ma; all the stations be accurately determined and laid down, and as this

pro<.ess may be carried on to any extent, a map of the whole country

may be thus constructed, and filled in to any degree of detail we please.

(275.) Now, on this process there are two important remarks to be

made. The first is, that it is necessary to be careful in the selection of

stations, so as to form triangles free from any very great inequality in

their angles. For instance, the triangle K B F would be a very improper

one to determine the situation of F from observations at B and K, because

the angle F being very acute, a small error in the angle K would produce

a great oie in the place of F upon the line B F. Such iU-coniUtioned

triangles, therefore, must be avoided. But if this be attended to, the

accuracy of the determination of the calculated sides will not be much
short of that which would be obtained by actual measurement (were it

practicable) ; and, therefore, as we recede from the base on all sides as a

centre, it will speedily become practicable to use as loses, the sides of much
larger triangles, such as G F, G H, H K, &o. j by which means the nfixt

step of the operation will come to be carried on on a much larger scale,

and embrace far greater intervals, than it would have been safe to do (for

the above reason) in the immediate neighbourhood of the base. Thus it

becomes easy to divide the whole face of a country into great triangles of

from 30 to 100 miles in their sides (according to the nature of the ground),

which, being once '-all determined, may be afterwards, by a second series

of subordinate operations, broken up into smaller ones, and these again

into others of a still minuter order, till the final filling in is brought within

the limits of personal survey and draftsmanship, and till a map is con-

structed, with any requirod degree of detail.

(^*276.) The next remark we have to make is, that all the triangles in

question are not, rigorously speaking, ^?a»ie, but spherical— existing on

the surface of a sphere, or rather, to speak correctly, of an ellipsoid. In

very small triaugles, of six or seven miles in tho side, this may be

neglected, as the difierence is imperceptible; but in the larger ones it
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must be taken into consideration. It is evident that, as every object used

for pointing the telescope of a theodolite has some certain elevation, not

only above the soil, but above the level of the sea, and as, moreover,

these elevations diflfer in every instance, a reduction to the horizon of all

the measured angles would appear to be required. But, in fact, by the

construction of the theodolite (art. 192), which is nothing more than an

altitude and azimuth instrument, this reduction is made in the very act

If '

'

of reading off the horizontal angles. Let E be the centre of the earth;

A, B, C, the places on its spherical surface, to which three station?, A,

P, Q, in a country are referred by radii E A, E B P, E C Q. If a theo-

dolite be stationed at A, the axis of its horizontal circle will point to E
when truly adjusted, and its plane will be a tangent to the sphere at A,

intersecting the radii E B P, E C Q, at M and N, above the spherical

surface. The telescope of the theodolite, it is true, is pointed in succes-

sion to P, and Q ; but the readings off of its azimuth circle give— not

the apfjle P A Q, between the directions of the telescope, or between the

objects P, Q, as seen from A ; hut the azimuthal angle M A N, which is

the measure of the angle A of the spherical triangle B A C. Hence

arises this remarkable circumstance,—that the sum of the three observed

angles of any of the great triangles in geodesical operations is always

found to be rather more than 180°. Were the earth's surface di plane, it

ought to be exactly 180° ; and this excess, which is called the sjjhcrical

excess, is so far from being a proof of incorrectnoss iu the work, that it is

essential to its accuracy, and offers at the same time another palpable

proof of the earth's sphericity.

(277.) The true way, then, of conceiving the subject of a triognomet-

rica^. survey, when the spherical form of the earth is taken into considera-
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tlon, is to regard the network of triangles with which the country is

covered, as the bases of an assemblage of pyramids converging to the

centre of the earth. The theodolite gives us the true measures of the

angles included hy the planes of these pyramids; and the surface of an

imaginary sphere on the level of the sea intersects them in an assemblage

of spherical triangles, above whose angles, in the radii prolonged, the real

stations of observation arc raised, by the superficial inequalities of moun-

n and valley. The operose calculations of spherical trigonometry which
* consideration would seem to render necessary for the reductions of a

survey, are dispensed with in practice by a very simple and easy rule,

called the rule for the spherical excess, which is to be found in most works

on trigonometry. If we would take into account the ellipticity of the

earth, it may also be done by appropriate processes of calculation, which,

however, are too abstruse to dwell upon in a work like the present.

(278.) Whatever process of calculation we adopt, the result will be a

reduction to the level of the sea, of all the triangles, and the consequent

determination of the geographical latitude and longitude of every station

observed. Thus we are at length enabled to construct maps of countries

;

to lay down the outlines of continents and islands ; the courses of rivers

;

the places of cities, towns and villages ; the direction of mountain ridges,

and ths places of their principal summits; and all those details whicb, as

they belong to physical and statistical, rather than to astronomical geog-

raphy, we need not here dilate on. A few words, however, will be neces-

sary respecting maps, which are used as well in astronomy as in geog-

raphy.

(279.) A map is nothing more than a representation, upon a plane, of

some portion of the surface of a sphere, on which are traced the particu-

lars intended to be expressed, whether they be continuous outlines or

points. Now, as a spherical suvface' can by no contrivance be extended

or projected into a plane, without undue enlargement or contraction of

some parts in proportion to others ; and as the system adopted in so ex-

tending or projecting it will decide what parts shall be enlarged or rela-

tively contracted, and in what proportions ; it follows, that when large

portions of the sphere are to be mapped down, a great difference in their

representations may subsist, according to the system of projection adopted.

(280.) The projections chiefly used in maps, are the orthographic,

stercographic, and Mercator's. In the orthographic projection, every

point of the hemisphere is referred to its diametral plane or base, by a

1 Wo hers neglect the ei'ipiieity of ihe enrih, which, for such a purpose as map-
making, is too trifling to have any material influence.
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Fig. 41.
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perpendicular let fall on it, so that the representation of .; hcraisph«»*

thus mapped on its base, is such as would actually appear to an eye placed

at an inBnito distance from it. It is obvious, from the auuoxed figure,

that in this projection only the central portions are represented of their

true forms, while all the exterior is more and more distorted and < rowded

together as we approach the edges of the map. Owing to this cause, the

orthographic projection, though very good for small portions of the globe,

is of little service for large ones.

(281.) The ste.rco(jra})hic projection is in great measure free from this

defect. To understand this projection, we must conceive an eye to be

placed at E, one extremity of a diameter, E C B, of the sphere, and to

view the concave surface of the sphere, every point of which, as P, is

referred to the diametral plane A D F, perpendicular to E B by tho

visual line P M E. The stereographic projection of a sphere, then, is a

true perspective representation of its coneavity on a diametral plane;

and, as such, it possesses some singularly elegant geometrical properties,

of which we shall state one or two of the principal.

(2S2.) And first, then, all circles on the sphere are represented by

t'
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circles in the projection. Thus the circle X is projected into x. Only

great circles passing through the vertex B are projected into straight lines

traversing the centre C : thus, B P A is projected into C A.

2dly. Every very small triangle, G- H K, on the sphere, is represented

by a similar triangle, g h 7e, in the projection. This is a very valuable

property, as it insures a general similarity of appearance in the map to

the reality in all its parts, and enables us to project at least a hemisphere

in a single map, without any violent distortion of the configurations on

the surface from their real forms. As in the orthographic projection, the

borders of the hemisphere are unduly crowded together; in the stereo-

graphic, their projected dimensions are, on the contrary, somewhat enlarged

in receding from the centre.

(283.) Both these projections may be considered natural ones, inas-

much as they are really perspective reprcsentatidns of the surface on a

plane. Mcrcator's is entirely an artificial one, representing the sphere as

it cannot be seen from any one point, but as it might be seen by an eye

carried successively over every part of it. In it, the degrees of lomjitude,

and those of latitude, bear always to each other their due proportion : the

Fig. 43.

equator is conceived to be extended out into a straight line, and the meri-

dians are straight lines at right angles to it, as in the figure. ..Altogether,

the general character of maps on this projection is not very dissimilar to

what would be produced by referring every point in the globe to a circum-

scribing cylinder, by lines drawn from the centre, and then unrolling the

cylinder into a plane. Like the stereographic projection, it gives a true

representation, as to form, of every particular small part, but varies

greatly in point of scale in its difiFerent regions; the polar portions in

particular being extravagantly enlarged ; and the whole map, even of a

single hemisphere, not being comprisable within any finite limits.

(284.) V/e shall not of course, enter here into any geographical

details ; but one result of maritime discovery on the great scale iS; ao to
'

t...
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Hponk, vuhw'rc enough to oiiU for mention ns an ii8tronoini(M\l fouturo.

VVIion tho oonfcinonts nnd sons arc liiiil down on a globo (imd Ninoo tlui

(liM'ovory of AiiNtnilia and tho rocont addition to our antarctio knowlodgo

of Virtoria Land by Sir .1. C lloss, wo arc sure that no vory cxtonsivo

tracfn of Itnid rotnain unknown), wo find thiit it ih possiblo so to divichi

tho globo into two hoiuisphoron, (hat one shall contain ncarlif itHihr Imuh,

tho othor boing almost ontiroly sea. It is a faot, not a litllo intoniHling

to Knglidhmon, and, ooinbinod with our iuHular wtation iu that groat high-

way «>f nalionn, tho Atlantio, not a liltlo oxplanatory of our ooiiinioroial

ominonoo, that liondoit' oconpios noarly tho oontro of tho torrostriul honii-

sphoro. Af«tronomioally spoakitig, tho faot of tluH diviHibility of llio

globo into an oceanic and a terrestrial honiisiihoi'o is important, as domnn-

Mtrative of a want of abs(duto o(|nality in the density of tho Holid niMtc-

rial of ti.e two hennsphores. (^)n^*idering tho wh.ilo mass of land ami

water as in a state of rijuifilin'iivi, it is evident that the half which pni-

trndt's ninst of neoessity bo huof/anf ; not, of course, that wo mean (o

assert it to be lighter than ti'of<r, but, as oompared with the whole globe,

f>i a Ass ffiiftrr hcart'rr than that lluid. Wo leave to geologists to draw

from those promises their own eonolusions (twul we think thoiu obvious

oninij^h) a* to the internal eonslitntion of the globe, and tho inuiiodiati!

nature of (he fojves whieh sustain its continents at their actual elevation;

but in any futuiv investigations whieh n>ay have for their object to expljiin

the local deviations of the in(onsi(y of gravity, from what the hypolhesis

o( an exact oHiptie figure would rotpiiro, this, as u general fact, o\ight not

to be lost sight of

(•2Sr>,) Our knowledg(» of (he surfs'co of our globe is ineoniplcte, un-

less it include (he heights above (he sea level of every part of the land,

and ;bo ilopn'ssion of (he bod of (he ocean below (ho surfaeo over all it:-

extent. Tlie latter objoot is attainable (wifh whatever difiieully, and

howsoever slowly") by dinvt siMinding ; the former by (wo disdnct nuthoiLs

:

(he one ciinsisdng in (riguvunetrical nioasuremonl of tho diiVerencos

of level of all (he s(a(ions of a survey ; (ho odier, by (ho use of (lie

barometer, the principle e'." which is, in fact, identical with tiiat of tho

sounding line. In both cases we measure the distance of the point whose

level we would know frotn the surface of an cipiilibratod ocean : only iu

the one case it ia au ocean of water; in ihc other, of air. In tho ouo

' Mor«» cxnriJy. Fnlmouth. Tho crniral point of ilip lipininphoro wtiioh roatnin* llic

WRximiim ol Inml liUIn vory nortrly iiulooii upon iliii* port. "I'lio Innil in the opposiip

hcmi^phow, with oxoopiion of tho tnporinjt oxironiiiy of Si^uth Amoricn iimt the

s'rrii'rf pr-rriiijiiiif. of Mnlnrrn, if whoiiy invtiinr, nnd wore it not for Now liolhiiid

«'ould he qviito iimigniticant in nniount.
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OBHO our Hounding is rciil ntid tiingiblo ; in tlio other, an imaginary one,

HKianurotl by Iio Iciigtli of tlio column of quickBilvcr tbo «upcriucumbcut

air \H oapablo of counterbalancing.

('JH(>.) HuppoHO that instead of air, the earth and ocean were covered

with oil, atid that human life could HubHist under Huch circumHtancoH.

Let A IJ C J-) J*i bo a coutinont, of which tho portion A li (J projccta

riR. 44.

a

w ^^/U

abnvci tho water, but ih covered by the oil, which also floats at an uniform

(l(|iili on tho whole occ'in. Then if wo would know tho dopth of any

pdiiit 1) below the Hca-level, wo hi down a plummet from F. IJut, if

we wduld know the Iici^ht of \\ abovo the Hamo level, wo have only to

wild up a float IVoiu \\ to the Hurfaco of tho oilj and havm<j dimr. the,

Hdiiir <it (\ (I point at the, scd level, the difference of the tKo Jloiit lines

t/iiiH (lir hi'ijfht ill i/iislion,

(-ST.) Now, though tho aimosphoro diflcrs from oil in not having a

positive nurfare ecpially deliuite, and in not being capable of carrying up

any float !ide(|uato to such an use, yet it pOHSCHsea all tho properties of u

fluid really oHHcntial to 'ho purpose in view, and thi.s in particular,— that,

over the whole Hurfaee of the globe, its ntrnta of equal ti tixili/ KuppOHcd

ill u state of e(iuilibriuni, are parallel to tho surface of equilibrium, lu' to

\vli;it iniutd he the surface of tho sea, \{ prtihmijed under the eoutinenta,

and therefore each or any of them has all tho characters of u deflnitti

Hurl'iice to nuMisure from, provided it can bo aacertaincd and identified.

Now, the height at which, at any Htation li, tho mercury in a barometer

is .supported, informs uh at oner how much of tho atmosphere is incuni-

hi'iit on H, or, in other words, in what xtratiim of tho general atmosphcro

(indicated by its density) B is situated : whence wo are enabled finally t'#

conclude, by niechanieal reasoning,' at what height abovo the sea-levei

lliot diipre of dcuxiti/ is to be found over tho whole surface of the globe,

t^uch is the principle of tho application of tho barometer to the measure'

luciit of heights. For details, tho reader is referred to other works."

' Newton's Princip. ii. Prop. 22.

' iiioi, Asirotioniio I'liyHiiiiio, vol. iii. For tnMrs, bco tho work of Iliot cited. Also
ihoKc of Oltninnn, nnmiiilly I'lililishcd by tho Frcncli board of lotuiimdcs in their

Aiimmiro ; and Mr. Doily's collecion of .\strononiical Tabiui and Fortnulu).
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(2S8.) Wc will content oursclvcB horo with a general caution ngainst

an ijnplicit dcpcndonco on barometric measuromentH, except as a differ-

ential process, at stations not too reuioto from each other. They rely in

their application on the asMimption of n state of equilibrium in the ntmo-

sphorio strata over the wholo globe— which is very far from being their

actual state (art. 5i7.) Winds, especially steady and general currents

swooi)ing over extensive continents, undoubtedly Und to produce some

degree of conformity in the curvature of these strata to tiio ;/ntrral form

of the land-s(U'faco, and therefore to give an undue elevation to the mer-

curial coliiiiiu at Gomo points. On the other hand, the cxistKncc of

localities on the earth's surface where a p(!rmancnt dopiossion of the

buronioter prevails tc the astonishing extent of nearly an inch, has been

clearly proved by the observations of Krmann in Siberia and of Koss in

the Antarctic Fcas, and is probably a result of iho same cause, and may

be conceived iw complementary to an undue habitual elevation in other

regions.

(liSO.) Possessed of a Ivnowlcdgo of the height of stiitions above the

sea, wo may connect all stations at the same altitude by level lines, the

lowest of which will bo the outline of the sea-coast; and the rest will

mark out the successive coast-lines which would take place were the sea

to rise by regular and equal accessions of level over the whole W(^rld, till

the highest mountains were submerged. The bottoms of valltviJ, and tlio

ridge-lines of hills arc determined by their property of intersecting I'U

llioso level lines at right angles, and being, subject to that condition, the

shortest and longest, that is to sny, the steepest, and the most gently

sloping courses respectively which can be pursued from the summit k>

the sea. The former constitute the "watercourses" of a country; the

latter its lines of " water-shed" by which it is divided into distinct basins

of drainage. Thus originate natural districts of the most ineffnceablo

character, on which the distributiim, limits, and peculiarities of human

cojnmunities arc in a great i •usure depcndetit. The mean height of the

continent of ICunipe, or that height which its surface would have were all

inequalities levelled and the mountains spread equally over the plains, is

according to Humboldt (»7l Knglish feet; that of Asia, 1137; of North

America, 748; and of South America, 1151.

t rw"^^

:|
I



CONSTRUCTION OF CELESTIAL MAPS. 101

CHAPTER V.

OF URANOGRAniT.

CONSTRUOTION OF CELKHTIAL MAI'S AND fJLOnES BY OBSEUVATTONS

OF niOIIT AHCENSIOX AND DECLINATION.— CELESTIAL OBJECTS DIS-

TINdUISIIED INTO FIXED AND EIIHATIC. OF THE CONSTELLATIONS.

— NATURAL REfllONS IN THE HEAVENS.—THE MILKY WAY.— TIIR

ZODIAC,— OF THE ECLIPTIC.— CELESTIAL LATITUDE.S AND LONOI-

TL'DEH.— PRECESSION OF THE EQUINOXES.— NUTATION. ABERRA-

TION.—REFRACTION.— PARALLAX.—SUMMARY VIEW OF THE URANO-

GRAPHICAL CORRECTIONS.

('2110.) The determination of the relative situations of objects in the

heaven H, nnd the constru'ition of maps and glol)C8 which shall truly re-

prosi nt their mutual configurations as well as of catalogues which shall

prcsorvn a more precise numerical record of the position of each, is a task

lit oiico simpler and less laborious than that by which the surface of the

ciirtli is mapped and measured. Every star in the great constellation

wliicli !i[)pcars to revolve above us, constitutes, so to speak, a celestial sta-

tiou ; and among these stations wo may, as upon the earth, triangulate, by

tnoiisuriiig with proper instrument their angular distances from each

iitlur, which, cleared of the cflcet of refraction, arc then in a state for

iaviiig down on charts, as wo would the towns and villages of a country

:

iiiul this without moving from our place, at least for all the stars which

rise above our horizon.

(Ii!i1.) (Jreat exactness might, no doubt, be attained by this means,

iiml I'.xccllcnt celestial charts constructed j l)ut there is a far simpler and

onsior, and at the same time, innnitely more accurate course laid open to

UH if we take advantage of the earth's rotation on its axis, and by observ-

ing I'iii'h celestial object as it passes our meridian, refer it .separately and

inJi'pcudcntly to the celestial ccjuator, nnd thus ascertain its place on the

Hurfiice of an imaginary sphere, which may bo conceived to revolve with

It, nnd on which it mnv bo eonsidnrnd •»« npnioeted.

(20'J.) The right ascension and declination of a point in the hcavcn«

11
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corroHponJ to tlio longitmlo and liititiido of a fltiition on tlin ojirtli ; and

tlio pliu'o of a Htiir on tlio (udcstiiil splioro is deloniiincd, wlion llip former

clcinonts aro known, junt as that of a town on a map, by knowing tlio

latter. The groat advantages which tho method of meridian obHcrvation

possesses over that of triangtilation from star to star, are, then, 1st, Tliat

in it every star is observtnl in that point of its diurnal eom-se, when it is

best seen and least displaeed by refraction. 2dly, That the instniments

recpiired (the transit and meridian cirele) aro tho sini[)leHt and least liable

to error or derangement of any nsed by astronomers. .'Wly, That all the

observations can bo madj systematically, in regular succession, and with

oijual advantages ; there being here no qucHion about advantageous or

disadvantageous triangles, <.Ve. And, lastly, That, by adopting this

course, tho very quantifies which wo should otherwise have to calculate

by long nud tedious operations of spherical trigonometry, and which are

essential to tho formation of a catalogue, aro mado tho obj<Mts of innne-

diato measurement. It is almost needless to statu, then, that this is tho

course adopt^nl by astronomers.

(ijn;{.) To determine the right ascension of a celestial object, all that

is necessary is to observe tho moment of its meridian passage with a

transit instruniont, by a clock regulated to exact sidereal time, or rcdueeil

to such by applying its known error and rate. Tho raff may be obtained

by h>pcatod observatioin of tho sumo star at its successive meridian p:is-

sages. Tho error, however, requires a knowledge of tho (ijiiino.v, or

initial point from which all right ascensions in tho heavens reckon, su

loni!;iludes do on the earth from a first meridian.

('201.) Tho nature of this point will bo explained presently; but for

tho purposes of nranography, in so far as they concern only the actual

configurations of the stars iii(>r r,', a knowK'dge of tho equinox is not necos-

t^ary. The choice of the cqiiiuoK, aa a zero point of right ascensions, is

purely ar'ificial, and a natter of convcnienci^ ; but as on the (>artli, any

station (as a niitiou.il observatory) may bo chosen for an origin of loiigi-

tidos; so in uranogiMphy, any con.spicuous star might bo selected aa an

initial poiul from wl'iv.'h hour angles might be reckoned, and from Avhicli,

by merely observing ('Jfcmurii or infcmih of time, the situation of all

others might be deduced. In practice, these intervals aro alU'cted by

certain minute causes of inequality, which must bo allowed for, and

which will bo explained in their proper places.

(295.) The declinations of celostiul objects ore obtained, 1st, liy ob-

eorvation of their nundnui a/lifiidoi, with the mural or meridian circle,

ur other proper instruments. This requires a kmtwledgo of tho geogra-

phical latitude of the station of observation, \rhich itself is ouly to be
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obtainod hy colcHtial observation. 2dly, And more directly, by observa-

tion of tlioir ftolar dinfimrrs on the mural circle, as explained in art. 170,

wiiifli \h iiidopoiidont of any previous determinatioa of the latitude

of the station; neither, however, in this case, does observation give

dirtM!tly and itnincdiatc.y tiio exact declinations. The observations rc-

([uii'o to bo corrected, first for refraction, and moreover for those minute

ciiuscs of inequality which have been just alluded to in the case of right

nsconsionfl.

('I'M').) In this manner, then, may the places, one among the other, of

all celestial objectn bo ascertained, and maps and globes constru(!ted.

Now luiro arises a very important question. How far are these places

|t('iiiiiinont? Do those ptars and the greater luminaries of heaven prc-

Hcrvc for ev.r one invariable connectioa and relation of place intrr sf, an

if tlicy formed part of a solid though invisible firmament; and, '''•
• tli':

groat natural land-marks on the earth, presorve immutably tli • Minfi

tllstiinccH and Ix'arings each from the other? If so, the most ration.)

I

idea wo could form of the universe would bo that of an earth at absoluto

rest in the centre, and u hollow crysiallino sphere circulating round it,

anil carrying sun, moon, and stars along in its diurnal motion. If not,

wo must dismiss all such notions, and inquire individually into the dis-

tinct history of each object, with », view to discovering the laws of its

peculiar motions, and whether any and what other connection subsi.^tM

lictwocu them.

('J!)7.) So far is this, however, from being the case, that observations,

even of the most cursory nature, are sufficient to show that some, at least,

of the celestial bodies, and those the most conspicuous, are in a stvte of

continual change of place among tho rest. In the case of tho moon,

indeed, the change is so rapid and remarkable, that its alteration of situa-

tion with respect to such bright stars a? may happen to be near it ir.ny be

noticed any tine night in a few hours ; and if noticed on two successive

nights, cannot fail to strike tho most careless observer. With the sun,

too, the change of place among tho stars is constant and rapid ; though,

from the invisibility of stars to the naked eye in tii., day-time, it is rot so

roiulily recognized, and requires either tho use of telescopes and a?, i';».i*

instruments to measure it, or a longer continuance of observation to bo

struck with it. Nevertheless, it is only necessary to call to mind its

greater meridian .'.titude in summer than in winter, and the fact that tho

stars which como into view at night (and which are thereff '•o situated in

an Iioniisphero opposite to that occupied by tho sun, and having that

luminfiry for its centre) vary with the season of tho year, to perceive that

a grout change must have taken place in that interval in its relative situa-

I
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tion with respect to all the stars. Besides the sua and moon, too, tlury

are several other bodies, called planet^', which, for the most part, jijiipoai-

to the naked eye only as the largest and most brilliant stars, and \rlaich

offer the same phenomenon o" a coji.stant change of plac5 araonf: tho

stars; now approaching, and now receding from, p-ich of theiu as wo ttvxy

refer them to &', marks; and, some ir; longer, some in shori/ r pericu?,

making, like the sun and moon, the coraplctG tour of \hn heavoiiH.

(2r'\) These, however, are exceptiorvs Ic the gencr-u. rule. The innu-

raera>/lo in altitude of the stars which are distributed ovtii' tbf vault ;f the

heavci.Ki form a constellation, which preserver?, not only to tbo eye of Uic

ca^;^al obeiver. but to the nico examination of the astroniinot, a uni-

formity of aspect \''L'ich, when contrasted svith the perpetual chaiiiro in

the configuratioriH o' '•i-.o sun, moon, r.nd planets, may well be termed

invariable. It is iruo, irulecw, that, hy iho refinement of exact measure-

ments pvosecutv;<) from a-jt, - ) age, .some «mall changes of apparri'it place,

attributable li no illusion uwu to no terrestrial cause, have been detected

in nia.y of them. Such arc called, in a.4ronomy, the j)to^:)c/* motions of

the star.<^. But these are so exccssivel;' slow, that their accuinulatod

amount (evon in those stars for which they are greatest) lias been iiisuffi-

ci^iit, in the wliolc duration of astronomical history, to produce any

obvious or mateiial alteration in the appearance of the starry heavens.

''290.) This circumstance, then, establishes a broad distinction of the

heavenly bodies into two great classes' ;— the fixed, among which (unless

in a •: arse of observations continued for many years) no change of mutual

situatior. caa be detected; and the erratic, or wandering— (which is

implied in the word planet')— incliidirg the sun, moon, and planets, as

well as the singular class of bodies termed comets, in whose apparent

places among the sti'ra, and among each other, the observation of a few

days, or even hours, is sufliciont to exhibit an indisputable alteration.

(300.) Uranogiaphy, then, as it concerns the fixed celestial bodies (or,

as they lire usually called, the Jrxcd stars), is reduced to a simple marking

down of their relative places on a globe or on maps ; to the insertion on

<bat globe, in its due place in the great constellation of the stars, of the

p'llo of tht heavens, or the vanishing point of parallels to the earth's

axis; and of the equator and place of the equinox: points anl h- les

these, which, though artificial, and having reference entirely to .
• nth,

and therefore subject to all changes (if any) to which the earthV r, • .lay

be liable, are yet so conv( . <t in practice, that they Lu i led an

admission (with some oth ^ les and linos), sanctioned . •>• ./;p, in all

crlnhoB jind nlfinisnheros. The reader, however, will tnke i.- to keep

• IlXai'fjTijf , a wander' •.
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tliem separate in his mind, and to familiarize, himself with the idea rather

of two or more celestial globes, superposed and fitting on each other, on

OB", of which— a real one— are inscribed the stars; on the others those

\u\u<r tary noints, lines, and circles, which astronomers have devised for

thi :/ own uses, and to aid their calculations; and to accustom himself to

conceive in the latter or nrtificial spheres a capability of being shifted in

any manner upon tlic >uiface of the other; so that, should experience

de>r;'iistrate (as it doc.-.) that these artificial points and lines are brought,

by a slow motion of the earth's axis, or by other secular variations (as

they are called), to coincide, at very distant intervals of times, with dif-

lonnt stars, he may not bo unprepared for the change, and may have no

confusion to correct in his notions.

(801.) Of course we do not here speak of those uncouth figures and

outlines of men and monsters, which are usually scribbled over celestial

globes and maps, and serve, in a rude and barbarous way, to enable us to

talk of groups of stars, or districts in the heavens, by names which,

though absurd or puerile in their origin, have obtained a currency from

which it would be difficult to dislodge them. In so far as they have really (as

some have) any slight resemblance to the figures called up in imagination

by a view of the more splendid "constellations," they have a certain con-

venience ; but as they are otherwise entirely arbitrary, and correspond to no

«rt^(ra? subdivisions or groupings of the stars, astronomers treat them lightly,

or altogether disregard them,' except for briefly nnming remarkable stars, as

a Leonis, )3 Scorpii, &c. &c., by letters of the Greek alphabet attached to

them. The reader will find them on any celestial charts or globes, and may

compare them with the heavens, and there learn for himself their position.

(802.) There are not wanting, however, natural districts in the heavens,

which offer groat peouliarities of character, and strike every observer

:

such is the milJx'y way, that great luminous band, which stretches, every

evening, all across the sky, from horizon to horizon, and which, when

traced with diligence, and mapped down, is found to form a zone com-

pletely encircling (lie whole sphere, almost in a great circle, which is neither

!in hour circle, nor coineidon*^ with ni v other of our astronomical ejram-

mata. It is divided <.> . ;iart. of its course, sending off" a kind of

branch, which unit> .igain with the / • .Jn body, after remaining distinct

for about 150 d< . eees, within which it sutters an ii'^erro.ption in its con-

' This diBrcgard ic neither pupcrcilious nor cnuselesB. 1 i,o conateilnlionn seem lo

Imvo been nlinnst purposely iinni I nnd deiinontcii ;o chiiso na miicli confusion nnd

inconvt 'nee as possible. Innumernblo snakes twine tiirough long and contorted

areas oi the h' nvens, \.lierc no memory cnn R'!!ow (hem ; bears, lions, ."ind ttshes,

large and siniiii, ndiihcrn and souihorn, confuse nil luinienclature, \ u. A better ays

tern of constoUalions might have been a material help as an ar'iPcial memory.
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tiiniity. Tltiit iitiwarknlilo lolt Iiuh niniiihiiniul, frnin tlut oarlioHt iigcH, ilio

•lUtu) ivlati.v) Hitimtioii among Uiu Htai'N; und, wlioii "xainintHl iJiroiiglt

powt<''r»l toKiftoo|>«», i» found (wiindoi'fnl to roliito I) to voiiiiiHt. I'utlirlt/ nf

Htf.fH Hi'tittvird hjf miUiom, liko gliltoring dimt, ou tliu bluok ground of llio

gfuoral hoavouN. It >vill bo doNuribod nioru partiuulnrly in iho HubNcqucul

|)Oi-li«>n of tltin work.

(JJOU.) Anothur itnnarkablo rogion \\\ tlio boavcuiH is tho cm/inr, not,

from nu)' tiling poouliar in itH own oonNlitution, but from itn being the

nroii wittiiu wbiuh tlio apparont motions of tho Hun, moon, and all tlii>

gj-i'utor planotH uro oonlinod. To trai'O tho path of any ono of tlioMi>, ir is

only nooi>»«ary to aHcortuin, by uontinuod obaorvation, its plai-cs at huoccs-

sivo opoohs, and ontoring (ho.s(< upoji ttur map or 8ph(>ro in Hutticiont nniii-

Ih'r to form n sorios, not too far disjoined, to oonnoct thom bv linos fnun

point to point, as wo mark out tho oourso of a vossol at soa by niiipiiiin;

down its plaoo from day to day. Now when this is dono, it is found, liist,

tliiit. tho apparent path, or track, of tho sun on tho surfaoo of tho hoavciis,

is uo t>thor than an exact gn»at eirole \ f tho sphere whioh is t-allod (lir

fv/i)>th\ autl which is ini'linod to tho eipiinootial at an angle of about '2'\"

*JIS , iiiterseotii\g it at two opposite p.iiuts, oallod the equinoctial points, or

eipiiuoxos, a»>d which are tlistinguished from each other by the epithets

vernal ami autumnal ; tho vernal being that at which tho sun crosses tli(>

iV|uiniH<tial from smith to north; tho autumnal, when it quits tho northern

and etiters the southern heniisphere. Sccouilly, that the nuion and all

the planot-s pursue paths whit'h, in liko nninnor, encircle tho whole

heavens, but aiv m>t, like that of the sun, givat circles exactly retm-nin;;

int(> themselves and bisecting the sphere, but rather spiral curves of nui.h

complexity, and described with very unetpial velocities in their diftorciif

jvuts. They have all, howevi-r, this in common, that tho (jviural ifinr-

fioii of their motions is tho snuu> with that of tho sun, \'n. from vrnf to

<ii!if, that is to say, the coutniry to that in which both thoy and the staiN

appear to Ki carried by the diurnal motion of tho heavens ; and, more-

over, that they never deviate far from tho eclij>tie on cither side, en^ssing

and iverv^ssiug it at ivgular and equal intervals of time, and conliniiig

themselves within a r.ouo, or belt (the xiuli'iv already spoken of), extoml-

iug (^with certain exceptions among the smaller planets) not further than

8>> or 9'* oj» either side of the ecliptic.

^^;>01,) It would manitestly be useless to map down ou globes or chart,''

the apparent [vuhs o[' any of those bodies which never retrace the saiiio

e.'urse. and which, tiierefore, demonstrably, must occupy at some one mo-

luent or other of their history, every point in the area of that zone of tlio

noaveus within which they lu-e circumscribed. The appiuvut complieatiou

'^Ml'
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of tliolr inovomontH ririne (that of (,ho moon oxcoptod) from our viewing

tlioin from a ntation which in itmilf in motion, and would diHflpp(!ar, could

wn nhift our point of viow and oh«orvo tliom from tlio Hun. On the otlwir

Iitiml the apparent motion of tho nun in proHont/nd . to un under itn leant

iiivolvtui form, and is studied, from the Htation wo occupy, to the greatent

advantage. Ho that, independent of the importance of that luminar}' to

»j(4 in other reHpeots, it in hy the invcHtigation of the laws of itn motions

in the (IrHt itiHtance that we must riHO to a knowledge of those of all the

oMier hdtlies of our Bystem.

{\\{)[).) 'rh(' oeliptio, whieh is its apparent path among the stars, is tra-

/crsiMl hy it in tlio period eallcd the milorrnl, j/fur, which consists of

JKIf)* (')'' i>" IJ'O", reckoned in moan solar time or JKUJ* 0* 0» DO' reck-

oned in nidoroal time. The rcawon of this difference (and it is this which

coimtitutes tho origin of the difference hetween solar and sidereal time)

is, that m the sun's apparent annual motion amovr/ tho stars is performed

in a confniry direction to the apparent tfmrnnl motion of both sun and

stars, it comes to tho same thing as if the diurnal motion of tho sun were

80 nnuih »lnwrr than that of tho stars, or as if tho sun lagged behind

thorn in its daily course. When this has gone on for a whole year, tho

fiun will have fallen behind tho stars by a whole circumference of tho

lu'avons— or, in other words— in a year tho sun will have made fewer

(iiurniil revolutions, by one, than the stars. Ho that tho same interval of

time which is measured by MOfJ* (i"*, &c. of sidereal time, will be called

IJdf) days, (5 hours, &e , if reckoned in mean solar time. Thus, then, is

the proportion between tho mean solar and sidereal time established,

wliicli, rcthu'cd into a decimal fraction, is that of 1'00273791 to 1. Tho

moastnvniont of time by these different standards may bo compared to

that of space by the standard feet, or ells of two different nations; tho

proportions of which, onco settled and borne in mind, can never become

a source of error.

('50(5.) The position of the ecliptic among tho stars may, for our pre-

sent purpose, be regarded as invariable. It is true that this is not strictly

the cMsc ; and on comparing together its position at present with that

which it hold at tho most distant epoch at which we possess observations,

wo find evidences of a small change, which theory accounts for, and whr.do

nature will be hereafter explained j but that change is so excessively slow,

that for a great many . ivc years, or even for whole centuries, this

circle may bo regarded, i i loost ordinary purposes, as holding the same

positi' n .: tho sidereal heavens.

(I507 ) Tho jiohs of {he er(i/)f{r, like those of any other great circle

of the sphere, are opposite points on its surface, equidistant from the

:vt(*
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ecliptic in every direction. The ; rt -c" course not coincident with those

of the equinoctial, but reroovou Ti >n,> "t by an angular interval equal to

the inclination of the ecli]jt.io to ih . equinoctial (23° 28'), which is called

the obliquity of the ecliptic. In the next figure, if P ^ represent the

north and south poles (by which when used without qualification we al-

ways mean the poles of the equinortiul), and E A Q V the equinoctial,

VS AW the ecliptic, and K 7c, its poles— the spliP'-'-'al angle QVS is

the obliquity of the ecliptic, and is equal iu angular nieasuiv to F K or

S Q. If we suppose the sun's apparent motion to be in the direction

V S A W, V will be the vernal and A the autumnal equinox. S and W,
the two poias at which the ecliptic is most distant from the equinoctial,

are termed sot dices, because, when arrived there, the sun ceases to recede

from the equator, and (in that sense, so far as its motion in declination is

concerned) to stand still in the heavens. P, the point where the sun has

the greatest northern declination, is called the sun^mer, and W, that where

it is furthest south, the winter solstice. These epithets obviously have

their origin in the dependence of the seasons on the sun's declination,

which will be explained in the next chapter The circle E K P Q kp,

which passes through the poles of the ecliptic and equinoctial, is calle-i

the solstitial colure ; and a meridian drawn through the equinoxes, PV
j> A, the equinoctial colure.

(308.) Since the ecliptic holds a determinate situation in the starry

heavens, it may be employed, like the equinoctial, to refer the positions

<''w

y J
'

i"

of the stars to, by circles drawn through them from its poles, and there-

fore perpendicular to it. Such circles are termed, in astronomy, circles

of latitude— the distanoo of a .star from the ooli>it!c, reckoned on the circle

of latitude passing tlu-ough it, is called the latitude of the stars— and the
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arc of the ecliptic intercepted between the vernal equinox and this circle,

its longitude. In the figure, X is a star, 1* X R a circle of declination

drawn through it, by which it is referred to the equinoctial, and K X T a

circle of latitude referring it to the ecliptic— then, as V R is the right

ascension, and B, X the declination, of X, so also is V T its longitude, and

T X its latitude. The use of the terms longitude and latitude, in this

sense, Rcenis to have originated iu considering the ecliptic as forming a

kind of natural equator to tho heavens, as the terrostrial equator does to

the earth— the former holding an invariable position with respect to the

stars, as the latter does with respect to stations on the earth's surface.

The force of this observation will presently become apparent.

(30G ) Knowing the right ascension and ' clination of an object, we

may find its longitude and latitude, and vice cersd. This is a problem

of great use in physical astronomy— the following is its solution :— In

our last figire, E KPQ, the solstitial colure is of course 90° distant from

V, tho vernal equinox, which is one of its poles— so that V 11 (the right

ascension) being given, and also V E, the arc E R, and its measure, the

sphev! id angle EPR, or KPX, is known. In the spherical triangle

K PX, 'iicn, we have jriven, 1st, The side P K, which, being the distance

of the i" s of the ci
^
ac and equinoctial, is equal to the obll(juity of

the ecliptic ; 2d, The side P X, the polar distance, or the complement

of the ducli "on RXj and, 3d, the included angle KPXj and there-

fore, by spheiicul trigonometry, it is easy to find the other side K X, and

the remaining angks. Yow K X is the complement of the required lati-

tude X T, and the ai; P K X being known, and P K V being a right

angle (because S V ia 00°), the angle X K V becomes known. Now
this is no other than the measure of the longitude V T of the object.

The inverse problem is resolved by the same triangle, and by a process

exactly similar.

(310.) It is often of use to know the situation of the ecliptic in the visible

heavens at any instant; that is to say, the points where it cuts the horizon, and

the altitude of its highest point, or, as it is sometimes called, the nonagesimal

point of the ecliptic, as well as the longitude of this point on the ecliptic

itself from the equinox. These, and all juestions referable to the same

data and quaesita, are resolved by the spherical triangle Z P E, formed by

the zenith Z (considered as the pole of the horizon), the pole of the

equinoctial P, and the pole of the ecliptic E. The sidereal time being

given, and also the right ascension of the pole of the ecliptic (wliich is

always tho same, viz. ISi- O" 0'), the hour angle Z P E of that point is

known. Then, in this triangle we have given P Z, the colatitude ; P E,

the polar distance of the pole of the ecliptic, 23° 28', and the angle Z P E

in
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from which we may find, 1st, the side Z E, which is easily seen to bo

equal to the altitude of the nonagesimal point sought; and 2dly, the angle

P Z E, which ia the azimuth of the pole of the ecliptic, and which, there-

fore, being added to and subtracted from 90°, gives the azimuth of the

eastern and western intersections of the ecliptic with the horizon. Lastly,

the longitude of the nonagesimal point may be had, by calculating in the

same triangle the angle P E Z, which is its complement.

(311.) The angle of situation of a star is the angle included between

circles of latitude and of declination passing through it. To determine it

in any proposed case, we must resolve the triangle P S E, in which are

given P S, P E, and the angle S P E, which is the difference between the

star's right ascension and 18 hours ; from which it is easy to find the

angle P S E required. This angle is of use in many inquiries in physical

astronomy. It is called in most books on astronomy, the angle of j)ost-

tion, but this expression has become otherwise and more conveniently

appropriated. (See Art. 204.)

(312.) The same course of observations by which the path of the sun

among the fixed stars is traced, and the ecliptic marked out among them,

determines, of course, the place of the equinox V (Fig. art. 308) upon

the starry sphere, at that time—a point of great importance in practical

astronomy, as it is the origin or zero point of right ascension. Now,

when this process is repeated at considerably distant intervals of time, a

very remarkable phenomenon is observed ; viz. that the equinox does not

preserve a constant place among the stars, but shifts its position, travel-

ling continually and regularly, although with extreme slowness, hack-

yards, along the ecliptic, in the direction VW from east to w ost, or the

oontrary to that in which the sun appears to move in that ci'clo. As

the ecliptic and equinoctial are not very much inclined, this motion of the

\ 1 1
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equinox from east to west along the former, conspires (speaking generally)

with the diurnal motion, and carries it, with reference to that motion,

continually in advance upon the stars : hence it has acquired the name

of the precession of the eqttinoxes, because the place of the equinox among

the stars, at every subsequent moment, precedes (with reference to the

diurnal motion) that which it held the moment before. The amount of

this motion by which the equinox travels backward, or retrogrades (as it

is called), on the ecliptic, is 0° 0' 50-10" per annum, an extremely

minute quantity, but which, by its continual accumulation from year to

year, at last makes itself very palpable, and that in a way highly incon-

venient to practical astronomers, by destroying, in the lapse of a moderate

number of years, the arrangement of their catalogues of stars, and making

it necessary to reconstruct them. Since the formation of the earliest cata-

logue on record, the place of the equinox has retrograded already about

30°. The period in which it performs a complete tour of the ecliptic, is

25,868 years.'

(313.) The immediate uranographical effect of the precession of the

equinoxes is to produce a uniform increase of longitude in all the heavenly

bodies, whether fixed or erratic. For the vernal equinox being the initial

point of longitudes, as well as of right ascension, a retreat of this point

on the ecliptic tells upon the longitudes of all alike, whether at rest or in

motion, and produces, so far as its amount extends, the aj^pcarajice of a

motion in longitude common to all, as if the whole heavens had a slow

rotation round the poles of the ecliptic in the long period above mentioned,

similar to what they have in twenty-four hours round those of the equi-

noctial. This increase of longitude, the reader will of course observe and

bear in mind, is, properly speaking, neither a real nor an apparent move-

rtwit of the stars. It is a purely technical result, arising from the gradual

shifting of the zero point from which longitudes are reckoned. Had a

fixed star been chosen as the origin of longitudes, they would have been

invariable.

(314.) To form a just idea of this curious astronomical phenomenon,

however, we mu-st abandon, for a time, the consideration of the ecliptic,

as tending to produce confusion in our ideas ; for this reason, that the

stability of the ecliptic itself among the stars is (as already hinted, art.

306) only approximate, and that in consequence its intersection with the

equinoctial is liable to a certain amount of change, arising from its fluc-

tuation, which mixes itself with what is due to the principal uranogra-

phical cause of the phenomenon. This cause will becoiae at once appa-

' Incipiunt magni procedere menses.— Virgil, Pollio,
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rout, if, iuHlt'iid of ivpinliiig llm tM|ui«ii)x, wit lis our iittontioii on the polo

of lli(> (<t|uiiioi'lial, or llio vain,sl)iiig |iniitl. of tJui ourth'H nxiH.

(itl.').) 'I'lio pliico of thin ])oiiit aiiiou^ llio stars \h oasily (lol(M'iiiiiuMl at

noy o|Mi('li, liy tlio tiiost, diroct of all astroiiotnicul olmorvulioiiH, lliosn

villi tlio iiioritliau or iiiiiral cirohv \\y this iiistntiiiont wo uro onaltliuj lo

nscortain at ovory Mioiiu>iit. llio oxaot dislaiico of tlio polar point IVoiii any

tluvo or luoro stars, atid tlu'roforo to lay it. down, l»y triangulating from

tl\o»o Mtars, with unerring precision, on a cliart or glolic, witluuit llio

least refenM\et> to the position of the eeliptie, or to iiny ollior «'ir;li! nut

naturally eonneeled with it. Now, when this is done with jiroper dili-

gonoo and exactness, it residts that, although for short intervals of lime,

Hueh as a few days, the plaeo of Iho polo may ho regarded as not seiisihly

variaMo, yet in reality it i« in a state of eonstant, although exlrenu'ly

(tlow n\otion; nod, what is still more remarkable, this motion is not

uniform, hut eiuiiponnde<l o( one principal uniform, or nearly uniform,

part, !uid other smaller and sidtordinale periodical tluetualions : llin

former giving riso to tho phemuuemi of fiririKKion ; tho latter to nnolhcr

dislinet MienomtMion calied niifiiti<iii. Th I'llese two idienomena. it is true,

belong, thi'iuvtieallv speaking, to out* and the same geiu'ral heail, ;oid am

Julimalely eonueeted togethi r, forming p.art of u great and complicated

chain of ciMtscipienees th>wing tVom tlu> earth's rotation on its axis : hut.

it will he conducive to clearness at present to considor them separately.

(."iltV"! It is t'.mud, then, that in virtue of tho uniform part of tlic

motion o( (he pole, it descrihes a circle in (he heavens around the pole of

tho ecliptic as a centre, keeping constantly at tho same di.'-tancc of '2'.)'

»8' from it in a direction frouj east to west, and with such a velocity, (hat

tho annual angle ilc.xcrihcd hy it, in tiiis its imaginary orhit, is ;"»0 III";

eo that the whole circle would l«i> described by it in the above-meutioiied

jVi-iiHl »»t' J.">,S()S years. It is easy to jterci'ivc how such a motion of the

polo will give rise to the retrograde nutlion of tho equinoxes; for in tho

ligun\ art. lU^S, suppos- tho polo 1' in the jtrogress of its nmtion in the

small circle 1' O Z round K to oouio to 0, then, as the situation of the

inpiiuvvtiiil K V Q is deti>rmined by that of tho pole, this, it is evident,

must cause a displacement i>f tho ctpiimu'tial, which will take a new

situation, K l' Q. IHW distant in every part from tho now jiositiou of

tho polo. Tho point I', theret'ore, in which tho displaced oiiuinoctial will

intorseet tho ecliptic, »". f. tho displaced cipiinox, will lie on that side of

V, its original positiiMi, towards which the niodon of tho polo is dircctcil,

or to tho westwanl.

(JUT."^ The precossiou of tho oqninoxc.-* .hus conoeivod, consists "
.n,

in a real but very slow nii>tion of tho polo of tho heavens long !i(
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Htarrt, in ii Hiiiall cirdo round iho polo (»f t,lio cdiptlo. Now tli'iH cannot

Imppiin without |)ro(lu(;iiig corrosponling clmngoH in the a[)parcnt diurnal

motion of tho nplioro, and tlio aHpucfc which tho heavens inuHfc proHont at

very roinoto poriodH of history. The polo is nothing rnoro than the

vaniHliing point of tho eartli'H axis. Ah thin point, then, hiiH Huch a

motion us wo have doHcrihcd, it ncicenHarily followH that tho curtli'H nxh

muHt have a eonieul motion, in virtue of whioh it pointH HuccoHHivcly to

every part of tho small eireh) in qucHtion. Wo may form the host idea

of midi a motion by noticing a (diild'H l>eg-top, when it HpiiiH not upright,

or that aniUHing toy tho fe-to-tuni, whieh, when d(!lieateiy executed, and

nicely Itahmeed, beeonicH an elegant philosophical iiiHtruinent, and ex-

hibits, in the most beautiful manner, thu whole phenomenon. Tho

n'uiltr will tuko (laro not to confound the variation of tho jioHifioii, »/ th.<:

airlli'x axis hi, sjxirr. with a mere shifting of tho imaginary line about

wliicli it revolves, in its interior. The whole earth jmrticiputes in the

iniiliiin, and goes along with the axis as if it were really u bar of iron

(liivcn through it. That such is tho case is proved by the two great facts

:

Ist, lliat tho latitudes of pbices on tho earth, or their geographi<al situa-

tion with respect to tho poles, have undergone no perceptible change from

llio earliest ages. 2illy, that the s<!a maintains its level, which could not

bo tlic CISC if tho motion of tlus axis wore not accompanied with a motion

of the whole mass of tho earth.'

(Ills.) Tho visible offect of prcccs.sion on tho aspect of tho heavens

consists in tho appunnt approach of tome stars and constellations to tho

pule !iM(l recess of others. The bright star of the Lesser Hear, which wo

call the ])ole star, has not always been, nor will always continue to be,

our cvuosure : at the tinie of the construction of the earliest ca'alngues it

was lii" iVoni tho polo— it is now only P 24', and will approach yet

nearer, to within half a degree, after which it will again recede, and

slowly give jdaco to others, which will succeed in its coinpaui<inship to

the pole. After a lapse of about 1*J,00() years, the star a liyno, tho

hriglitest in tho northern hemisphere, will occupy the remarkable situa-

tion of a pole star approaching within about r»° of the polo.

(I>l!l.) At tho date of tho erection of tlu! ('5reat Pyramid of ("Jizeh,

which precedes by J1W70 year< (say 4000) tho present epoch, the longi-

tudes of all tho stars were less by 55° 45' than at present. (Jaleulating

' Lociil clmiiROB of tho sea level, nrJHing from purely geolojriral chucch, aro cnsiiy

disiiiiHiii!<|i(-(| from thnt (rencrnl uiid Byuicmatic nltoralion which a Bhiltinu of the a.xu
uf ruiuiiuM would givo riue to.
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from this datum' tho place of the pole of the heavens among the stars, it

will be found to fall near a Draconis ; its distance from that star being 3°

44' 25". This being the most conspicuous star in the immediate neigh-

bourhood was therefore the pole star at that epoch. And the latitude of

Gizeh being just 30° north, and consequently the altitude of the north

pole there also 30°, it follows that the star in question must have had at

its lower culmination, at Gizeh, an altitude of 26° 15' 35". Now it is a

remarkable fact, ascertained by the late researches of Col. Vyse, that of

the nine pyramids still existing at Gizeh, sis (including all the largest)

have the narrow passnges by which alone they can be entered, (all which

open out on the northern faces of their respective pyramids) inclined to

tho horizon downwards at angles as follows.

Ist, or Pyramid of Cheops 26° 41

2d, or Pyramid of Cephrrn 25 55

8d, or I'yramid of Myceriuus 26 2

4th, 27

6th, 27 12

9th, 28

Mean - 26 47

Of tho two pyramids at Abousscir also, which alone exist in a state of

sufficient preservation to admit of the inclinations of their entrance pas-

sages being determined, one has the angle 27° 5', the other 26°.

(320.) At the bottom of every one of those passages therefore, tho then

polo star must have been visible at its lower culmination, a circumstant'o

which can hardly bo supposed to have been unintentional, and was doubt-

less connected (perhaps superstitiously) with tho astronomical observation

of that star, of whose proximity to the polo at tho epoch of the erection

of these wonderful structures, wo arc thus furnished with a monumental

record of tho most imperishable natu.'c.

(1121.) The nutation of the earth's axis is a small and slow subordinate

gyratory movement, by whieli, if subsisting alone, the pole would describe

among the stars, in a period of about nineteen years, a minute ellipsis,

having its longer axis equal to 18"-5, and its shorter to 13"-74 ; the longer

being directed towards tho pole of tho ecliptic, and the shorter, of cuurse,

ut right angles to it. Tho consequence of this real motion of tlie pole is

' On this calculnlion the diminution of the obliquity of the ciiptic in the 4000 ycari

elopscd has no influence. Thnt diminution arises fnun n change in tho piunc of liie

earth's orhit, and has nothing to do wiili tho cimnge in the poiitioii of its axis, us re-

terrod to the starry sphere.
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an apparent approach and recess of all the stars in the heavens to the

pole in the same period. Since, also, th. place of the equinox on

the ecliptic is determined by the place of the pole in the heavens, the

same cause will give rise to a small alternate advance and recess of the

equinoctial points, by which, in the same period, both the longitudes and

the right ascensions of the stars will be also alternately increased and

dimini. hed.

(3*22.) Both these motions, however, although here considered sepa-

rately, subsist jointly ; and since, while in virtue of the nutation, the pole

IS describing its little ellipse of 18" -5 in diameter, it is carried by the

greater and regularly progressive motion of precession over so much of its

circlo round the pole of the ecliptic as corresponds to nineteen years,

—

that is to say, over an angle of nineteen times 50" •! round the centre

(wliich, in a small circle of 23° 28' in diameter, corresponds to G' 20",

as seen from the centre of the sphere) : the path which it will pursue in

virtue of the two motions, subsisting jointly, will be neither an ellipse

nor !in exact circle, but a gently undulated ring like that in the figure

(where, however, the undulations are much exaggerated). (See fj,
to art. 325.)

(o23.) These movements of precession and nutation are common to all

the celestial bodies, both fixed and erratic ; and this circumstance makes

it impossible to attribute them to any other cause than a real motion of the

earth's axis such as we have described. Did they only affect the stars,

they might, with equal plausibility, be urged to aris'j from a rca ' rotation

of the starry heavens, as a solid shell, round an uxii passing liirough the

polos of the ecliptic in 25,808 y^ars, and a real ecliptic gyration of (nat

axis in nineteen years: but since tujy also aflbct ihe sun, moon,, and pla-

nets, which, having motions independent of the general body uf the stars,

cannot without extravagance be supposed attached to the cclestiil concave,'

this idea falls to the ground ; and tbere only remains, then, a real motion

in the earth by which they can bo accounted for. It will be shown in a

subsequent chapter that they are necessary consequences of the rotation

of the earth, combined with its elliptical figure, and the unctjual attrac-

tion of the sun and moon on its polar and equatorial regions.

(:i24.) Uranographically considered, as affecting the apparent places of

the stars, they arc of the utmost importance in practical astronomy. When
we speak of the right ascension and declination of a celestial object, it

' This nrgumont, cogent as il is, Qri|uirc8 additional and declBive force frotii llie law

of nutnlion, which is dependent on the position, for the time, of the lunar orbit. II

Wf iitirihntc it to n real motion o^ iho rclesiinl sphere, we must then maintain thul sphere

to be kept in a constant state uf tremor by tiie motion if the moon.

1 I

Jl
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becomes necessary to stato what ejioch wo intend, and whether wo mean

iho mmn right ascension— cleared, that is, of tho periodical fluctuation in

its amount, which aris«s from nutation, or tho ajyimrcnt right ascension,

which, being reckoned from tho actual place of the vernal equinox, is

aflected by the periodical advance and recess of tho equinoctial point pro-

duced by nutation— and so of tho other olomonts. It is the practice of

astronomers to rcdiicr, as it is termed, all their observations, both of right

ascension und declination, to some common and convenient epoch— such

as tho beginning of tho year for temporary purposes, or of the decade, or

the century for more permanent uses, by subtracting from them the whole

effect of procession in the interval ; and, moreover, to divest them of tho

inlhienco of nutation by investigating and subducting the amount of

change, both in right ascension and declination, due to the displuceuicnt

of the pole from the centre to the circumference of the little ellipse above

mentioned. This last process is technically termed correcting or rqimthij

tho observation for nutation ; by which latter word is always understood,

in astronomy, tho getting rid of a periodical cause of fluctuation, and pre-

senting a result, not as it iras observed, but as it would havo been observed,

hud that cause of flucHiation had no existence.

(.'{l*;").) For these purposes, in tho present case, very convenient

formula" have been derived, and tables constructed. They are, however,

of too teeiiuicjil a character for this work; we shall, however, point out

the manner in which the investigation is conducted. It has been shown

in art. JJOO by what means tho right ascension and declination of an

object are derived from its longitude and latitude. Referring to the

tlgurc of that article, and supposing the triangle KPX orth()grai)liicalIy

projected on the plane of the ecliptic as in tho annexed flguro : in the

triangle K 1*X, KP is tho obliciuity of the ecliptic, KX the m-fotif'uh

(or complen'.ent of latitude), and the angle V K X tho ro-Ioiii/itiu/i' of tho

object X. Those are the data of our question, of which tho second is

constant, and the other two arc varied by tho cflfoct of precession and

nutation ; and their variations (considering the minuteness of the latter

eifect generally, and tho small number of years in compariso.i of tho

whole period of 25,8(58, for which wo ever reciuiro to estimate tho effect

of the former,) are of that order which may bo regarded ns infinitesimal

in geometry, and treated as such without fear of error. The whole ques-

tion, then, is reduced to this;— lu a spherical triangle KPX, in which

one side K X is constant, and an angle K, and adjacent side K P vary by

given infinitesimal changes of tho ]>osition of P : required tho changes

thence arising in tho other side P X, and the angle K P X. This is a

very simple and easy uroblera of sjtherical geometry, and being resolved,

1 ''S?
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it gives at once the reductions we are seeking ; for P X being the polar

distance of the object, and the angle K P X its right ascension pJua 90°,

their variations are the very quantities we seek. It only remains, then,

to express in proper form the amount of the precession and nutation in

longitude and latitmle, when their amount in right ascension ud declina-

tion will immediately bo obtained.

(32().) The precession in latidKlr. is zero, since the latitudes of objects

are not changed by it : that in longitude is a quantity proportional to the

time at the rate of 50"-10 per annum. With regard to the nutation in

hn(jltu<lr, and latitude, these are no other than the abscissa and ordinate

of the little ellipse in which the pole moves. The law of its motion,

however, therein, cannot be understood till the reader has been made

acquainted with the principal features of the moon's motion on which it

(lopnmls.

(:i'27.) Another consequence of what has been shown respecting pre-

cession and nutation is, that suhntd tune, as astronomers use it, i. c. as

reckoned from the transit of the equirioctial point, is not a mean or nut-

fonnhf jUmung quantiti/, being affected by nutation; and moreover, that

w reckoned, even when cleared of the periodical fluctuation of nutation,

it docs not stn'cfh/ correspond to the earth's diurnal rotation. As the sua

JoHcx one day in the year on the stars, by its <fircet motion in longitude

;

so the e(|uinox gains one day In 25,8(>8 years on them by its ntrograda-

t(on. Wo ought, therefore, as carefully to distinguish between mean and

apparent hidereal as between mean aud apparent ssulur time.

(32H.) Neither precession nor nutation changes the apparent places of

celestial objects inter sc. "We see them, so far as these causes go. a^ (heu

10 ** '
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are, though from a station more or less unstable, as we see distant land

objects correctly formed, though appearing to rise and fall when viewed

from the heaving deck of a ship in the act of pitching and rolling. But

there is an optical cause, independent of refraction or of perspective, which

displaces them one among the other, and causes us to view the heavens

under an aspect always to a certain slight extent false ; and whose in-

fluence must be estimated and allowed for before we can obtain a precise

knowledge of the place of any object. This cause is what is called the

ahorration of light ; a singular and surprising eflfect arising from this, that

we occupy a station not at rest but in rapid motion j and that the apparent

directions of the rays of light are not the same to a spectator in motion

as to one at rest. As the estimation of its effect belongs to uranography,

we must explain it here, though, in so doing, we must anticipate some of

the results to be detailed in subsequent chapters.

f?'^^.) Suppose a shower of rain to fall perpendicularly in a dead calm;

a pviison exposed to the chower, who would stand quite still and upright,

would receive the drops on his hat, which would thus shelter him, but if

he ran forward in any direction they would strike him in the face. The

effect would be the same as if he remained still, and a wind should arise

of the same velocity, and drift them against him. Suppose a ball let fall

from u point A above a horizontal Hue E F, and that at B were placed to

receive it the open mc''h of an inclin'^d hollow tube P Q; if the tube

were held immoveable the ball would strike on its lower side, but if the

tube weia carried forward in the direction E F, with a velocity properly

adjusted at every instant to that of the ball, vthWci pref^ervinu Its inclina-

tion to the horizon, so that when the bull in its natural descent reached

C, the tube should have been carried into thf) position 11 S, it is evident

that the ball would, throughout its whole descent, bo found in tho axis of
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the tube ; and a spectator referring to the tube the motion of the ball,

and carried along with the former, unconscious of its motion, would fancy

that the ball had been moving in thi inclined direction R S of the tube's

axis.

(330.) Our eyes and telescopes are such tubes. In whatever manner

we consider light, whether as an advancing wave in a motionless ether, or

a shower of atoms traversing space, (provided that in both cases we regard

it as absolutely incapable of suffering resistance or corporeal obstruction

from the particles of transparent media traversed by it,') if in the interval

between the rays traversing the object glass of the one or the cornea of

the other (at which moment they acquire that convergence which directs

them to a certain point in fixed space), and their arrival at their focus,

the cross wires of the one or the retina of the other, be slipped aside, the

point of convergence (which remains unchanged) will no longer corres-

pond to the intersection of the wires or the central point of our visual

area. The object then will appear displaced ; and the amount of tbi?

displacement is aberration.

(331.) The earth is moving through space with a velocity of about 19

miles per second, in an elliptic path round the sun, and is therefore

changing the direction of its motion at every instant. Light travels with

a velocity of 192,000 miles per second, which, although much greater than

that of the earth, is yet not infinitdi/ so. Time is occupied by it in

traversing ?ny space, and in that time the earth describes a space which U
to the former as 19 to 192,000, or as the tangent of 20"-5 to radius.

Suppose now A P S to represent a ray of light from a star at A, and let

the tube P Q be that of a telescope so inclined forward that the focus

formed by its object-glass shall be received upon its cross wire, it is

evident from what has been said, that the inclination of the tube must

be such as to make P R : S Q : : velocity of light : velocity of the earth :

:

1 : tan. 20"-5; and, therefore, the angle SPQ, or PC _!, by which the

axis of the telescope must deviate from the true direction of the star,

must be 20"-5.

(332.) A similar reasoning will hold good when the direction of the

earth's motion is not perpendicular to the visual ray. If S B be the true

' This condition is indispensnble. Without it wr fall into all those difficulties which

M. Doppler hns so well pointed out in \m paper on Aberration (Abhantilungen der k.

lioemisehen Gesellschaft der Wissenschafien. Folge V. vol. iii.). If light itself, or

the luminiferoua ether, be corpn-eal, the condition insisted on amounts to a formal sur-

render of the dogma, either of tho extension or of the impenetrability of matter ; at

least in the sense in which those terms have been hillierto used by metaphysicians.

At "he point to which science is arrived, )robably few will be found disposed to main

tain cither tL.> one or thn other.

^^^
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Fiij. 48.

' 'f " I

direction of the visual ray, and A C the position in which the telchcope

requires to be held in the apparent direction, we must still have the pro-

portion B C : B A : : velocity of light : velocity of the earth : : rad.

:

sine of 20" -5 (for in such small angles it matters not whether we use the

sines or tangents). But we have, also, by trigonometry, B C : B A :

:

sine of B A C ; sine of A C B or C B D, which last is the apparent dis-

placement caused by aberration. Thus it appears that the sine of the

aberration, or (since the angle is extremely small) the aberration itself, ig

proportional to the sine of tho angle made by the earth's motion in space

with the visual ray, and is therefore a maximum when the line of sight is

perpendicular •'- the direction of the earth's motion.

(333.) The uranographical effect of aberration, then, is to distort the

aspect of the heavens, causing all the stars to crowd as it were directly

towards that point in the heavens which is the vanishing point of all lines

parallel to that in which the earth is for the time moving. As the earth

moves round the sun in the plane of the ecliptic, this point must lie in

that plane, 90° in advance of the earth's longitude, or 90° behind the

sun's, and shifts of course continually, describing the circumference of the

ecliptic in a year. It is easy to demonstrate that the effect on each par-

ticular star will be to make it apparently describe a small ellipse in the

heavens, having for its centre the point in which the star would be seen

if the earth were at rest.

(334.) Aberration then affects the apparent right ascensions and decli-

nations of all the stars, and that by quantities easily calculable. The

formulae most convenient for that purpose, and which, systematically

embracing at the same time the corrections for precession and nutation,

enabli the observer, with the utmost readiness, to disencumber his obser-

vations of right ascension and declination of their influence, have been

constructed by Prof Bessel, and tabulated in the appendix to the first

volume of the Transactions of the Astronomical Society, where they will

be found accompanied with an extensive catalogue of the places, for 1830,

;T rX
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of the principal fixed stars, one of the ..st useful and best arranged works

of the kind which has ever appeared.

(335.) When the body from which the visual ray emanates is itself in

motion, an effect arises which is not properly speaking aberration, though

it is usually treated under that head in astronomical books, and indeed

confouuded with it, to the production of some confusion in the mind of

the student. The effect in question (which is independent of any theo-

retical views respecting the nature of light ') may be explained as follows.

The ray by which we see any object is not that which it emits at the

moment we look at it, but that which it did emit some time before, viz.,

the time occupied by light in traversing the interval which separates it

from us. The aberration of such a body then arising from the earth's

velocity must be applied as a correction, not to the line joining the earth's

place at the moment of observation with that occupied by the body at the

same moment, but at that antecedent instant when the ray quitted it.

Hence it is easy to derive the rule given by astronomical writers for the

case of a moving object. From the known laws of its motion and the

earilCs, calculate its ajyparent or relative angular motion in the time

taken hy light to traverse its distance from the earth. This is the total

amount of its apparent disj^lacement. Its effect is to displace the body

observed in a direction contrary to its apparent motion in the heavens.

And it is a compound or aggregate effect consisting of two parts, one of

which is the aberration, properly so called, resulting from ', ae composition

of the earth's motion with that of light, the other belt what is not

inaptly termed the Equation of light, being the allowance to be made for

the time occupied by the light in traversing a variable space.

(336.) The complete Reduction, as it is called, of an astronomical

observation consists in applying to the place of the observed heavenly

body as read off on the instruments (supposed perfect and in perfect

adjustment) five distinct and independent corrections, viz. those for

refraction, parallax, aberration, precession, and nutation. Of these the

correction for refraction enables us to declare what would have been the

' The results of the undulatory and corpuscular theories of light, in the matter of

aberration are, in the main, the same. We say in the main. There .j however, a

minute difference even of numerical results. In the undulatory doctrine, the propa-

gation of light takes place with equal velocity in all directions, whether the lununary

be at rest or in motion. In the corpuscular, with an excess of velocity in the direc-

tion of the motion over that in the contrary equal to twice the velocity of the body's

motion. In the cases, then, of a body moving with equal veloci.y directly to and direct

ly from the earth, the aberration will be alike on the undulator; nif different on thy

corpuscular hypothesis. The utmost difference which can ar -;: '.v this cause in our

tyitem cannot amount to above six thousandths of a second.

i%
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observed place, were there no atmosphere to displace it. That for vumjI

lax enables us *c say from its place observed at the surface of the cuiiu

where it would have been seen if observed from the centre. That foi

aberration, where it would have been observed from a motionless, instead

of a moving station : while the corrections for precession and nutation

refer it to fixed and determinate instead of constantly varying celestial

circles. The great importance of these corrections, which pervade all

astronomy, and have to be applied to every observation before it can be

employed for any practical or theoretical purpose, renders this recapitula-

tion far from superfluous.

(337.) Refraction has been already sufficiently explained. Art. 40, and

it is only, therefore, necessary here to add that in its use as an astronomi-

cal correction its amount must be applied in a contrary sense to that ia

which it afiFects the observation; a rciunk equally applicable to all other

corrections.

(338.) The general nature of parallax or rather of parallactic motion

has also been explained in Art. 80. But parallax in the uranographical

sense of the word has a more technical meaning. It is understood to

express that optical displacement of a body observed which is due to its

beiug observed, not froai ihat point which we have fixed upon as a con-

ventional central sta'iou (fivm which we conceive the apparent motion

would be more sinf\i in hs laws,) but from some other station remote

from such coiiventioud centre : not from the centre of the earth, for

instance, but from its surfUce : not from the centre of the sun (which, as

we shall hereafter see, is for some purposes a preferable conventional

station), but from that of the earth. In the former case this optical dis-

placement is called the diurnal or geocentric parallax ; in the latter the

annual or heliocentric. In either case parallax is the correction to bo

applied to the apparent place of the heavenly body, as actually seen from

the station of observation, to reduce it to its place as it would have been

seen at that instant from the conventional station.

(339.) The diurnal or geocentric parallax at any place of the earth's

surface is easily calculated if we know the distance of the body, and, vice

versdy if we know the diurnal parallax that distance may be calculated.

For supposing S the object, C the centre of the earth, A the station of

observation at its surface, and C A Z the direction of a perpendicular to

the surface at A, then will the object be seen from A in the direction A
S, and its apparent zenith distance will be Z A S ; whereas, if seen from

The centre, it will appear in the direction C S, with an angular distance

from the zenith of A equal to Z C S; so that ZAS— ZCSorASC
is the parallax. Now since by trignometry C S : C A : : sin C A S
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= sin Z A S : sin A S C, it follows that the sine of the parallax

_ Ra(''us of earth ^ • y A <a

Distance of body

(340.) The diurnal or geocentric parallax, therefore, at a given place,

and for a given distance of the body observed, is proportional to the sine

of its appareni. zenith distance, and is, therefore, the greatest when the

body is observed in the act of rising or setting, in which case its parallax

is called its horizontal parallax, so that at any other zenith distance,

parallax = horizontal parallax X sine of apparent zenith distance, and

since A C S is always less than Z A S it appears that the application of

the reduction or correction for parallax always acts in diminution of the

apparent zenith distance or increase of the apparent altitude or distance

from the Nadir, i. e. in a contrary sense to that for refraction.

(341.) In precisely the same manner as the geocentric or diurnal

parallax refers itself to the zenith of the observer for its direction and

quantitative rule, so the heliocentric or annual parallax refers itself for itg

law to the point in the heavens diametrically opposite to the place of the

sun as seen from the earth. Applied as a correction, its eflFect takes place

in a plane passing through the sun, the earth, and the observed body.

Its effect is always to decrease its observed distance from that point or to

increase its angular distance from the sun. And its sine is given by the

relation, Distance of the observed body from the sun : distance of the

earth from the sun : : sine of apparent angular distance of the body from

the sun (or its apparent elomjatioii) : sine of heliocentric parallax.'

' This account of the law of heliocentric parallax is in anticipation of what follows in

a subsequent chapter, and will be better understood by the student when somewhat
farther advanced.

I., 'iitU
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(342.) On a summary view of the whole of the uranographical correc

tioDS, they divide themselves into two classes, those which do, and those

which do not, alter the apparent configurations of the heavenly bodies

inter se. The former are real, the latter technical corrections. The real

corrections are refraction, aberration and parallax. The technical are pre-

cession and nutation, unless, indeed, we choose to consider parallax as a

technical correction introduced with a view to simplification by a better

choice of our point of sight.

(343.) The corrections of the first of these cheses have one peculiarity

in respect of their law, common to them all, which the student of prac-

tical astronomy will do well to fix in his memory. Th^ all refer them-

selves to definite apexes or points of convergence in tha sphere. Thus,

refraction in its apparent effect causes all celestial objects to draw together

or converge towards the zenith of the observer: geocentric parallax,

towards his Nadir : heliocentric, towards the place of the sun in the

heavens : aberration towards that point in the celestial sphere which is

the vanishing point of all lines parallel to the direction of the earth's

motion at the moment, or (as will be hereafter explained) towards a point

in the great circle called the ecliptic, 90° behind the sun's place iu that

circle. When applied as corrections to an observation, these c'lrections

are of course to be reversed.

(344.) In the quantitative law, too, which this class of corrections

follow, a liko agreement takes place, at least as regards the geocentric and

heliocentric parallax and aberration, in all three of which the amount of

the correction (or more strictly its sine) increases in the direct proportion

of the sine of the apparent distance of the observed body from the apex

appropriate to the particular correction in question. In the case of re-

fraction the law is less simple, agreeing more nearly with the tangent than

the sine of that distance, but agreeing with the others in placing the

maximum at 90° from its apex.

(345.) As respects the order in which these corrections arc to bo

applied to any observation, it is as follows : 1. Refraction; 2. Aberration;

8. Qcocentric Parallax ; 4. Heliocentric I'arallax ; 5. Nutation ; 6. Pre-

cession. Such, at least, is the order in theoretical strictness. But as tho

amount of aberration and nutation is in all cases a very minute quantity,

it matters not iu what order they are applied ; so that for practical conve-

nience they are always thrown together with the precession, and applied

after the others.
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CHAPTER VI.
*

,
" OF THE sun's MOTION.

APPARENT MOTION OF THE SUN NOT UNIFORM. — ITS APPARENT

DIAMETER ALSO VARIABLE.— VARIATION OF ITS DISTANCE CON-

CLUDED.— ITS APPARENT ORBIT AN ELLIPSE ABOUT THE FOCUS.

— LAW OF THE ANGULAR VELOCITY.— EQUABLE DESCRIPTION OF

AREAS.— PARALLAX OF THE SUN.— ITS DISTANCE AND MAGNI-

TUDE.— COPERNIOAN EXPLANATION OF THE SUN's APPARENT

MOTION.— PARALLELISM OF THE EARTH'S AXIS.— THE SEASONS.

— HEAT RECEIVED FROM THE SUN IN DIFFERENT PARTS OF THE

ORBIT.— MEAN AND TRUE LONGITUDES OF THE SUN.— EQUATION

OF THE CENTRE.—SIDEREAL, TROPICAL, AND ANOMALISTIC YEARS.

— PHYSICAL CONSTITUTION OF THE SUN.— ITS SPOTS.— FACUL^.

— PROBABLE NATURE AND CAUSE OF THE SPOTS.— ATMOSPHERE

OF THE SUN.— ITS SUPPOSED CLOUDS.— TEMPERATURE AT ITS

SURFACE.— ITS EXPENDITURE OF HEAT.— TERRESTRIAL EFFECTS

OF SOLAR RADIATION.

(346.) In the foregoing chapters, it bos been shown that the apparent

of the Bun is a great circle of the sphere, which it performs in a

period of one sidereal year. From this it follows, that the line joining

the earth and sun lies constantly in one plane; and that, therefore,

whatever be the real motion from which this apparent motion arises, it

must be confined to one plane, which is called the plane of the ecliptic.

(347.) We have already seen (art. 146) that the sun's motion in right

aBcension among the stars is not uniform. This is partly accounted for

by the obliquity of the ecliptic, in consequence of which equal variations

in longitude do not correspond to equal changes of right ascension. But
if we observe the place of the sun daily throughout the year, by the

transit and circle, and from these calculate the longitude for each day, it

will still be fouud that, even in its own proper path, its apparent angular

motion is far from uniform. The change of longitude in twouty-four

mcun solar hours avcra</e» 0° 59' 8 18; but about the Slst of Decern*
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ber it amounts to P 1' 9"-9, and about the Ist of July is only 0® 57'

ir'-5. Such are the extreme limits, and such the mean value of the

sun's apparent angular velocity in its annual orbit.

(348.) This variation of its angular velocity is accompanied \rith a

corresponding change of its distance from us. The change of distance is

recognized by a variation observed to take place in its apparent diameter,

when measured at different seasons of the year, with an instrument

adapted for that purpose, called the heliometer,^ or, by calculating from

the time which its disc takes to traverse the meridian in the transit

instrument. The greatest apparent diameter corresponds to the 1st of

December, or to the greatest angular velocity, and measures 32' 35"-6,

the least is 31' 31"-0; and corresponds to the 1st of July; at which

epochs, as we have seen, the angular motion is also at its extreme limit

either way. Now, as we cannot suppose the sun to alter its real size

periodically, the observed change of its apparent size can only arise from

an actual change of distance. And the sines or tangents of such small

arcs being proportional to the arcs themselves, its distances from us, at

the above-named epoch, mtist be in the inverse proportion of the apparent

diameters. It appears, therefore, that the greatest, the mean, and the

least distances of the sun from us are in the respective proportions of the

numbers 101679, 1.00000, and 0-98321; and that its apparent angular

velocity dijiinishes as the distance increases, and vice versd.

(349.) It follows from this, that the real orbit of the sun, uj referred

to the earth supposed at rest, is not a circle with the earth in tb !re.

The situation of the earth within it is excentric, the excentricu'/^ .int-

ing to 001679 of the mean distance, which may be regarded as our unit

of measure in this inquiry. But besides this, the /orm of the orbit is

not circular, but elliptic. If from any point 0, taken to represent the

earth, we draw a line, A, in some fixed directioc, from which we then

Fig. 61.

Bot off a series of angles, A B, A 0, &o. equal to the observed longi-

tudes of the sun throughout the year, and in these respective directionr

' 'HXwf the lun, and lUTfun to meMure.
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measure off from the distances A, B, C, &c. representing the

distances deduced firom the observed diameter, and then connect all the

extremities A, B, 0, &o. of these lines by a continuous curve, it is evident

this will be a correct representation of the relative orbit of the sun about

the earth. Now, when this is done, a deviation from the circular figure

in the resulting curve becomes apparent; it is found to be evidently longer

than it is broad— that is to say, elliptic, and the point to occupy, not

the centre, but one of the foci of the ellipse. The graphical process here

described is sufficient to point out the general figure of the curve in ques-

tion ; but for the purposes of exact verification, it is necessary to recur to

the properties of the ellipse,' and to express the distance of any one of

its points in terms of the angular situation of that point with respect to

the longer axis, or diameter of the ellipse. This, however, is readily

done ; and when numerically calculated, on the supposition of the excen-

tricity, being such as above stated, a perfect coincidence is found to

subsist between the distances thus computed, and those derived from the

measurement of the apparent diameter.

(350.) The mean distance of the earth and sun being taken for unity,

the extremes are 1*01679 and 0-98321. But if we compare, in like

manner, the mean or average angular velocity with the extremes, greatest

and least, we shall find these to be in the proportions of 1-03386, 1-00000,

and 0-96670. The variation of the sun's angular velocity, then, is much

greater in proportion than that of its distance— fully twice as great ; and

if we examine its numerical expressions at different periods, comparing

them with the mean value, and also with the corresponding distances, it

will be found, that, by whatever fraction of its mean value the distance

exceeds the mean, the angular velocity will fall short of its mean or ave-

rage quantity by very nearly twice as great a fraction of the latter, and

vice versd. Hence we are led to conclude that the angular velocity is in

the inverse proportion, not of the distance simply, but of its square ; so

that, to compare the daily motion in longitude of the sun, at one point,

A, of its path, with that at B, we must state the proportion thus :
—

OB' : A' : : daily motion at A : daily motion at B. And this is

found to be exactly verified in every part of the orbit.

(351.) Hence we deduce another remarkable conclusion— viz. that if

the sun be supposed really to move around the circumference of this

ellipse, its actual speed cannot be uniform, but must be greatest at its

least diiitance and less at its greatest. For, were it uniform, the apparent

' See Conio Sections, by the Rev. H. P. Hamilton, or any other of the very

numerous works on this subject.

Ill I
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angular velocity would be, of course, inversely proportional to the distance

;

simply because the same linear change of place, being produced in the

same time at different distances from the eye, must, by the laws of per-

spective, correspond to apparent angular displacements inversely as those

distances. Since., then, observation indicates a more rapid law of varia-

tion in the angular velocities, it is evident that mere change of distance,

unaccompanied with a change of actual speed, is insufficient to account for

it ; and that the increased proximity of the sun to the earth must be

accompanied with an actual increase of its real velocity of motion along

its path.

(352.) This elliptic form of the sun's path, the excentrio position of

the earth within it, and the unequal speed with which it is actually

traversed by the sun itself, all tend to render the calculation of its longi-

tude from theory (t. e. from a knowledge of the causes and nature of its

motion) difficult ; and indeed impossible, so long as the law of its actual

velocity continues unknown. This law, however, is not immediately

apparent. It does not come forward, as it were, and present itself at once,

like the elliptic form of the orbit, by a direct comparison of angles and

distances, but requires an attentive consideration of the whole scries of

observations registered during an entire period. It was not, therefore,

without much painful and laborious calculation, that it was discovered by

Kepler (who was also the first to ascertain the elliptic form of the orbit),

and announced in the following terms :— Let a line be always supposed

to connect the sun, supposed in motion, with the earth, supposed at rest

;

then, as the sun moves along iis ellipse, this line (which is called iu astro-

nomy the radius vector) will describe or sweq) over that portion of the

whole area or surface, of the ellipse which is included between its conscc

utive positions : and the motion of the sun will be such that equal areas

are thus swept over by the revolving radius vector in equal times, in what-

ever part of the circumference of the ellipse the sun may be moving.

(353.) From this it necessarily follows, that in unequal times, the areas

described must be proportional to the times. Thus, in the figure of art.

849, the time in which the sun moves from A to B, is to the time in

which it moves from C to D, as the area of the elliptic sector A B is to

the area of the sector DOC.
(354.) The circumstances of the sun's apparent annual motion may,

therefore, be summed up as follows :—It is performed in an orbit lying in

one plane passing through the earth's centre, called the plane of the ecliptic,

and whose projection on the heavens is the great circle so called, li this

plane, however, the actual path is not circular, but elliptical ; having the

earth, not iu its centre, but in one focus. The excentrioity of this ellipse
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is 001670, in parts of a unit equal to the mean distance, or JioXf the

longer diameter of the ellipae; i. e. about one sixtieth part of that semi-

diameter; and the motion of the sun in its oircumferenoe is so regulated,

that equal areas of the ellipse are passed over by the radius vector in

equal times.

(855.) What we have here stated supposes no knowledge of the sun's

actual distance from the earth, nor, consequently, of the actual dimen-

sioDS of its orbit, nor of the body of the sun itself. To come to any

conclusions on these points, we must first consider by what means we can

arrive at any knowledge of the distance of an object to which we have no

access. Now, it is obvious, that its parallax alone can afford us any in-

formation on this subject. Suppose P A B Q to represent the earth, G
its centre, and S the sun, and A, B two situations of a spectator, or,

which comes to the same thing, the stations of two spectators, both ob-

serving the sun S at the same instant. The spectator A will see it in the

direction A S a, and will refer it to a point a in the infinitely distant

sphere of the stars, while the spectator B will see it in the direction B S &,

and refer it to h. The angle included between these directions, or the

Fig. 62.

measure of the celestial are a b, by which it is displaced, is equal to the

angle A S B ; and if this angle be known, and the local situations of A
and B, with the part of the earth's surface A B included between them,

it is evident that the distance C S may be calculated. Now, since A S

(art. 339) is the parallax of the sun as seen from A, and B S C as seen

from B, the angle A S B, or the total apparent displacement is the sum

of the two parallaxes. Suppose, then, two observers— one in the

northern, the other in the southern hemisphere— at stations on the same

meridian, to observe on the same day the meridian altitudes of the sun's

centre. Having thence derived the apparent zenith distances, and cleared

them of the effects of refraction, if the distance of the sun were equal

to that of the fixed stars, the sum of the zenith distances thus found

would be precisely equal to the sum of the latitudes njrth and south of

the places of observation. For the sum in question would then be equal
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to the angle ZCX, which is the meridional distance of the stations

across the equator. But the effect of parallax being in both cases to in-

crease the apparent zenith distances, their observed sum will be greater

than the sum of the latitudes, by the sum of the two parallaxes, or by the

angle A S B. This angle, then, is obtained by subducting the sum of

the north and south latitudes from that of the zenith distances ; and this

once determined, the horizontal parallax is easily found, by dividing the

angle so determined by the sum of the sines of the two latitudes.

(356.) If the two stations be not exactly on the same meridian (a con-

dition very difficult to fulfil), the same process will apply, if we take care

to allow for the change of the sun's actual zenith distance in the interval

of time elapsing between its arrival on the meridians of the stations. This

change is readily ascertained, either from tables of the sun's motion,

grounded on the experience of a long course of observations, or by actual

observation of its meridional altitude on several days before and after that

on which the observations for parallax are taken. Of course, the nearer

the stations are to each other in longitude, the less is this interval of time,

and, consequently, the smaller the amount of this correction ; and, there-

fore, the less injurious to the accuracy of the final result is any uncertainty

in the daily change of zenith distance which may arise from imperfection

in the solar tables, or in the observations made to determine it.

(357.) The horizontal parallax of the sun has been concluded from

observations of the nature above described, performed in stations the most

remote from each other in latitude, at which observatories have been in-

stituted. It has also been deduced from other methods of a more refined

nature, and susceptible of much greater exactness, to be hereafter de-

scribed. Its amount so obtained, is about 8"-6. Minute t^s this quan-

tity is, there can be no doubt that it is a tolerably correct approximation

to the truth ; and in conformity with it, we must admit the sun to be

situated at a mean distance from us, of no less than 28984 times the

length of the earth's radius, or about 95000000 miles.

(358.) That at so vast a distance the sun should appear to us of the

size it does, and should so powerfully influence our condition by its heat

and light, requires us to form a very grand conception of its actual mag-

nitude, and of the scale on which those important processes are carried on

within it, by which it is enabled to. keep up its liberal and unceasing

supply of these elements. As to its actual magnitude we can be at no

loss, knowing its distance, and the angles under which its diameter appears

to us. An object, placed at the distance of 95000000 miles, and sub-

tending an angle of 82' 8'', must have a real diameter of 882000 miles.

Such, then, is the diameter of this stupendous globe. If we compare it
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mth what we have already ascertained of the dimensions of oar own, we
shall find that in linear magnitude it exceeds the earth in the proportion

111^ to 1, and in bulk in that of 1384472 to 1.

(359.) It is hardlj possible to avoid associating our conception of an

object of definite globuhr figure, and of such enormous dimensions, with

some corresponding attribute of massiveness and material solidity. That

the sun is not a mere phantom, but a body having its own peculiar struo*

tare and economy, our telescopes distinctly inform us. They show us

dark spots on its surface, which slowly change their places and forms, and

by attending to whose situation, at different times, astronomers have ascer-

tained that the sun revolves about an axis nearly perpendicular to the

plane of the ecliptic, performing one rotation in a period of about 25 days,

and in the same direction with the diurnal rotation of the earth, i. e. from

west to east. Here, then, we have an analogy with our own globe ; the

slower and more majestic movement only corresponding with the greater

dimensions of the machinery, and impressing us with the prevalence of

similar mechanical laws, and of, at least, such a community of nature as

the existence of inertia and obedience to force may argue. Now, in the

exact proportion in which we invest our idea of this immense bulk with

the attribute of inertia, or weight, it becomes difficult to conceive its circu-

lation round so comparatively small a body as the earth, without, on the

one hand, dragging it along, and displacing it, if bound to it by some in-

visible tie ; or, on the other hand, if not so held to it, pursuing its course

alone in space, and leaving the earth behind. If we connect two solid

masses by a rod, and fling them aloft, we see them circulate about a point

between them, which is their common centre of gravity ; but if one of

them be greatly more ponderous than the other, this common centre will

be proportionally nearer to that one, and even within its surface ; so that

the smaller one will circulate, in fact, about the larger, which will be com-

paratively but little disturbed from its place.

(360.) Whether the earth move round the sun, the sun round the

earth, or both round their common centre of gravity, will make no dif-

ference, so far as appearances are concerned, provided the stars be sup-

posed sufficiently distant to undergo no sensible apparent parallactic

displacement by the motion so attributed to the earth. Whether they are

so or not must still be a matter of inquiry ; and from the absence of any

measurable amount of such displacement, we can conclude nothing but

this, that the scale of the sidereal universe is so great, that the mutual

orbit of the earth and sun may be regarded as an imperceptible point in

comparison with the distance of its nearest members. Admitting, then,

in conformity with the laws of dynamics, that two bodies connected with

tm
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and revolving about each other in free space do, in fact, revolve about their

common centre of gravity, which remains immoveable by their mutual

action, it becomes a matter of further inquiry, whereahovU between them

this centre is situated. Mechanics teach us that its place will divide their

mutual distance in the inverse ratio of their weighta or mcates;^ and

calculations grounded on phenomena, of which an account will be given

further on, inform us that this ratio, in the case of the sun and earth, is

actually that of 854986 to 1,— the sun being, in that proportion, more

ponderous than the earth. From this it will follow that the common point

about which they both circulate is only 267 miles from the sun's centre,

or about
-j-s^xf^^ P^^ ^^ ^^ °^^ diameter.

(361.) Henceforward, then, in conformity with the above statements,

and with the Copemican view of our system, we must learn to look upon

the sun as the comparatively motionless centre about which the earth per-

forms an annual elliptic orbit of the dimensions and ezcentricity, and with

a velocity, regulated according to the law above assigned ; the sun occu-

pying one of the foci of the ellipse, and from that station quietly dissemi-

nating on all sides its light and heat ; while the earth travelling round it,

and presenting itself differently to it at different times of the year and

day, passes through the varieties of day and night, summer and winter,

which we enjoy.

(362.) In this annual motion of the earth, its axis preserves, at all

times, the same direction as if the orbitual movement had no existence;

and is carried round parallel to itself, and pointing always to the same

—

Q

rf-,.

vanishing point in the sphere of the fixed stars. This it is which gives

rise to the variety of seasons, as we shall now explain. In so doing, we

shall neglect (for a reason which will be presently explained) the ellipticity

of the orbit, and suppose it a circle, with the sun in the centre.

a * Prinoipia, lib. i. l«x. iii. cor. 14. • *
'.
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(363.) Let, then, S represent the sun, and A, B, C, D, four positions

of the earth in its orbit 90° apart, viz. A that which it has on the 2l8t

of March, or at the time of the vernal equinox ; B that of the 21st of

June, or the summer solstice; C that of the 21st of September, or the

autumnal equinox; and D that of the 21st of December, or the winter

solstice. In each of these positions let PQ represent the axis of the

earth, about which its diurnal rotation is performed without interfering

with its annual motion in its orbit. Then, since the sun can only en-

lighten one half of the surface at once, viz. that turned towards it, the

shaded portions of the globe in its several positions will represent the

dark, and the bright, the enlightened halves of the earth's surface in these

positions. Now, 1st, in the position A, the sun is vertically over the

intersection of the equinoctial F E and the eclipticH Ot. It is, therefore,

in the equinox ; and in this position the poles P Q, both fall on the ex-

treme confines of the enlightened side. In this position, therefore, it is

day over half the northern and half the southern hemisphere at once

;

and as the earth revolves on its axis, every point of its surface describes

half its diurnal course in light, and half in darkness ; in other words, the

duration of day and night is here equal over the whole globe : hence the

term equinox. The same holds good at the autumnal equinox on the

position C.

(364.) B is the position of the earth at the time of the northern

summer solstice. Here the north pole P, and a considerable portion of

the earth's surface in its neighbourhood, as far as B, are situated within

the enlightened half. As the earth turns on its axis in this position,

therefore, the whole of that part remains constantly enlightened ; there-

fore, at this point of its orbit, or at this season of the year, it is continual

day at the north pole, and in all that region of the earth which encircles

this pole as far as B— that is, to the distance uf 23° 28' from the pole,

or within what is called in geography, the arctic circle. On the other

hand, the opposite or south pole Q, with all the region comprised within

the antarctic circle, as far as 23° 28' from the south pole, are immersed

at this season in darkness during the entire diurnal rotation, so that it is

here continual night.

(365.) With regard to that portion of the surface comprehended

between the arctic and antarctic circles, it is no less evident that the

nearer any point is to the north pole, the larger will be the portion of

its diurnal course comprised within the bright, and the smaller within

the dark hemisphere ; that is to say, the longer will be its day, and the

shorter its night. Every station north of the equator will have a day of

more and a night of less than twelve hours' duration, and vice ^*er«/t.

13
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All these phenomena are exactly inverted when the eaxth comes to the

opposite point D of its orbit.

(366.) Now, the temperature of any part of the earth's surface

depends mainly on its exposure to the sun's ra} s. Whenever the sun is

above the horizon of any place, that place is receiving heat ; when below,

parting with it, by the process called radiation ; and the whole quantities

received and parted with in the year (secondary causes apart) must

balance each other at every station, or the equilibrium of temperature

(that is to say, the constancy which is observed to prevail in the annual

averages of temperature as indicated by the thermometer) would not be

supported. Whenever, then, the sun remains more than twelve hours

above the horizon of any place, and less beneath, the general temperature

of that place will be above the average ; when the reverse, below. As

the earth, then, moves from A to B, the days growing longer, and the

nights shorter, in the northern hemisphere, the temperature of every part

of that hemisphere increases, and we pass from spring to summer ; while,

at the same time, the reverse obtains in the southern hemisphere. As

the earth passes from B to 0, the days and nights again approach to

equality— the excess of temperature in the northern hemisphere above

the mean state grows less, as well as its defect in the southern ; and at

the autumnal equinox C, the mean state is once more attained. From

thence to D, and, finally, round again to A, all the same phenomena, it

is obvious, must again occur, but reversed,— it being now winter in the

northern and summer in the southern hemisphere.

(867.) All this is exactly consonant to observed fact. The continual

day within the polar circles in summer, and night in winter, the general

increase of temperature and length of day as the sun approaches the

elevated pole, and the reversal of the seasons in the northern and southern

hemispheres, are all facts too well known to require further comment.

The positions A, C of the earth correspond, as we have said, to the

equinoxes ; those at B, D to the solstices. This terra must be explained.

If, at any point, X, of the orbit, we draw X P the earth's axis, and X S

to the sun, it is evident that the angle P X S will be the sun's polar

distance. Now, this angle is at its maximum in the position D, and at

its minimum at Bj being in the former case=90''+23° 28'=1#3° 28',

and in the latter 90"— 23* 28'= 66° 32'. At these points the sun

ceases to approach to or to recede from the pole, and hence the name

solstice, -.iliffl^j

(368.) The elliptic form of the earth's orbit has but a very trifling

share in producing the variation of temperature corresponding to the

difference of seasons This assertion may at first sight seem incompad-
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ble with vhat we know of the laws of the communication of heat from

a luminary placed at a variable distance. Heat, like light, being equally

dispersed from the sun in all directions, and being spread over the surface

of a sphere continually enlarging as we recede from the centre, must, of

course, diminish in intensity according to the inverse proportion of the

surface of the sphere over which it is spread ; that is, in the inverse pro-

portion of the square of the distance. But we have seen (art. 850) that

this is also the proportion in which the angular velocity of the earth

about the sun varies. Hence it appears, that the momentary mpply of
heat received by the earth from the sun varies in the exact proportion of

angular velocity, i. e. of the momentary increase of longitude : and from

this it follows, that equal amounts of heat are received from the sun in

passing over equal angles round it, in whatever part of the ellipse those

angles may be situated. Let, then, S represent the sun ; A Q M F the

earth's orbit ; A its nearest point to the sun, or, as it is called, the peri-

helion of its orbit; M the farthest, or the aphelion; and therefore A S

M the axis of the ellipse. Now, suppose the orbit divided into two

segments by a straight line P S Q, drawn through the sun, and anyhow

situated as to direction ; then, if we suppose the earth to circulate in the

direction PAQMP, it will have passed over 180® of lon^tude in

moving from F to Q, and as many in moving from Q to P. It appears,

therefore, from what has been shown, that the supplies of heat received

from the sun will be equal in the two segments, in whatever direction the

line P S Q be drawn. They will, indeed, be described in unequal times

;

that in which the perihelion A lies in a shorter, and the other in a longer,

in proportion to their unequal area : but the greater proximity of the sun

in the smaller segment compensates exactly for its more rapid description,

and thus an equilibrium of heat is, as it were, maintained. Were it not

for this, the excentricity of the orbit would materially influence the tran-

sition of seasons. The fluctuation of distance amounts to nearly ^^^th of
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its mean quantity, and, consequently, the fluctuation in the sun's direct

heating power to double this, or -J^th of the whole. Now, the perihelion

of the orbit is situated nearly at the place of the northern winter solstice

;

so that, were it not for the compensation we have just described, the effect

would be to exaggerate the difference of summer and winter in the

southern hemisphere, and to moderate it in the northern ; thus producing

a more violent alternation of climate in the one hemisphere, and an

approach to perpetual spring in the other. As it is, however, no such

inequality subsists, but an equal and impartial distribution of heat and

hqht is accorded to both.

(369.) This does not prevent, however, the direct impression of the

solar heat in the height of summer,— the glow and ardour of his rays,

under a perfectly clear sky, at noon, in equal latitudes and under equal

circumstances of exposure,— from being very materially greater in the

southern hemisphere than in the northern. One fifteenth is too considera-

ble a fraction of the whole intensity of sunshine not to aggravate in a

serious degree the sufferings of those who are exposed to it in thirsty

deserts, without shelter. The accounts of these sufferings in the interior

of Australia, for instance, are of the most frightful kind, and would seem

far to exceed what have ever been undergone by travellers in the northern

deserts of Africa.'

(370.) A conclusion of a very remarkable kind, recently drawn by Pro-

fessor Dove from the comparison of the thermometric observations at

different seasons in very remote regions of the globe, may appear on first

sight at variance with what is above stated. That eminent meteorologist

has shown, by taking at all seasons the mean of the temperatures of points

diametrically opposite to each other, that the mean temperature of the

whole earth's surface in June considerably exceeds that in December.

This result, which is at variance with the greater pre iimity of the sun in

December, is, however, due to a totally different and very powerful cause,

— the greater amount of land in that hemisphere which has its summer

solstice in June (i. e. the northern, see art. 362) ; and the fact is so

explained by him. The effect of land under sunshine is to throw heat

into the general atmosphere, and so distribute it by the carrying power of

the latter over the whole earth. "Water is much less effective in this

respect, the heat penetrating its depths, and being there absorbed ; so that

' See the account of Captain Slurt's explorntion in AihensBum, No. 1012. "The

ground was almost a molten surface, and if a match accidentally fell upon it. it imme-

diaiciy ignited." The author has observed tiie temperature of the surface 8iiil in

South Africa as high as 159° Fahrenheit. An (irdiniiry lucifor match docs not ignit«

whin simply pressed upon a smooth surface at 21'^°, but in the act of withdrawing it,

it takes fire, andthe slightest friction upon such a surface of courco ignites it.
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the surface never acquires a very elevated temperature even under the

equator.

(371.) The great key to simplicity of conception in astronomy, and,

indeed, in all sciences where motion is concerned, consists in contempla-

ting every movement as referred to points which are either permanently

fixed, or so nearly so, as that their motions shall be too small to interfere

materially with and confuse our notions. In the choice of these primary

points of reference, too, we must endeavour, as far as possible, to select

such as have simple and symmetrical geometrical relations of situation with

respect to the curves described by the moving parts of the system, and

which are thereby fitted to perform the oflSce of natural centres— advan-

tageous stations for the eye of reason and theory. Having learned to

attribute an orbitual motion to the earth, it loses this advantage, which is

transferred to the sun, as the fixed centre abou" ''/hich its orbit is per-

formed. Precisely as, when embarrassed by the earth's diurnal motion,

we have learned to transfer, in imagination, our station of observation

from its surface to its centre, by the application of the diurnal parallax

;

so, when we come to inquire into the movements of the planets, we shall

find ourselves continually embarrassed by the orbitual motion of our point

of view, unless, by the consideration of the annual or heliocentric paral-

lax, we consent to refer all our observations on them to the centre of the

sun, or rather to the common centre of gravity of the sun, and the other

bodies which are connected with it in our system. Hence arises the dis-

tinction between the geocentric and heliocentric place of an object. The

former refers its situation in space to an imaginary sphere of infinite

radius, having the centre of the earth for its centre— the lattet to one

concentric with the sun. Thus, when we speak of the heliocentric longi-

tudes and latitudes of objects, we suppose the spectator situated in the sun

and referring them by circles perpendicular to the plane of the ecliptic,

to the great circle marked out in the heavens by the infinite prolongation

of that plane.

(S72.) The point in the imaginary concave of an infinite heaven, to

which a spectator in the sun refers the earth, must, of course, bo diame-

trically opposite to that to which a spectator on the earth refers the sun's

centre
J

consequently the heliocentric latitude of the earth is always

notliing, and its heliocentric longitude alwat/s equal to the stm's geocentric

lontj iI IIdc+ ISO'*. The heliocentric equinoxes and solstices are, therefore,

the same as the geocentric reversely named; and to conceive them, we

have only to imagine a plane passing through the sun's centre, parallel to

the earth's equator, and prolonged infinitely on all sides. The line of inter-



198

i r

'f OUTLINES OP ASTRONOMY.

section of this plane and the plane of the ecliptic is the line of equinoxes,

and the solstices are 90° distant from it.

(373.) The position of the longer axis of the earth's orbit is a point

of great importance. In the figure (art. 368) let E C L I be the ecliptic,

E the vernal equinox, L the autumnal (i. e. the points to which the earth

is re/erredfrom tlte sun when its heliocentric longitudes are 0° and 180°

respectively). Supposing the earth's motion to be performed in the direc-

tion E G L I, the angle E S A, or the longitude of the perihelion, in the

year 1800 was 99° 30' 5''
: we say in the year 1800, because, in point of

fact, by the operation of causes hereafter to be explained, its position is

subject to an extremely slow variation of about 12" per annum to the

eastward, and which in the progress of an immensely long period—of no

less than 20984 years— carries the axis A S M of the orbit completely

round the whole circumference of the ecliptic. But this motion must be

disregarded for the present, as well as many other minute deviations, to be

brought into view when they can be bettor understood.

(374.) Were the earth's orbit a circle, described with a uniform

velocity about the sun placed in its centre, nothing could be easier than

to calculate its position at any time with respect to the line of equinoxes,

or its longitude, for wo should only have to reduce to numbers the pro.

portion following ; viz. One year : the time elapsed : : 360° : the arc of

longitude passed over. The longitude so calculated is called in astronomy

the mean longitude of the earth. But since the earth's orbit is neither

circular, nor uniformly described, this rule will not give us the true place

in the orbit of any proposed moment. Nevertheless, as the excentricity

and deviation from a circle are small, the true place will never deviate

very fur from that so determined (which for distinction's sake, is called

the mean place)
f
and the former may at all times be calculated from the

latter, by applying to it a correction or equation (as it is termed), whose

amount is never very great, and whose computation is a question of pure

geometry, depending on the equable description of areas by the earth

about the sun. For since, in elliptic motion according to Kepler's law

above stated, areas not ain/lcs are described uniformly, the proportion

must now bo stated thus;—One year : the time elapsed : : the whole area

uf the ellipse : the area of the sector swept over by the radius vector iu

that time. This area, therefore, becomes known, and it is then, as above

observed, a problem of pure geometry to nsccrtuin the atu/le about the sun

( A S Vyji;/- art. 308), which correwponds to any proposed fractional area of

tlie whole ellipse supposed to bo contained in the sector A 1' 8. Suppose

we sot out from A the puriholion, thon will the angle A S I' at first

increase more rapidly than tho mean lunjttudcf and will, therefore, during
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the whole semi-revolution from A to M, exceed it in amount ; or, in other

words, the true place will be in advance of the mean : at M, one half the

year will have elapsed, and one half the orbit have been described,

whether it be circular or elliptic. Here, then, the mean and true places

coincide ; but in all the other half of the orbit, from M to A, the true

place will fall short of the mean, since at M the angular motion is slowest,

and the true place from this point begins to lag behind the mean— to

make up with it, however, as it approaches A, where it once more over-

takes it.

(375.) The quantity by which the true longitude of the earth differs

from the mea?i longitude is called the equation of the centre, and is addi-

tive during all the half-year, in which the earth passes from A to M,

beginning at 0° 0' 0", increasing to a maximum, and again diminishing

to zero at M ; after which it becomes subtractive, attains a maximum of

subtractive magnitude between M and A, and again diminishes to at A.

Its maximum, both additive and subtractive, is 1°^ 55' 33"-3.

(376.) By applying, then, to the earth's mean longitude, the equation

of the centre corresponding to any given time at which we would ascer-

tain its place, the true longitude becomes known ; and since the sun is

always seen from the earth in 180° more longitude than the earth from

the sun, in this way also the sun's true place in the ecliptic becomes

known. The calculation of the equation of the centre is performed by a

table constructed for that purpose, to be found in all " Solar Tables."

(377.) The maximum value of the equation of the centre depends only

on the ellipticity of the orbit, and may be expressed in terms of the ex-

centricity. Vice vcrsd, therefore, if the former quantity can be ascer-

tained by observation, the latter may be derived from it ; because, when-

ever the law, or numerical connection, between two quantities is known,

the one can always be determined from the other. Now, by assiduous

observation of the sun's transits over the meridian, we can ascertain, for

every day, its exact right ascension, and thence conclude its longitude

(art. 309). After this, it is easy to assign the angle by which this

observed longitude exceeds or faljs short of the mean j and the greatest

amount of this excess or defect which occurs in the whole year, is the

iDaxiinurn equation of the centre. Tliis, as a means of ascertaining tho

excontricity of tho orbit, is a fur more easy and accurate method than

that of ccneluding tho sun's distance by measuring its apparent diameter.

The results of the two methods coincide, however, perfectly.

(•'{7S.) If the ecliptic coincided with the equinoctial, the effect of tho

cquiition of tlie centre, by disturbing the uniformity of tho sun's apparent

motion in longitude, would cause an inequality in its time of coming on



200 OUTLINES OF ASTRONOMY.

I

U

the meridian on successive days. When the sun's centre comes to the

meridian, it ia apparent noon, and if its motion in longitude were uni-

form, and the ecliptic coincident with the equinoctial, this would always

coincide with mean noon, or the stroke of 12 on a well-regulated solar

clock. But, independent of the want of uniformity in its motion, the

obliquity of the ecliptic gives rise to another inequality in this respect; in

consequence of which, the sun, even supposing its motion in the ecliptic

uniform, would yet alternately, in its time of attaining the meridian, anti-

cipate and fall short of the mean noon as shown by the clock. For the

right ascension of a celestial object forming a side of a right-angled sphe-

rical triangle, of which its longitude is the hypothenuse, it is clear that

the uniform increase of the latter must necessitate a deviation from uni-

formity in the increase of the former.

(3TD.) These two causes, then, acting conjointly, produce, in fact, a

very considerable fluctuation in the time as shown per clock, when the sun

really attains the meridian. It amounts, in fact, to upwards of half an

hour; apparent noon sometimes taking place as much as 16^ min. before

mean noon, and at others as much as 14|| min. after. This difference

between apparent and mean noon is called the equation of time, and is

calculated and inserted in ephemerides for every day of the year, under

that title : or else, which comes to the same thing, the moment, in mean

time, of the sun's culmination for each day, is set down as au astrono-

mical phsonomenon to be observed.

(380.) As the sun, in its apparent annual course, is carried ulong the

ecliptic, its declination is continually varying between the extreme limits

of 23° 27' 30" north, and as much south, which it attains at the sol-

stices. It is consequently always vertical over some part or other of that

zone or belt of the earth's surface which lies between the north and south

parallels of 23° 27' 30". These parallels are called in geography the

tropics ; the northern one that of Cancer, and the southern, of Capri-

corn ; because the sun, at the respective solstices, is situated in the divi-

sions, or signs of the ecliptic so denominated. Of these signs there are

twelve, each occupying 30° of its circumference. They commence at the

vernal equinox, and are named in order— Aries, Taurus, Gemini, ('unccr,

Leo, Virgo, Libra, Scorpio, Sagittarius, Capricornus, Aquarius, I'isces.'

They are denoted also by the following symbols :— T. bf. n, 22, fl, "JJ, £=,

^,^ f, VCJ, ^1 K- Longitude itself is also divided into signs, degrees, and

minutfis, &c. Thus 5' 27° 0' corresponds to 177° 0'.

' They may be remembered by the following memorial lioxnmelerB :
—

Sunt Aries, TouruB, Gemini, Cancer, Leo, Virgo,

Libraque, Scorpius, Arciteneni, Caper, Amphora, Piacei.



SIDEREAL, TROPICAL, AND ANOMALISTIC TEARS. 201
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(381.) These Siyns are purely technical subdivisions of the ecliptic,

commencing from the actual equinox, and are not to be confounded with

the constellations so called (and sometimes so symbolized). The constel-

lations of the zodiac, as they now stand arranged on the ecliptic, are all a

full "sign" in advance or anticipation of their symbolic cognomens thereon

marked. Thus the constellation Aries actually occupies the sign Taurus

^, the constellation Taurus, the sign Gemini n, and so on, the sifftis

Laving retreated' among the stars (together with the equinox their origin),

by the eflfect of precession. The bright star Spica in the constellation

Virgo (o Virginis), by the observations of Hipparchus, 128 years b. c,

preceded, or was westward of the autumnal equinox in longitude by 6°.

In 1750 it followed or stood eastward of the same equinox by 20° 21'.

Its place then, as referred to the ecliptic at the former epoch, would be in

longitude 5» 24° 0', or in the 24th degree of the siffn SI, whereas in the

latter epoch it stood in the 21st degree of ^IK, the equinox having retreated

by 26° 21' in the interval, 1878 years, elapsed. To avoid this source of

misunderstanding, the use of " signs" and their symbols in the reckoning

of celestial longitudes is now almost entirely abandoned, and the ordinary

reckoning (by degrees, &c. from to 360) adopted in its place, and the

names Aries, Virgo, &c. are becoming restricted to the constellations so

called.*

(382.) When the sun is in either tropic, it enlightens, as we have seen,

the pole on that side the equator, and shines over or beyond it to the

extent of 23° 27' 30". Tho parallels of latitude, at this distance from

either pole, are called the polar circles, and are distinguished from each

other by the names arctic and antarctic. The regions within these

circles are sometimes termed frigid zones, while the belt between the

tropics is called the torrid zone, and the intermediate belts temperate zones.

These last, however, are merely names given for the sake of naming ; as,

in fact, owing to the different distribution of land and sea in the two hemi-

spheres, zones of climate are not co-terminal with zones of latitude.

(3S3.) Our seasons are determined by the apparent passages of the sun

acroHs the equinoctial, and its alternate arrival in the northern and south-

ern hemisphere. Were the equinox invariable, this would happen at

intervals precisely equal to the duration of the sidereal year ; but, in fact,

' lietreated is hore used with reference to longitttde, not to tho apparent diurnal

moiion.

* When, however, the place of the sun is spoken of, the old usage prevoils. Thuh,

if we sny " the sun is in Aries," it would be interpreted to mean between 0° and 30»

of lonoiiiiJe. So, also, "the firnt pnint of Aries" is stil! understood to mean the

vernal, and " the first point of Libra," the autumnal equinox; and so in a few other

cones.
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owing to the slow conical motion of the earth's axis described in art. 317,

the equinox retreats on the ecliptic, and meets the advancing sun some-

what be/ore the whole sidereal circuit is completed. The annual retreat

of the equinox is 50"*1, and this arc is described by the sun in the eclip-

tic in 20"» 19''9. By so much shorter, then, is the periodical return of

our seasons than the true sidereal revolution of the earth round the sun.

As the latter period, or sidereal year, is equal to 365* G*" 9" 9'-d, it fol-

lows, then, that the former must be only 365* 5'' 48" 49'"7 ; and this is

what is meant by the tropical year.

(384.) We have already mentioned that the longer axis of the ellipse

described by the earth has a slow motion of ll"-8 per annum in advance.

From this it results, that when the earth, setting out from the perihelion,

has completed one sidereal period, the perihelion will have moved

forward by 11"*8, which arc must be described by the earth before it can

again reach the perihelion. In so doing, it occupies 4» 39»'7, and this

must therefore be added to the sidereal period, to give the interval between

two consecutive returns to the perihelion. This interval, then, is 365*

Qh 13m 49i-3j> and is what is called the anomalistic year. All these

periods have their uses in astronomy; but that in which mankind in

general are most interested is the tropical year, on which the return of

the seasons depends, and which we thus perceive to bo a compound phe-

nomenon, depending chiefly and directly on the annual revolution of the

earth round the sun, but subordiuately also, and indirectly, on its rotation

round its own axis, which is what occasions the precession of the equi-

noxes; thus affording an instructive example of the way in which a

motion, once admitted in any part of our system, may be traced in its

influence on others with which at first sight it could not possibly be sup-

posed to have any thing to do.

(385.) As a rough consideration of the appearance of the earth points

out the general roundness of its form, and more exact inquiry has led us

first to the discovery of its elliptic figure, and, in the further progress of

refinement, to the perception of minuter local deviations from that figure

;

so, in investigating the solar motions, the first notion wo obtain is that of

an orbit, generally speaking, round, and not far from a circle, which, on

more careful and exact examination, proves to be an ellipse of small excen-

tricity, and described in conformity with certain laws, as above stated.

Still minuter inquiry, I>owever, detects yet smaller deviations again from

this form and from these laws, of which wo have a specimen in the slow

motion of the axis of the orbit spoken of in art. 372 ; and which are

' These numbers, as well as all the other numerical data of our system, nre tnken

from Mr. Daily's Astronomical Tables and Formulie, unless the contrary is expressed.
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generally comprehended under the name of perturbations and secular in-

equalities. Of these deviations, and their causes, we shall speak here-

after at length. It is the triumph of physical astronomy to have rendered

a complete account of them all, and to have left nothing unexplained,

either in the motions of the sun or in those of any other of the bodies of

our system. But the nature of this explanation cannot be understood till

\re have developed the law of gravitation, and carried it into its more

direct consequences. This will be the object of our three following chap-

ters ; in which we shall take advantage of the proximity of the moon,

and its immediate connection with and dependence on the earth, to render

it, as it were, a stepping-stone to the general explanation of the planet-

ary movements. We shall conclude this by describing what is known of

the physical constitution of the sun.

(886.) When viewed through powerful telescopes, provided with

coloured glasses, to take ofif the heat, which would otherwise injure our

eyes, the sun is observed to have frequently large and perfectly black

spots upon it, surrounded with a kind of border, less completely dark,

called a penumbra. Some of these are represented at a, b, c, d, in Plate

I. fig. 2., at the end of this volume. They are, however, not permanent.

When watched from day to day, or even from hour to hour, they appear

to enlarge or contract, to change their forms, and at length to disappear

altogether, or to break out anew in parts of the surface where none were

before. In such cases of disappearance, the central dark spot always con-

tracts into a point, and vanishes before the border. Occasionally they

break up, or divide into two or more, and in those cases offer every evi-

dence of that extreme mobility which belongs only to the fluid state, and

of that excessively violent agitation which seems only compatible with the

atmospheric or gaseous state of matter. The scale on which their move-

ments take place is immense. A single second of angular measure, as

seen from the earth, corresponds on the sun's disc to 461 miles j and a

circle of this diameter (containing therefore nearly 167000 square miles)

is the least space which can be distinctly discerned on the sun as a visible

area. Spots have been observed, however, whose linear diameter has

been upwards of 45000 miles;' and even, if some records are to be

trusted, of very much greater extent. That such a spot should close up

in six weeks' time (for they seldom last much longer), its borders must

approach at the rate of more than 1000 miles a day.

(387.) Many other circumstances tend to corroborate this view of the

subject. The part of the sun's disc not occupied by spots is fiir from

nrc ttiken

1 expressed.
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uniformly bright. Its ground is finely mottled with an appearance of

minute, dark dots, or pores, which, when attentively watched, are found

to be in a constant state of change. There is nothing which represents

80 faithfully this appearance as the slow subsidence of some flocculent

chemical precipitates in a transparent fluid, when viewed perpendicularly

from above : so faithfully, indeed, that it is hardly possible not to be im-

pressed with the idea of a luminous medium intermixed, but not con-

founded, with a transparent and non-luminous atmosphere, either floating

as clouds in our air, or pervading it in vast sheets and columns like flame,

or the streamers of our northern lights, directed in lines perpendicular to

the surface.

(388.) Lastly, in the neighbourhood of great spots, or extensive groups

of them, large spaces of the surface are often observed to be covered with

strongly marked curved or branching streaks, more luminous than the

rest, called faculse, and among these, if not already existing, spots fre-

quently break out. They may, perhaps, be regarded with most proba-

bility, as the ridges of immense waves in the luminous regions of the

sun's atmosphere, indicative of violent agitation in their neighbourhood.

They are most commonly, and best seen, towards the borders of the

visible disc, and their appearance is as represented in Plate I. fig. 1.

(389.) But what are the spots? Many fanciful notions have been

broached on this subject, but only one seems to have any degree of

physical probability, viz. that they are the dark, or at least comparatively

dark, solid body of the sun itself, laid bare to our view by those immense

fluctuations in the luminous regions of its atmosphere, to which it appears

to be subject. Respecting the manner in which this disclosure takes

place, difierent ideas again have been advocated. Lalande (art. 3240)

suggests, that eminences in the nature of mountains are actually laid

bare, and project above the luminous ocean, appearing black above it,

while their shoaling declivities produce the pcnumbne, where the lumi-

nous fluid is less deep. A fatal objection to this theory is the uniform

shade of the penumbra and its sharp termination, both inwards, where it

joins the spot, and outwards, where it borders on the bright surface. A
more probable view has been taken by Sir William Herschel,' who con-

siders the luminous strata of the atmosphere to be sustained far above

the level of the solid body by a transparent elastic medium, carrying on

its upper surface (or, rather, to avoid the former objection, at some con-

tiderahly lower level within its depth) a cloudy stratum which, being

strongly illuminated from above, reflects a considerable portion of the

light to our eyes, and forms a penumbra, while the solid body shaded by

» Phil. Trans. 1801.
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the clouds, reflects none. (See fg.) The temporary removal of both

the strata, but more of the upper than the lower, he supposes effected by

powerful upward currents of the atmosphere, arising, perhaps, from

spiracles in the body, or from local agitations.

(390.) When the spots are attentively watched, their situation on the

disc of the sun is observed to change. They advance regularly towards

its western limb or border, where they disappear, and are replaced by

others which enter at the eastern limb, and which, pursuing their respec-

tive courses, in their turn disappear at the western. The apparent

rapidity of this movement is not uniform, as it would be were the spots

dark bodies passing, by an independent motion of their own, between the

earth and the sun ; but is swiftest in the middle of their paths across

the disc, and very slow at its borders. This is precisely what would be

the case supposing them to appertain to and make part of the visible

surface of the sun's globe, and to be carried round by a uniform rotation

of that globe on its axis, so that each spot should describe a circle parallel

to the sun's equator, rendered elliptic by the effect of perspective. Their

apparent paths also across the disc conform to this view of tneir nature,

heiug, generally speaking, ellipses, much elongated, concentric with the

sun's disc, each having one of its chords for its longer axis, and all these

axes parallel to each other. At two periods of the year only do the

spots appear to describe straight lines, viz. on and near to the 11th of

June and the 12th of December, on which days, therefore, the plane of

the circle, which a spot situated on the sun's equator describes (and con-

sequently, the plane of that equator itself,) passes through the earth.

Hence it is obvious, that the plane of the sun's equator is inclined to that

of the ecliptic, and intersects it in a lino which passes through the place

of the earth on these days. The situation of this line, or the line of the

: II
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I

nodes of the sun's equator as it is called, is, therefore, defined by the

longitudes of the earth as seen from the sun at those epochs, which are

respectively 80<» 21' and 260" 21' (=80° 21'+ 180'') being, of course,

diametrically opposite in direction.

(391.) The inclination of the sun's axis (thub of the plane of its

equator) to the ecliptic is determined by ascertaining the proportion of

the longer and the shorter diameter of the apparent ellipse, described by

any remarkable, well-defined spot; in order to do which, its apparent

place on the sun's disc must be very precisely ascertained by micrometric

measures, repeated from day to day as long as it continues visible (usually

about 12 or 13 days, according to the magnitude of the spots, which

always vanish by the eiFcct of foreshortening before they attain the actual

border of the disc—^but the larger spots being traceable closer to the limb

than the smaller.') The reduction of such observations, or the conclu-

sion from them of the element in question, is complicated with the effect

of the earth's motion in the interval of the observations, and with its

situation in the ecliptic, with respect to the line of nodes. For simplicity,

we will suppose the earth situated as it is on the 10th of March, in a line

at right angles to that of the nodes, i. e. in the heliocentric longitude

170" 21', and to remain there stationary during the whole passage of a

spot across the (1^3. In this case the axis of rotation of the sun will be

Fig. 56.

situated in a plane puiising through the earth and at right angles to the

plane of the eoliptio. Suppose C to represent the sun's centre, P C p
its axis, E C the line of sight, P N Q Ap S a section of the sun passing

* The great spot cf Deceinberi l?!9i is stated to have been seen aa a notch in ths

limb of the sun.
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itch in the

through the earth, and Q a spot situated on its equator, and in that plane

and consequently in the middle of its apparent path across the disc. If

the axis of rotation were perpendicular to the ecliptic, as N S, this spot

would be at A, and would be seen projected on C, the centre of the sun.

It is actually at Q, projected upon J), at an apparent distance C D to the

north of the centre, which is the apparent smaller semi-axis of the ellipse

described by the spot, which being known by miorometric measurement,

C D
the value of ^^-^^ or the cosine of Q C N, the inclination of the sun's

C N
equator becomes known, C N being the apparent semi-diameter of the

sun at the time. At this epoch, moreover, the northern half of the circle

described by the spot is visible (the southern passing behind the body of

the sun,) and the south pole p of the sun is within the visible hemi-

sphere. This is the case in the whole interval from December 11th to

July 12th, during which, the visual ray falls upon the southern side of

the sun's equator. The contrary happens in the other half year, from

July 12th to December 11th, and this is what is understood when we say

that the ascending node (denoted Q) of the sun's equator lies in 80° 21'

longitude—a spot on the equator passing that node being then in the act

of ascending from the southern to the northern side of the plane of the

ecliptic—^such being the conventional language of astronomers in speaking

of these matters.

(892.) If the observations are made at other seasons (which, however,

are the less favourable for this purpose the more remote they are from

the epochs here assigned) ; when, moreover, as in strictness is necessary,

the motion of the earth in the interval of the measures is allowed for (as

for a change of the point of sight) ; the calculations requisite to deduce

the situation of the axis in space, and the duration of the revolution

around it, become much more intricate, and it would be beyond the scope

of this work to enter into them.* According to the best determinations

wo possess, the inclination of the sun's equator to the ecliptic is about 7*

20' (its nodes being as above stated), and the period of rotation 25 days

7 hours 48 minutes.'

(393.) The region of the spots is confined, generally speaking, within

about 25° on either side of the sun's equator j beyond 30° they are very

' See the theory in Leland's Astronomy, art. 3258, and the formulae of computation

in a paper by Petersen Schumacher's Nachrichten, No. 419.

"Bianchi (Schumacher's Nach. 483), agreeing with Laugier. Lelambre makes it

25* O"" H" ; Petersen, 25* 4'' 30". The inclination of the axis is uncertain to half n

degree, and the node to several degrees^ The continual changes in ine spots them
selves cause this uncertainty.

h
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sly seen ; ia the polar regions, never. Tb<: actual equator of the sun

4flu less frequently visited by spots than the adjacent zones on either

and u very material Uiflnrence in their frequency and magnitude

si^iivN in its northern and southern beiMisphere, those on the northern

prepondcx^^/.jl in both respects. The eou3 comprised between the 11th

and 15th degree to the northward of the equator is particularly fertile in

large and durable spots. These circumstances, as well as the frequent

occurrence of a more or less regular arrangement of the spots, when

numerous, in the manner of belts parallel to the equator, point evidently

to physical peculiarities in certain parts of the sun's body more favourable

than in others to the production of the spots, on the one hand ) and on

the other, to a general influence of its rotation on its axis as a determining

cause of their distribution and arrangement, and would appear indicative

of a system of movements in the fluids which constitute its luminous

surface bearing no remote analogy to our trade winds— from whatever

cause arising. (See art. 239. et seq.)

(394.) The duration of individual spots is commonly not great; some

are formed and disappear within the limit of a single transit across the

disc—^but such are for the most part small and insignificant. Frequently

they make one or two revolutions, being recognized at their reappearance

by their situation with respect to the equr.f,oj , their configurations inter sc,

their size, or other peculiarities, as well as by the interval elapsing be-

tween their disappearance at one limb and reappearance on the other. In

a few rare cases, however, they have been watched round many revolu-

tions. The great spot of 1779 appeared during six months, and one and

the same group was observed in 1840 by Schwabe to return eight

times.* It has been surmised, with considerable apparent probability, that

some spots, at least, are generated again and again, at distant intervals of

time, t' er the same identical points of the sun's "body (as hurricanes, for

example, are known to affect given localities on the earth's surface, and to

pursue definite tracks). The uncertainty which still prevails w'^ i rero )ij:?t

to the exact duration of its rotation rendoiv it very diflBcult to o^'iv) >

vincing evidence of this; nor, indeed, can it be expected, unt ! ..;' ..ioj^

ing together into one connected view the recorded state of the sun's sur-

face during a very long period of time, and comparing together remarka-

ble spotb ' 'ich have appeared on tlie same parallel, some precise periodic

time shall ;•, :lti;r.d pfhich shall exactly conciliate numerous and well-

characterit rl , ..t^sifaiio -.^ The inquiry is one of singular interest, as

there can i-e to re.v.-uable doubt that the supply of light and heat

* Schum. Kach. No. 4i8, p. 150. Tne recent papers of Biela, Capocci, Schwabe,

PastorfT, and Schmidt, in that collection, will be found highly interesting.
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afforded to. our globe stands in intimate onnezion ^itli those processes

which are taking place on the solar surface, and to which the spots in

some way or other owe their origin.

(395.) Above the luminous surface of the sun, and the region in which

the spots reside, there are strong indications of the existence of a gaseous

atmosphere having a somewhat imperfect transparency. When the whole

disc of the .nAt u, seen at once through a telescope magnifying moderately

enoi)c;li ^c {>iio\7 it, and with a darkening glass such as to suffer it to be

conteuipkied with perfect comfort, it is very evident that the borders of

the d; jC :;re much less luminous than the centre. That this is no illusion

•I shown by projecting the sun's image undarkened and moderately mag-

uified, so as to occupy a circle two or three inches in diameter, on a sheet

of white paper, taking care to have it well in focus, when the same ap-

pearance will be observed. This can only arise from the circumferential

rays having undergone the absorptive action of a much greater thickness

of some imperfectly transparent envelope (due to greater obliquity of

their passage through it) than the central.— But a still more convincing

and indeed decisive evidence is offered by the phsenomena attending a

total eclipse of the sun. Such eclipses (as will be shown hereafter) are

produced by the interposition of the dark body of the moon between the

earth and sun, the moon being large enough to cover and 8urpa.ss, by a

very small breadth, the whole disc of the sun. Now when this takes

place, were there no vaporous atmosphere capable of reflecting any light

about the sun, the sky ought to appear totally dark, since (as will here-

after abundantly appear) there is not the smallest reason for believing the

moon to have any atmosphere capable of doing so. So far, however, is

this from being the case, that a bright ring or corona of light is seen,

fading gradually away, ^ represented in Fl. I. fig. 3., which (in cases

where the moon is not centrally superposed on the sun) is observed to be

concentric with the latter, not the former body. This corona was beauti-

fully seen in the eclipse of July 7, 1842, and with this most remarkable

edition— witnessed by every spectator in Pavia, Milan, Vienna, and

elsewhere : there distinct and very conspicuous rose-coloured protuberances

(as represented in the figure cited) were seen to project beyond the dark

limb of the moon, likened by some to flames, by others to mountains, but

which their enormous magnitude (for to have been seen at all by the

naked eye their height must have exceeded 40,000 miles), and their faint

degree of illumination clearly prove to have been cloudj^ masses of thft

most excessive tenuity, and which doubtless owed their support, and proba-

bly their existence, to such an atmosphere as we are now speaking of.

(396.) That the temperature at the visible surface of the sun cannot

14
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bo otljoi'wiso tlmii vol')- olovniod, iimoh imtvo m (Imn luiy ftrtifuMiil Iiont

pnwiucoil in our fiiriiuw^, or by clioinioal »>r giilvuttiu prucoKHuH, wo Imvo

iiulioiititma of novoral dmtiiu't kiutlM: 1st, From tho liiw uf ilocrciwo of

vmlinul. hotik iiiul liglit, wliicli, Itoing iuvorxoly m tho miunri!H of tho (I'm-

t^uioop*, it foUowH, thitt tho hout ivooivod on n giv<<n iiroii oxposod tit tho

(ii^tntioo of tho oiirth, nnd on nn ocpuil nroa lit tho viiiihlo Hurfuoo of tho

Bun, nuiMt ho in tho pro|)ortion of tiio iiron of tho nky oooupiod by tho

hun's iipparont dino to tho whoUi h(nui.>*pliuix>, or im I to tiboiit :{l)(U)0(l.

A fi»r h's,« intoniiity of milnr nidijition, coUoctod in tho footin of n burning

gl!i!4,o, HUlViooH to (iishiititto gohl and phUiini in vnpour. *Jdly, l*'roni the

facility with which tiio oidorilio riiyH of tho Hun triivorMO ghiH«, ii property

which i8 found to bohtng to tlio hoiit of nrtilicinl iiroH in tho diroct pro-

portion of thoir intonsity.' JUliy, l"^"on» tho fiiot, thiit tho moHt viviil

lliuncs disiippc.ir, and tho inoHt intiMwdy iguitod Holidn appoar only «h

bhtck Hpots on tho diso ot' tho nun when ln<l<l botwoon it and tiio oyo.'

From tlio hist remark it foUown, (hat tho body of tho Hun, liowover dark

it may appear whoii nivn through its npolH, »»<'//, novm-tholoHS, ho in u

htnto of most intonso ignition. It does not, iiowevor, foHow of net-cssity

that it )»>i<:t 1)0 no. Tho contrary is lit lea.st pliysiciiUy possiblo. A fur-

jKtftf irfifrti'iY ivmopy would otfootually dofend it from tho radiation ol'

tho hiininou.>4 ix'gions abovo its utmosphoiv, and no iioat wouhl bo con-

ducted downwiinhs through n gasooiis niudium iuoroasing rapiilly in

deii.^'ify. That tho ponumbral clouds atr highly rofloutivo, tho f'iict ol'

their visibility in nuch a sitnatitm can loavo no doubt.

(^;U>7.) Ah tho magnitndo of tho sun has boon moasurod, and (as we

shall hereafter soc) itvS weight, or (piantity of ponderablo matter, ascer-

tained, .so also attempts have been made, and not wholly without siicooH!',

fiMiii (Jie heat actually communicated by its rays to given siufaces of

material Ixxlies exposed to their vertical action on tho earth's suriiicc, to

v'stimato tho total oxpenditun? of boat by that luminary in a given tinio.

The ix^sult of such oxperiments has been thus announcod. Supposing ii

cylinder of ice 45 miles in diameter, to bo continually darted into tho suii

nith thv irltM'i'tt/ o/ liijhty and that tho wator produced by itn fusion wore

' Hy ilirtict nir-»8uremont with the actinomrlrr, I lind llmt out of KHK) ciilorilii; solor

rnys. Hl(i poiu'triitp n slicot *" jilnte ^\w» 01'2 inch iliirk ; iiiul ihni of KHM) riiVH wliii'li

lirtvo p.i!i!>tHi tlirough ono sucli phite, ^y) uro cuinihlc of passing tliroufjli nnoilicr, II.

1827.

•Tho ball of ijjtiiioii «iuu"kliaic, in I.icui«Minnt Prununond'a oxy-hytlrojicn Ininp,

give* the nonresl inulntion ot tho eoinr epirnilou'- wliich has yrt been proiliii't'<l. Tlio

npptnrnnop ot" iliifi n^jciunoi tlie nun, was, however, ns (icscribed in nil inipcM'Icct trinl nt

whu'li I >vi\s prowMii. Thp pxporinient ought to be repented under fnvournble circum

•tanecB.—JV«(» to Ih* nt. of 1833
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oontintiiilly cfirrirtd off, tlm Imat now j^ivon off (5otiHf«ntly liy rwlintioji

would tlion bo wholly ox|)(!iidu<l in i(H iMiiuiiiuttion, on tlio ono hund, mo m
to loiivo no nidiant mirpluM} wliilo, on tho >.*hor, tlio ootual tomporaturo

nt itr* Hurt'iicc would undergo no diniinutiou.

('AW.) TIiIm ininioiiHo iwmpo of lioiit l»y rndiiition, wo mny romnrk, will

fully explain Uio coniitant Mat.o of tuniuUuouH agitation in wiiioh tho fluidn

conipoHing tlio viniblo Hurfaco aro nuunUtinod, atid tho continual goncrntion

mid lilliiig in (»f ifm jmreit, without having ncourw) tf) internal cauHCM.

Tlio iiiodo of aotion horu alludod to in piirfontly n![)nm(!nt<od t<o tho oyo in

tlui (listijrb(Hl hubrtidonoo of a prooipitat^?, an dimcribnd in art. HHI, when

tlio fluid from whioh it HubMidoH Ih warm, and loning boat from it* Hurftico,

('111!).) Tho huii'm rayH aro tho iiltinuito Hourco of almoHt ovory motion

which takcM placu on tho Hiirfacu of tho oarth. liy Uh boat aro produced

nil witidH, and thoRo dlHturlmnncH in tho olootrin crjuilibriuni of tho atmo-

ppli(-r<) which givo riNo to tho phononu^na of lightning, and probably alHo

to tluiHo of torroHtrial niiigncliHm and tho av^rora. Uy their vivifyitig

nclion vcgotabh'H aro onablcd to draw HU|i[)ort from inorganio matUsr, and

bcdoini!, in tluiir turn tho MUpport of uiiiiiialH and of man, and tho MourccH

of tlioHO groat dopo»itH of dynumioal offioioiKiy which aro laid up for

huiiiiiii UMo in our coal wtrata.' Hy thorn tho watcrH of tho Boa arc niiido

to circuliito in vapour through tho iiir, and irrigate tho land, producing

HiiringH ami rivors. My tluun aro produced all «liHtur|janocM of tho

cliciirn^al o(|uilibrium of tho (detnnntH of nature, which, by a H(!ri(!H of

cDinpoHitioiiN and docompoHitioiiH, givo riHo to new productM, and originate

a triiuNfor of nial^crialH. Kvcn tho mIow degradation of tho Holid con-

Ntituontn of tho lurfniio, in which itH chic-f geological changcH conHint, in

nliiioHt entin^ly duo on the ono baud to the abruHion of wind and rain, and

tint allornation of heat and frout; on the other to tho continual boating

of tho Hoa waves, agitat«d by windn, the rcHultH of wilar radiation. I'idiil

fiction (itself jjartly duo to the suu'h agency) exorclHCH here a compara-

tively slight influence. Tho effect of oceanic currentH (mainly originating

in that influence,) though nlight in abroHion, Ih powcl'ul in diffuning and

transporting tho matter abraded ; and when wo conHirhir the imrtirjiiHO

triinsfor of matter ho produced, tho increaHo of preasure over largo hihicch

in the bod of tho oceon, and diminution over eorre«ponding portions of

the land, we are not at a loss to perceive how tho claMtio power of Hub-

torniiioan fires, thus repressed on tho one hand and relieved on the other,

ni!\y break forth in points where the rosistan(^e is barely adc(juate to their

retention, and thus bring the phenomena of even volcanic activity under

the general law of solar influence.*

' So in tho edition of 1833. * Bo in tho edition of 1833.

\l:

A .'til
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(400.) The great mystery, however, is to conceive how so enormms a

conflagration (if such it be) can be kept up. Every discovery in chemi-

cal science here leaves us completely at a loss, or rather, seems to remove

farther the prospect of probable explanation. If conjecture might be

hazarded, we should look rather to the known possibility of an indefinite

generation of heat by friction, or to its excitement by the electric dis-

charge, than to any actual cois^ustion of ponderable fuel, whether solid

or gaseous, for the origin of the solar radiation.'

' Electricity traversing excessively rarefied air or vapours, gives out light, and,

doubtless, also heat. May not a continual current of electric matter be constantly

circulating in the sun's immediate neighbourhood, or traversing the planetary spaceg,

and exciting, in the upper regions of its atmosphere, those phenomena of which, on

however diminutive a scale, we have yet an unequivocal manifestation in our aurora

borealis. The possible analogy of the solar light to that of the aurora has been

distinctly insisted on by the late Sir W. Herschel, in his paper already cited. It would

be a highly curious subject of experimental inquiry, how far a mere reduplication of

sheets of flame, at a distance one behind the other (by which their light might he

brought to any required intensity,) would communicate to the heat of the reRulting

compound ray the penetrating character which distinguishes the solar calorific rnys.

We may also observe, that the tranquilhty of the sun's polar, as compared with its

equatorial regions (if its spots be really atmospheric,) cannot be accounted for by its

rotation on its axis only, but mutt arise from some cause external to the luminous but-

fare of the sun, as we see the belts of Jupiter and Saturn, and our trade-winds arise

from a cause, external to these planets, combining itself with their rotation, which

alone can produce no motions when once the form of equilibrium is attained.

The prismatic analysis of the solar beam exhibits in the spectrum a series of " fixed

Kneq," totally unlike those which belong to the light of any known teirestrial flame.

This .'nay hereafter lead us to a clearer insight into its origin. But, before we can

draw any conclusions from such an indication, we must recollect that previous to

reaching us it has undergone the whole absorptive action of our atmosphere, as well

as of the sun's. Of the latter we know nothing, and may conjecture everything;

but of the blue colour of the former we are sure ; and if this be an inherent (t. e. an

absorptive) colour, the air must be expected to act on the spectrum after the analogy

of other coloured media, which often (and especially light blue media) leave unnb.

sorbod portions separated by dark intervals. It deserves inquiry, therefore, whether

some or all the fixed lines observed by Wollaston and Frounhofer may not have their

origin in ourown atmosphere. Experiments made on lofty mountains, or the cars of bal-

loons, on the one hand, and on the other with reflected beams which have been modo

to traverse several miles of additional air near the surface, would decide this point.

The absorptive effect of the sun's atmosphere, and possibly also of the medium sur-

rounding it (whatever it be) which resists the motions of comets, cannot bo thua

nliminatod.

—

Nott to the edition tff 1833.
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CHAPTER Vn.

OP THE MOON.— ITS SIDEREAL PERIOD.— ITS APPARENT DIAMETER.

— ITS PARALLAX, DISTANCE, AND REAL DIAMETER.—FIRST AP-

PROXIMATION TO ITS ORBIT.— AN ELLIPSE ABOUT THE EARTH IN

THE FOCUS.— ITS EXCENTRICITY AND INCLINATION.— MOTION OF

ITS NODES AND APSIDES.—OF OCCULTATIONS AND SOLAR ECLIPSES

GENERALLY.— LIMITS WITHIN WHICH THEY ARE POSSIBLE.— THEY

i'ROVE THE MOON TO BE AN OPAKE SOLID.— ITS LIGHT DERIVED

FROM THE SUN.— ITS PHASES.— SYNODIC REVOLUTION OR LUNAR
MONTH.—OF ECLIPSES MORE PARTICULARLY.—THEIR PHENOMENA.
— THEIR PERIODICAL RECURRENCE.— PHYSICAL CONSTITUTION OF

THE MOON.— ITS MOUNTAINS AND OTHER SUPERFICIAL FEATURES.

—INDICATIONS OF FORMER VOLCANIC ACTIVITY.—ITS ATMOSPHERE.

— CLIM.\TE.—RADIATION OF HEAT FROM TTS SURFACE.—ROTATION

ON ITS OWN AXIS.— LIBRATION.— APPEARANCE OF THE EARTH
FROM IT.

(401.) The moon, like the sun, appears to advance among the stars

with a movement contrary to the gouoral diurnal motion of the heavens,

but much more rapid, so as to be very readily perceived (as wo have

before observed) by a few hours' cursory attention on any moonlight

night. By this continual advance, which, though sometimes quicker,

sometimes slower, is never intermitted or reversed, it makes the tour of

the heavens in a mean or average period of 27* 7" 43" ll'-5, returning,

in that time, to a position among the stars nearly coincident with that it

had before, and which would be exactly so, but for reasons presently to

be stated.

(402.) The moon, then, like the sun, apparently describes an orbit

round the earth, and this orbit cannot bo very different from a circle, be-

cause the apparent angular diameter of the full moon is not liable to any

great extent of variation.

(403.) The distance of the moon from the earth is concluded from its

horizontal parallax, which may be found either directly, by observations

at remote goographical stations, exactly similar to those described In uft.

^55, in the case of the sun, or by means of the phaonomena called occuI>

rm
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tations, from which also its apparent diameter is most readily and cor-

rectly found. From such observations it results that the mean or average

distance of the centre of the moon from that of the earth is 59-9643 of

the earth's equatorial radii, or about 237,000 miles. This distance,

great as it is, is little more than one-fourth of the diameter of the sun's

body, so that the globe of the sun would nearly twice include the whole

orbit of the moon; a consideration wonderfully calculated to raise our

ideas of that stupendous luminary I

(404.) The distance of the moon's centre from an observer at any

station on the earth's surface, compared with its apparent angular diameter

as measured from that station, will give its real or linear diameter. Now,

the former distance is easily calculated when the distance from the earth's

centre is known, and the apparent zenith distance of the moon also deter-

mined by observation j for if we turn to the figure of art. 339, and suppose

S the moon, A the station, and G the earth's centre, the distance S 0, and

the earth's radius G A, two sides of tho triangle A G S are given, and the

angle GAS, which is the supplement of Z A S, the observed zenith dis-

tance, whence it is easy to find A S, tho moon's distance from A. From

such observations and calculations it results, that the real diameter of the

moon is 21GO miles, or about 2729 of that of the earth, whence it follows

that, the bulk of the latter being considered as 1, that of the former will

be 00204, or about ^^. The difierencc of the apparent diameter of the

moon, as seen from the earth's centre and from any point of its surface,

is technically called the augmentation of the apparent diameter, and its

maximum occurs when the moon is in the zenith of the spectator. Her

mean angular diameter, as seen from the centre, is 31' 7", and is always

= 0-545 X her horizontal parallax.

(405.) By a series of observations, such as described in art. 403, if

continued during one or more revolutions of the moon, its real distance

may be ascertained at every point of its orbit ; and if at the same time its

apparent places in the heavens be observed, and reduced by means of its

parallax to the earth's centre, their angular intervals will become known,

so that the path of tho moon may then be laid down on a chart supposed

to represent the plane in which its orbit lies, just as was explained in the

case of the solar ellipse (art. 349.) Now, when this is done, it is found

that, neglecting certain small (though very perceptible) deviations (of

which a satisfactory account will hereafter bo rendered), tho form of the

appiiront orbit, like that of the sun, is elliptic, but considernbly more

cfcentric, tho eccentricity amounting to 0-054S4 of the moan distance, or

tlio utnior BAUji.axis n( tho Gllio.se. and tho earth's centre bcinar situated in

its focus.
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raise our

(406.) The plane in which this orbit lies is not the ecliptic, however,

but is inclined to it. at an angle of 5° 8' 48", wbicb is called the incli-

nation of the lunar orbit, and intersects it in two opposite points, which

arc called its nodes— the ascending node being that in which the moon

passes from the southern side of the ecliptic to the northern, and the

descending the reverse. The points of the orbit at which the moon is

nearest to, and farthest from, the earth, are called respectively its perigee

and apogee, and the line joining them nnd the earth of the line of apsides.

(407.) There arc, however, several remarkable circumstances which

interrupt the closeness of the analogy, which cannot fail to strike the

reader, between the motion of the moon around the earth, and of the

earth around the sun. In the latter case, the ellipse described remains,

during a great many revolutions, unaltered in its position and dimensions

;

or, at least, the changes which it undergoes are not perceptible but in a

course of very nice observations, which have disclosed, it is true, the

existence of " perturbations," but of so minute an order, that, in ordinary

parlance, and for common purposes, we may leave them unconsidered.

But this cannot be done in the case of the moon. Even in a single revo-

lution, its deviation from a perfect ellipse is very sensible. It does not

return to the same exact position among the stars from which it set out,

thereby indicating a continual change in the plane of its orbit. And, in

effect, if we trace by observation, from month to month, the point where

it traverses the ecliptic, wo shall find that the nodes of its orbit are in a

contiuual state of retrea* upon the ecliptic. Suppose to be the earth,

and A & a d that portion of the plane of the ecliptic which is intersected

by the moon, in its alternate passages through it, from south to north, and

vice versd ; and let A B C D E F be a portion of the moon's orbit, era-

Fig- 57.

bracing a complete sidereal revolution. Suppose it to set out from the

ascending node. A; then, if the orbit lay all in one plane, passing through

0, it would have a, the opposite point in the ecliptic, for its descending

node; after passing which, it would again ascend at A. But, in fact, its

real path carries it not to a, but along a certain curve, A B C, to C, A
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point in tho oolipUo lew than 180^ distant firom A ; so that tlio anglo

A 0, or tbo aro of longitude doaoribod botwoon tho asoundiiig and tho

doHoonding node, in aomowhat lowi than IHO**. It then pursues its courso

boluw the ouliptie, along the ourvo D U, and risoB again above it, not at

the point «, diamotrioally opposite to 0, but at a point E, leati advniicod in

longitude. On the whole, then, tho are duaoribud in longitudo butwoou

two conttuoutivo paaaagoa fVom south to north, through the pluno of tbo

ooliptio, fulls abort of iiOO" by tho iinglo A K ; or, in othor words, tho

uHoeudiug node appears to havo retreated in one lunation on tbo pliute of

tbo uoliptio by that amount To oompleto a aidoroal revolution, thon, it

uiuHt atill go on to deauribo an are, E 1<\ on its orbit, which will no longer,

however, bring it exactly back to A, but to a point somewhat ubovo it, or

huDtinj north latituth.

(408.) Tho actual amount uf this retreat of tho moon's nodo ia about

8' 10"*(U jier «/«Vm, on an average, and in a period of I57l>i5<^9 moan

Holar days, or about 18-0 years, tho aaoonding nodo is carried round in a

dirt>ction contrary to tbo moon's motion in its orbit (or fVom onst to west)

over a whole oiroumforonoo of tho ouliptio. Of course, in tbo middle of

this poriou the position of tbo orbit nmat have boon precisely rovoraod

iVom what it was at the begiiming. Ita apparent path, then, will liu

among totally ditleront atara and oonatollationa at differont parts uf tlila

poriml ; and this kind of spiral revolution being continually kopt up, it

will, at one time or othor, cover with its disc every point of tho hoavous

within that limit of latitude or diatunoo from tho ooliptio which its inclina-

tion {Hermits; that ia to any, a belt or sono of tbo heavens, of 10° IS' in

breadth, having the ooliptio for its middle line. Novortboloas, it still

remains true tltat the twtiutl plair of tbo moon, in oonaequonoo of this

motion, duviatoa in a aingle rovolutii»n I'cry fittlf from what it would bo

wort> tbo nwloa at rt»8t. Supposing the moon to act out finun its nodo A,

its latitude, when it comes to F, having complotod a revolution iu longi-

tudo, will not oxcood S'; which, though small iu a single rovolutioii,

aiHuimulatt^s in it^ otFoct in a au(H»\ssion of many : it ia to account for, and

ropr\'stM»t giHunotrically, this deviation, that the motion of the nodes is

dovisod.

(100.) The mixm's i»rbit, then, ia not, strictly speaking, an ollijwo

n'turning into itself, by rcasfon of iho variation of the piano in wliicli it

lies, and tho motion of its nodes, l^it even laying aside thia considera-

tion, the axis of the ellipse is itself constantly changing it« direction in

space, as lias already \>w\\ stated of tbo solar ellipse, but much more

rapidly ; making a einnpleto nn'olution, in tbo aamo direction with the

moon's own motion, iu B23'2-57o3 mean solar days, or about nine years,
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being about 8° of angular motion in a whole revolution of the moon.

This is a phonoraenon known by the name of the revolution of the moon's

apsides. Its cause will bo boroaftor explained. Its immediate cffoot is

to produce a variation in the moon's distance from the earth, which is not

included in the laws of exact elliptic motion. In a single revolution of

the luoon, this variation of distance is trifling ; but in the course of many

it becomes considerable, as is easily seen, if we consider that in four years

uiid u half the position of the axis will be completely reversed, and the

upogoo of the moon will occur where the perigee occurred before.

(410.) The best way to form a distinct conception of the moon's motion

is to regard it as describing an ellipse about the earth in the focus, and,

at the same time, to regard this ellipse itself to be in a twofold state of

revolution , 1st, in its own plane, by a continual advance of its axis in

that piano ; and 2dly, by a continual tilting motion of the plane itself,

exactly similar to, but much more rapid than, that of the earth's equator

produced by the conical motion of its axis described in art. 817.

(411.) As the moon is at a very moderate distance from us (astronomi-

cally Hpeukiitg), and is in fact our nearest neighbour, while the sun and

stars are in comparison immensely beyond it, it must of necessity happen,

that at one time or other it must pass over and occult or eclipse every star

and plunot within the zone above described (and, as seen from the mrfact

of tlio earth, even somewhat beyond it, by reason of parallax, which may
throw it apparently nearly a degree either way from its place as seen from

tlio centre, according to the observer's station). Nor is the sun itself

exempt from being thus hidden, whenever any part of the moon's disc,

in this her tortuous course, conies to overlap any part of the space occu-

pied in the heavens by that luniinury. On these occasions is exhibited

the luost striking and impressive of all the occasional phenomena of

astronomy, an evlipse of tlie sun, in which a greater or less portion, or

ovcu ii) some rare conjunctures the whole, of its disc is obscured, and, as it

were, .iblltoratod, by the superposition of that of the moon, which appears

upon it as a circularly-terminated black spot, producing a temporary dimi-

nution of daylight, or even nocturnal darkness, so that the stars appear as

if at midnight. In other cases, when, at the moment that the moon is

centrally superposed on the sun, it so happens that her distance from

the earth is such as to render her angular diameter less than the sun's,

the very singular phenomenon of an annular solar eclipsf. takes place,

when the edge of the sun appears for a few minutes as u narrow ring of

light, projecting on all sides beyond the dark circle occupied by the moon
in its centre.

(412.) A solar eclipse can only happen when the sun and moon are tti

•li; t

I-
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conjunction, that is to say, have the same, or nearly the salne, position in

the heavens, or the same loqgitude. It appears by art. 409 that this

condition can only be fulfilled at the time of a new moon, though it by no

means follows, that at every conjunction there must be an eclipse of the

sun. If the lunar orbit coincided with the ecliptic, this would be the

case, but as it is inclined to it at an angle of upwards of 5°, it is evident

that the conjunction, or equality, of longitudes, may take place when the

moon is in the part of her orbit too remote from the ecliptic to permit the

discs to meet and overlap. It is easy, however, to assign the limits

within which an eclipse is possible. To this end we must consider, that,

by the effect of parallax, the moon's apparent edge may be thrown ia

any direction, according to a spectator's geographical station, by any

amount not exceeding the horizontal parallax. Now, this comes to the

same (so far as the possibility of an eclipse is concerned) as if the ap-

parent diameter of the moon, seen from the earth's centre, were dilated

by twice its horizontal parallax ; for if, when so dilated, it can touch or

overlap the sun, there m,ust be an eclipse at some part or other of the

earth's surface. If, then, at the moment of the nearest conjunction, the

geocentric distance of the centres of the two luminaries do not exceed the

sura of their semidiameters and of the moon's horizontal parallax, there

will be an eclipse. This sum is, at its maximum, about 1° 34' 27". In

the spherical triangle S N M, then, in which S is the sun's centre, M the

moon's, S N the ecliptic, M N the moon's orbit, and N the node, we may

Fig. 58.

suppose the angle N S M a right angle, S M= 1° 34' 27", and the angle

M N S= 5° 8' 48", the inclination of the orbit. Hence we calculate

SN, which comes out 16° 58'. If, then, at the moment of the new

moon, the moon's node is farther from the sun in longitude than tins

limit, there can be no eclipse j if within, there may, and. probably will, at

some part or other of the earth. To ascertain precisely whether there

will or not, and, if there be, how great will be the part eclipsed, the solar

and lunar tables must be consulted, the place of the node and the serai-

diameters exactly aseertained, and the local parallax, and apparent aug-

mentation of the moon's diameter due to the difference of her distance
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from the observer and from the centre of the earth (which may amount

to a sixtieth part of her horizontal diameter), determined ; after which it

is easy, from the above considerations, to calculate the amount overlapped

of the two discs, and their moment of contact.

(413.) The calculation of the occultation of a star depends on similar

considerations. An occultation is possible, when the moon's course, as

seen from the earth's centre, carries her within a distance from the star

equal to the sum of her semidiameter and horizontal parallax , and it will

happen at any particular spot, when her apparent path, as seen from that

spot, carries her centre within a distance equal to the sum of her miff-

mented semidiameter and actual parallax. The details of these calcula-

tions, which are somewhat troublesome, must be sought elsewhere.'

(414.) The phenomenon of a solar eclipse and of an occultation are

highly interesting and instructive in a physical point of view. They

teach us that the moon is an opaque body, terminated by a real and sharply

defined surface intercepting light like a solid. They prove to us, also,

that at those times when we cannot see the moon, she really exists, and

pursues her course, and that when we see her only as a crescent, however

narrow, the whole globular body is there, filling up the deficient outline,

though unseen. For occultations take place indiflFerently at the dark and

bright, the visible and invisible outline, whichever happens to be towards

the direction in wh' ch the moon is moving ; with this only difference, that

a star occulted by the bright limb, if the phenomenon be watched with a

telescope, gives notice, by its gradual approach to the visible edge, when

to expect its disappearance, while, if occulted at the dark limb, if the

moon, at least, be more than a few days old, it is, as it were, extinguished

ia mid-air, without notice or visible cause for its disappearance, which, as

it happens instantaneously, and without the slightest previous diminution

of its light, is always surprising ; and, if the star be a large aud bright

one, even startling from its suddenness. The re-appearance of the star,

too, when the moon has passed over it, takes place in those cases when
the bright side of the moon is foremost, not at the concave outline of the

crescent, but at the invisible outline of the complete circle, and is scarcely

less surprising, from its suddenness, than its disappearance in the other

case.

' Woodhouse's Astronomy, vol. i. See also Trans. Ast. Soc. vol. i. p. 325.

' There is an optical illusion of a very strange and unaccountable nature which has

often been remarked in occultations. The star appears to advance actually upon and

«>i'(/)iM liie edge of the disc before it disappears, and thatsomctinies to a considerable

depth. I have never myself witnessed this singular effect, but it rests on most une-

quivocal testimony. I have called it an optica! illusion ; but it is harelj/ jmtsible thai a

Btar may shine on such occasions through deep fissures in the substance of the moon.
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(415.) The existence of the complete circle of the disc, even \(hea

the moon is not full, does not, however, rest only on the evidence of

occultations and eclipses. It may be seen, when the moon is crescent or

waning, a few days before and after the new moon, with the naked eye,

as a pale round body, to which the orescent seems attached, and some-

what projecting beyond its outline (which is an optical illusion arising

from the greater intensity of its light.) The cauf'o of this appearance

will presently be explained. Meanwhile the fact is sufficient to show

that the moon is not inherently luminous like the sun, but that her light

is of an adventitious nature. And its crescent form, increasing regularly

from a narrow semicircular line to a complete circular disc, corresponds to

the appearance a globe \rould present, one hemisphere of which was

black, the other white, when differently turned towards the eye, so as to

present a greater or less portion of each. The obvious conclusion from

this is, that the moon is such a globe, one half of which is brightened by

the rays of some luminary sufficiently distant to enlighten the complete

hemisphere, and sufficiently intense to give it the degree of splendour we

see. Now, the sun alone is competent to such an effect. Its distance

and light suffice ; and, moreover, it is invariably observed that, when a

crescent, the bright edge is towards the sun, and thai in proportion as

the moon in her monthly course becomes more and more distjui; from the

sun, the breadth of the crescent increases, and vice vend.

(416.) The sun's distance being 23984 radii of the earth, and the

moon's only 60, the former is nearly 400 times the latter. Lines, there-

fore, drawn from the sun to every part of the moon's orbit may be

regarded as very nearly parallel.' Suppose, now, to be the earth,

A B C D, &o. various positions of the moon in its orbit, and S the sun,

at the vast distance above stated ; as is shown, then, in the figure, the

hemisphere of the ludar globe turned towards it (on the right) will be

bright, the opposite dark, wherever it may stand in its orbit. Now, in

the position A, when in conjunction with the sun, the dark part is

entirely turned towards 0, and the bright from it. In this case, then.

The occultations of close double stars ought to be narrowly watched, to see whether

both individuals are thus projected, as well as for other purposes connected with their

theory. I will only hint at one, viz. that a double star, too dote to be seen divided

with any telescope, may yet be detected to- be double by the mode of its disapppear-

nnce. Should a considerable star, for instance, instead of undergoing instantaneous

and complete extinction, go out by two distinct steps, following close upon each other;

first losing a portion, then the whole remainder of its light, we may be sure it is a

double star, though we cannot see the individuals separately.

—

Note to the edit, of 1833.

' The angle subtended by the moon's orbit, as seen from the sun, (in the mean state

_r *1_! V i_ I— tmtl irtl#
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the moon is not seen, it is new moon. When the moon has oome to C,

half the bright and half the dark hemisphere are presented to 0, and the

same in the opposite situation G : these are the first and third quarters

of the mocn. Lastly, when at E, the whole bright face is towards the

earth, the whole dark side from it, and it is then seen wholly bri{^ht or

full moon. In the intermediate positions B D F H, the portions of the

bright face presented to will be at first less than half the visible sur-

face, then greater, and finally less again, till it vanishes altogether, as it

comes round again to A.

(417.) These monthly changes of appearance, or phases, as they are

called, arise, then, from the moon, an opaque body, being illuminated on

one side by the sun, and reflecting from it, in all directions, a portion of

the light so received. Nor let it be thought surprising that a solid sub-

stance thus illuminated should appear to shine and again illuminate the

eart'j. It is no more than a white cloud does standing off upon the clear

blue sky. By day, the moon can hardly be distinguished in brightness

from such a cloud ; and, in the dusk of the evening, clouds catching the

last rays of the sun appear with a dazzling splendour, not inferior to the

Beeming brightness of the riioon at night.' That the earth sends also

such a light to the moon, only probably more powerful by reason of its

greater apparent size', is agreeable to optical principles, and explains the

' The actual iiluminatiun of the lunar surface is not much superior to that of weathered

sandstone rock in full sunshine. I have frequently compared the moon setting behind

the grey perpendicular facade of the Table Mountain, illuminated by the sun just risen

in the opposite quarter of the horizon, when it has been scarcely distinguishable in

brightness from the rock in contact with it. The sun and moon being nearly at equal

altitudes and the atmosphere perfectly free from cloud or vapour, its efTect is alike en
both luminaries. (H. 1848).

"The apparent diameter of the moon is 32' from the earth ; that of the earth seen
from the moon is twice her horizontal parallax, or 1° 54'. The apparent surfaces

therefore, are as (114)" : (32)-, or as 13 : 1 nearly.

m-
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appearance of the dark portion of the joung or waning moon completing

its crescent (art. 413). For, when the moon is nearly new to the earth,

the latter (so to speak) is nearly full to the former ; it then illuminates its

dark half by strong earth-light; and it is a portion of this, reflected back

again, which makes it visible to us in the twilight sky. As the moon

gains age, the earth offers it a less portion of its bright side, and the phe-

nomenon in question dies away.

(418.) The lunar month is determined by the recurrence of its phases:

it reckons from new moon to new moon ; that is, from leaving its conjunc-

tion with the sun to its return to conjunction. If the sun stood still, like

a fixed star, the interval between two conjunctions would be the same as

the period of the moon's sidereal revolution (art. 401) ; but, as the sun

apparently advances in the heavens in the same direction with the moon,

only slower, the latter has more than a complete sidereal period to perform

to come up with the sun again, and will require for it a longer time, which

is the lunar month, or, as it is generally termed in astronomy, a si/nodical

period. The difference is easily calculated by considering that the super-

fluous arc (whatever it be) is described by the sun with the velocity of

0°'9S5Q5 jjer diem, in the same time that the moon describes that arc

plus a complete revolution, with her velocity of 13°'17640 j?er diem; and,

the times of description being identical, the spaces are to each other in the

proportion of the velocities. Let V and v be the mean angular velocities,

X the superfluous arc ; then V : t; : : 1 + x : ccj and Y— v:v :: 1 :x,

X
whence x is found, and — =ihe time of describing x, or the difference of

the sidereal and synodical periods. From these data a slight knowledge

of arithmetic will suflSce to derive the arc in question, and the time of its

description by the moon j which being the excess of the synodic over the

sidereal period, the former will be had, and will appear to be 29'' 12"

44» 2'-87.

(419.) Supposing the position of the nodes of the moon's orbit to

permit it, when the moon stands at A (or at the new moon), it will inter-

cept a part or the whole of the sun's rays, and cause a solar eclipse. On

the other hand, when at E (or at the full moon), the earth will inter-

cept the rays of the sun, and cast a shadow on the moon, thereby causing

a lunar eclipse. And this is perfectly consonant to fact, such eclipses

never happening but at the exact time of the full moon. But, what is

still more remarkable, as confirmatory of the position of the earth's sphe-

ricity, this shadow, which we plainly see to enter upon and, as it were,

eat away the disc of the moon, is always terminated by a circular outline,

though, from the greater size of the circle, it is only partially seen at any
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one time. Now, a body which always casts a circular shadow mu&t itself

be spherical.

(420.) Eclipses of the sun are best understood by regarding the sun

and moon as two independent luminaries, each moving according to known

laws, and viewed from the earth : but it is also instructive to consider

eclipses generally as arising from the shadow of one body thrown on ano-

ther by a luminary much larger than either. Suppose then, A B to

represent the sun, and D a spherical body, whether earth or moon, illu-

minated by it. If we join and prolong AC, B D j since A B is greater

than C D, these lines will meet in a point E, more or less distant from

the body G D, according to its size, and within the space C E D (which

represents a cone, since C D and A B are spheres), there will be a total

shadow. This shadow is called the umbra, and a spectator situated within

it can see no part of the sun's disc. Beyond the umbra are two diverging

Fig. 60.

spaces (or rather, a portion of a single conical space, having K for its

vertex), where if a spectator be situated, as at M, he will see a portion

only (A N P) of the sun's surface, the rest (BON P) being obscured

by the earth. He will, therefore, receive only partial sunshine ; and the

more, the nearer he is to the exterior borders of that cone which is called

the penumbra. Beyond this he will see the whole sun, and be in full

illumination. All these circumstances may be perfectly well shown by

holding a small globe up in the sun, and receiving its shadow at diflFerent

distances on a sheet of paper.

(421.) In a lunar eclipse (represented in the upper figure), the moon

is seen to enter ' the penumbra first, and, by degrees, get involved in the

umbra, the former bordering the latter like a smoky haze. At this period

of the eclipse, and while yet a considerable part of the moon remains

' The actual contact with the penumbra is never seen ; the defalcation of light come&

on so v(„y gradually that it is not till when already deeply immersed, that it is perceived

to be sensibly darkened.

l^l^^
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unobHourod, tho portion involvod in the uinbm is inviHiblc to tho ntikod

vyo, though ntill porvcptiblo in a toloBoopo, and of ft durk groy liuo. ])ut

08 tho uclipMO ndvanouK, nnd tho onlightonod purt diaiiuiHhoa in extent, and

grows gndimlly nioro nnd nioro obaourod by tlio ndvAnco of t\w pmumhra,

tho oyo, n^liuvod from its ghiiv, bononios nioro scnsiblo to fooblo iniprcs-

sionH of light nnd oolour ; nnd phonoinonn of a ronmrknblo and inntruo-

tivo ohurnotor bogin to bo dovolopod. Tho vmhra is seen to bu very far

firont totidly dnrk : nnd in iU fuint illuntinntion it oxliibits n grndation of

ooKmr, boing bluish, or ovon (by contrast) somewhat grocnisli, towards

tho borders for n spaoo of about 4' or 6' of apparent angular breadth

inwards, thenco passing, by deliunto but rapid gradation, through rose rud

to n ticry or coppo^oolourod gbw, like that of dull rod-hot iron. As

tho oolipso proceeds this glow spreads over tho whole surfaoo of tlio moon,

which thou btHsomos on somo occasitms so strongly illuminated, as to oust

a vory sotusible shadow, and allow tho spots on its surfaoo to be perfectly

well distinguished through a telescope.

(4l!2.) Tho CAUHO of these singular, and sometimes very beautiful

nppo.'iraucos. is tho n^fVaction of the sun's light in passing through our

ntnio-Hphoro, which at tho sumo time becomes coloured with tho hues of

sunset by tho absorption of more or loss of tho violet and blue rays, as it

passes through strata nearer or more remote from tho earth's surfui-o, nnd

therefore, nion> or less loaded with vapour. To show this, let A I) n bo

tt section of tho cone of tho iiiuhni, and ¥ lih/ot the pnmmfim, through

their eoiimum axis 1") K S, passing tlmnigh the centres K S of tho earth

ond sun, nnd let K M fc bo n section of thcso cones at a distance K M from

E, equal to tlio radius of tho moon's orbit, or ()0 radii of tho earth.'

Taking this radius for unity, since K 8, the distance of tho sun, is i*;{084,

and the somidiameter of the sun 111] such units, wo readily eulculafo

D E-='J1S, D M= lf>8, for tho distunccs at which tho apex of tho ifrome-

tricnl vmhra lies behind tho earth nnd tho moon respectively. We also

find for tho measure of the angle K D 1^ If)' 4t»", and therefore D H K=
89° 44' 14", whence also we get M V (tho linear scmidinmetor of tbo

«»i/'/vr')=0 "-;') (or in miles iStU"), and tho angle C E 31, its apparent

angular somidiameter as seen from E=41' 80". And instituting siinilur

caloulations for tho geometrical 7»c.'i»hi/>/v» wo get M K= r005 (II5I70

miics\ and K E M 57' 86''; and it ntny be well to remember that tbo

doubles of these angles, or tho moan angular diameters of the vmhni and

jtrnumbni, are described by tho moon with it« mean velocity in *2'' 48",

and 8* 47" respectively, which arc therefore tho respective durations of

' TLc figure i« unavoiiUbly drawn out of all proportion, and the angici violently

exaggerated. The reader wiiould endeavour to draw the tigure in ita true proportioni.
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(I-M.) AVcro tlio vnrih devoid of atnioHplinrf, the wliolc of tlio phc-

iioiiii'iia of ft huinr oclipHo woidd cmsiMt in thrso partial or toUd obscuru-

tidiis. Within tho Bptico Qr tho whoh) of tho light, and within K C and

'•/• a greater or less portion of it, wonld he intercepted by the Holid body

BA (if tlie earth. Tho refraeting ntinoH)ih( re, however, extends from

H, A, to a certain nidcnown, but very small distance IJ II, ///«, wiiich, acting

as a convex lens, of gradnally (and very rapidly) decreasing density, dis-

pcvMs all that ooniparativly small portion of light which falls upon it

I'vir M space bonnde(l externally by 11//, paralitd and very nearly coiuei-

'leiit with Tl F, and internally by a lino H ,~, the former representing the

t'xtniiio exterior ray from tho lind) a of the sun, the latter, tho extreme

interior ray fronj tho limb A. To avoid complication, however, wo will

tnu-e only the courses of rays which just graze tho surfaco at II, viz: B,-

from the upper border. A, and B v from th(( low(!r, o, of tho sun. Each

of these rays is bont inwards from its original course by (lunhh the

amoiuit of tho horizontal refraction (HJl') /. r. by 1° 0', because, in

pnssing from B out of tho atmosphere, it undergoes a deviation c(|ual to

that at entering, and in tho same direction. Instead, therefore, of pur-

suing tho courses B D, B F, thcic rays respoetivoly will occupy the posi-

tions B ,:_>/, B r, making, with tho aforesaid lines, the angles I) HA, F B r,

each 1° (V. Now we have found DBE= 80^ 44 14" and therefore

16
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FBE(=DBE+ angular diam. of o) = 90° 17' 17", consequently

the angles EBy and EB«; will be respectively 88" 38' 14" and 89° 11'

17" from which we conclude Ez = 4203 and Ev = 88-89, the former

falling short of the moon's orbit by 17'07, and the latter surpassing it by

28 89 radii of the earth.

(424.) The penumbra, therefore, of rays refracted at B, will be spread

over the space vH i/, that at H over y K d, and at the intermediate

points, over similar intermediate spaces, and through this compound of

superposed penumbrao the moon passes during the whole of its path

through the geometrical shadow, never attaining the absolute umbra

B zb at all. Without going into detail as to the intensity of tUc

refracted rays, it is evident that the totality of light so thrown into the

shadow is to that which the earth intercepts, as the area of a circular

section of the atmosphere to that of a diametrical section of the earth

itself, and, therefore, at all events but feeble. And it is still further

enfeebled by actual clouds suspended in that portion of the air which

forms the visible border of the earth's disc as seen from the moon, as

well as by the general want of transparency caused by invisible vapour,

which is especially effective in the lowermost strata, within three or four

miles of the surface, and which will impart to all the rays they transmit,

the ruddy hue of sunset, only of double the depth of tint which wo

admire in our glowing sunsets, by reason of the rays having to traverse

twice as great a thickness of atmosphere. This redness will be most

intense at the points x, y, of the moon's path through the umbra, and

will thence degrade very rapidly outwardly, over the spaces x c, y Q, less

so inwardly, over x y. And at C, c, its hue will be mingled with the

bluish or greenish light which the atmosphere scatters by irregular dis-

persion, or in other words by our tictllylit (art, 44). Nor will the phe-

nomenon be uniformly conspicuous at all times. Supposing a generally

and deeply clouded state of the atmosphere around tho edge of the earth's

disc visible from tho moon (/. c. around that great circle of tho earth, in

which, at the moment tho sun is in the horizon,) little or no refracted

light may reach the moon.' Supposing that circle partly clouded and

partly oloar, patches of red light corresponding to the clear portions will

be thrown into tho umbra, and may give rise to various and cnaugcublo

distributions of light on the eclipsed disc
;
' while, if entirely clear, tho

eclipse will be remarkable for the conspicuousnesa of tho moon during

tho whole or a part of its immersion in tho umbra.^

' Aa in the eclipiea of June 9, 1630, April 2.^, 1642. Lalande, Ait. 1769.
« Aa in iKa oolinaa nf Cint 14 IB' l.a^|.«*«.i l^a. 41... »..*I«<«B

' An in that of March 19, ]^^^, when the moon is deacribed aa giving " good light"

during more than on hour after ita total immeroion, and aome peraona evun doubted

its being eclipsed. rNoticea of R. Aat. Soc. viii. p. 133.)

I I
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(425.) Owing to the great size of the earth, the cone of its umbra

always projects far beyond the moon ; so that, if, at the time of a lunar

eclipse, the moon's path be properly directed, it is sure to pass through

the umbra. This is not, however, the case in solar eclipses. It so

happens, from the adjustment of the size and distance of the moon, that

the extremity of her umbra always falls near the earth, but sometimes

attains and sometimes falls short of its surface. In the former case

(represented in the lower figure art. 420) a black spot, surrounded by a

fuititcr shadow, is formed, beyond which there is no eclipse on any part

of the eartlj, but within which there may be either a total or partial one,

as the spectator is within the umbra or pe lumbra. When the apex of

the umbra falls on the surface, the moon at that point will appear, for an

instant, to Just cover the sun ; but, when it falls short, there will be no

total eclipse on any part of the earth ; but a spectator, situated in or near

the prolongation of the axis of the cone, will see the wnole of the moon

on the sun, although not large enough to cover it, i. e. he will witness an

annular eclipse.

(426.) Owing to a remarkable enough adjustment of the periods in

which the moon's nynodkal revolution, and that of her nodes, are per-

formed, eclipses return after a certain period, very nearly in the same

order and of the same magnitude. For 223 of the moon's mean synodi-

cal revolutions, or lunations, as they are called, will be found to occupy

658532 days, and nineteen complete synodical revolutions of the node to

occupy 6585'78. The difference in the mean position of the node, then,

at the beginning and end of 223 lunations, is nearly insensible ; so that

a recurrence of all eclipses within that interval must take place. Accord-

ingly, this period of 223 lunations, or eighteen years and ten days, is a

very important one in the calculation of eclipses. It is supposed to have

been known to the Chaldeans, the earliest astronomers, the regular return

of eclipses having been known as a physical fact for ages before their

exact theory was understood. In this period there occur ordinarily 70

eclipses, 29 of the moon and 41 of the sun, visible in some part of the

earth. Seven eclipses of either sun or moon at most, and two at least

(both of the sun,) may occur in a year.

(427.) The commencement, duration, and magnitude of a lunar eclipse

are much more easily calculated than those of a solar, being independent

of the position of the spectator on the earth's surface, and the snme as if

viewed from its centre. The common centre of the umbra and penumbra

lies always in the ecliptic, at a point opposite to the sun, and the path

described by the moon in passing through it is its true orbit as it stands

at the moment of the full moon. In this orbit, its position, at every

'E

f tIR
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iustiint, is known from tho luutir tables anil opliemoris ; and all wo liavo,

thorcforo, to nseortain, is, tho moment ivheii tho distance between tho

moon's eontro and tho contro of tho shadow is exactly equal to tho sum

of tho scnddianietors of tho moon and iwnumbra, or of tho moon and

ttmhra, to know when it enters upon and loaves thorn respectively. No
lunar colipso can ttike place, if, at tho moment of tho full moon, tho sun

bo at a greater angular distance from tho nodo of tho moon's orbit than

11° «r, meaning by an irtifnte tho inmorsion of any part of tho moon in

tho ninfn-(t,nn its contact with tho prnH7/i/>/*a cannot bo observed (sec note

to art. 421).

(428.) Tho dimensions of tho shadow, at tho placo where it crosses tho

moim's path. ro(|uiro us to know the di.stances of tho sun and moon at the

tiuio. Thr.Me arc variable ; but aro calculated and set down, as well as

their Bcmidiameter.s, for every day, in tho ephemeris, so that none of the

data are wanting. 'J'lio sun's distance is easily calculated from its elliptic

orbit; but tho nu)on's is a matter of more ditficulty, by reason of the pro-

gressive motion of the axis of the lunar orbit. (Art. 100.)

(420.) The physical constitution t)f the momi is better known to us

than that of any i>tlu'r heavenly body. l)y the aid of telescopes, avo

di.'fcevn ineipialifics in its surface which can be no other than nioiniljiiuii

and valleys,—for this plain reason, we see tho shadows cast by the foriiior

in tho exact proportion as to length whieh they ought to have, when we

take into account tho inclination of tho sun's rays to that part of tlio

moon's surface on which (!iey sUuid. The convex outline of tho limb

turned towards tho sun is always circular, and very nearly smooth; but

the , pposito bonier of the enlightened part, which (wero the moon a per-

fect .sphere) ought (o be an exact and sharply defined ellipse, is always

ob.served to be extremely ragged, and indented with deep recessi^s niul pro-

minent points. The mountains near this edge east long black shiulows,

as they should evidently do, when wo consider that tho sun is in (ho act

of rising or setting to the parts of tho moon so circumstanced. Hut lis

the enlightened eilge advances beyond them, /. r. as the sun to them gains

altitude, their shadows shorten; and at the full moon, when all the light

falls in our line of sight, no shadows are seen on any part of her surface.

From micrometrical measures of the lengths of tho shadows of the nioro

conspicuous mountains, taken under the most favourable circumstanccH,

the heights of many of them have been ealeulated. Messrs. IJtcr and

Maodler in their elaborate work, entitled " Der 31ond," have given a list

of heights resulting from such measurements, for no less than lUOri lunar

mountiiins, among which occur all degrees of elevation up to 3500 toiscB,

(22823 British foot), or about 1400 feet higlicr than Chimborazo in the



PHYSICAL CONSTITUTION OP THE MOON. 229

Andes. The oxlHtcnco of such mountains is further corroborated by their

appearance, as small points or islands of light beyond the extreme edge

of tlio enlightened part, which are their tops catching the sun-beams

before the intermediate plain, and which, as the light advances, at length

connect themselves with it, and appear as prominences from the general

edge.

(4!50.) The generality of the lunar mountains present a striking uni-

formity and siiij "'larity of aspect. They are wonderfully numerous,

especially towards the Southern portion of the disc, occupying by far the

larj;(i" portion of the surface, and almost universally of an exactly circu-

lar or cup-shaped form, forcsliortencd, however, into ellipses towards the

limb ; but the larger have for the most part flat bottoms within, from

wliicli rises cciHrally a small, steep, ' lical hill. They offer, in short, in

its highest perfection, the true volcanic chaiucter, as it may be seen in the

crater of Vesuvius, and in a map of the volcanic districts of the Campi

Piilognci' or the Puy do D6nic, but with this remarkable peculiarity,

viz. : th.'it the bottoms of many of the craters are very deeply depressed

k'low the general surface of the moon, the internal depth being often

twice or three times the external height. In some of the principal ones,

dueisivo marks of volcanic Kiratilicution, arising from successive deposits

of ejected matter, and evident indications of lava currents streaming

outwiuils in all direction.^, Uiay be clearly traced with powe-ful telescopes.

(Sl'c i'l. V. fig. '2.") In Lord llossc's magnificent reflector, the flat

Ijottuiii of the crater called Albatognius is seen to be strewed with blocks

not visible in inferior telescopes, while the exterior of another (Aristillus)

is all hatched over with dciep gullies radiating towards its centre. What is,

moreover, extremely singular in the geology of the moon is, that, although

notliiiig having tlic character of seas can be traced, (for the dusky spots,

wliii'li are commonly called seas, when closely examined, present appear-

ances incompatible with the suppouition of deep water,) yet there are

large regions perfectly level, and apparently of a decided alluvial cha-

racter.

(4;51.) The moon has no clouds, uor any other decisive indications of

an atmosphere. Were there any, it could not fail to bo perceived in tho

occultations of stars and the phuouomena of solar eclipses, as well as in

a groat .ariety of oiher phujuomeua. Tho moon's diameter, for exan.ple,

as measured micrometrieally, and as estimated by the interval between

tho disai)pearance and reappearance of a star in an occultation, ought tu

(liflor by twice tho horizontal refraction at the moon's surface. No appro*

' .*cn Hn isliik'g ninp of llic environs of Nu|ilos, nnd Dcsmorcsl's of Auvergne,

'From a driiwinn takcii *mi1i n rtllector of twenty loot focul length (A.)
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oiablo difToronoe boitig porooived, wo ore entitled to oonohido tlio non-

exintonoo of nny ntnioHphoro dciiHO enough to oauHO a refraction of 1" i. e.

having one lOSOth pnrt of tlio density of the earth's atmospliero. In a

sohir eclipse, the existence of any sensible refracting atmonphero in the

moon, would enable us to trace the limb of the latter beyond the cuspn,

externally to the sun's disc, by a narrow, hut brilliant lino of light,

extending to some distance along its edge. No such phicnomenon is

seen. Vnri/ faint stars ought to bo extinguished before occultation, were

any appreciable amount of vapour suspended near the surface of the moon.

But such is not the case ; when occulted at the bright edge, indeed, the

light of the moon extinguishes small stars, and even at the dark limb,

the glare in the sky caused by the near presence of the moon, renders

the oi!oultation of orry minute stars unobsorvable. But during the con-

tinuance of a total Innar eclipse, stars of the tenth and eleventh magni-

tude are seen to come up to the limb, and undergo sudden extinction as

well as tltose of greater brightness.' Hence, tho climate of the moon

must be very extraordinary; tho alternation being that of unmitigated

and burning sunshine fiercer tuan an equatorial noon, continued for a

whole fortnight, and the keenest severity of frost, far exceeding that of

our polar winters, for an equal time. Such a disposition of things must

produce a constant transfer of whatever moisture may exist on its surface,

from tho point beneath the sun to that opposite, by distillation in vacuo

af^er tho manner of the little instrument called a cri/opJiorus. The con-

sequence mu.t be absolute aridity below the vertical sun, constant accre-

tion of hoar frost in the opposite region, and, perhaps, a narrow zone of

running water at tho borders of tho enlightened hemisphere.' It is

possible, then, that evaporation on the one hand, and condensation on the

other, may to a certain extent preserve an equilibrium of temperature,

and mitigate the extreme severity of both climates; but this process,

which would imply the continual generation and destruction of an atmo-

sphere of aqueous vapour, must, in oonformity with what has been said

above of a lunar atmosphere, bo confined within very narrow limits.

(4.S2.) Though the surface of the full moon exposed to us, must neces-

sarily Ihj very much heated,

—

jmnsibli/ to a degree much exceeding that of

boiling water,— yet wo JWI no heat from it, and even in tho focus of largo

reflectors, it fails to affect the thermometer. No doubt, therefore, its heat

(conformably to what has been observed of that of bodies heated below

tho point of luminosity) is much njore readily absorbed in travorning

tmns^xircnt media than direct solar heat, and is extinguished in the upper

rr? ' As obe>orve(i by myself in the eclipBO of Oct. 13, 1837.

• So in ed. of 1833.
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regions of our atmoHpbcro, novor reaching the surfuce of the earth at all.

Some probability is given to this by the tendency to di$aj>pearance

0/ chxuk under the full moony a meteorological faotf (for as such wo

think it fully entitled to rank') for which it is necessary to seek a cause,

and fur which no other rational explanation seems to offer. As for any

other influence of the moon on the weather, wo have no decisive evidence

iu its favour.

(43:i) A circle of one second in diameter, as scon from the earth, on

the surface of the moon, contains about a square mile. Telescopes, there-

fore, must yet be greatly improved, , foce wo could expect to see signs of

iuhubitunts, as manifested by edifices or by changes on the surface of the

soil. It should, however, bo observed, that, owing to the small density

of the materials of the moon, and the comparatively feeble gravitation of

bodies on her surfuce, muscular force would there go six times as far in

overco!uing the weight of materials as on the earth. Owing to the want

of air, however, it scorns imposHiblo that any form of life, analogous to

those on curth, can subHist there. No appcaranco indicating vegetation,

or the slightest variation of surfuce, which can, in our opinion, fairly bo

ascribed to change of season, can uny where be discerned.

(484.) The lunar summer and winter arise, in fact, from the rotation

of the moon on its own axis, the period of which rotation is exactly equal

to its sidereal revolution about the curth, and is performed in a plane 1"

30' 11" inclined to the ecliptic, whose ascending node is always precisely

coincident with the dencendlny node of the lunar orbit. So that the axis

of rotation describes a conical surface about the pole of the ecliptic in

one revolution of the node. The remarkable coincidence of the two rota*

tious, that about the axis and that about the earth, which at first sight

would seem perfectly distinct, has been asserted (but we think somewhat

too ha.stily') to be a consequence of the general laws to be explained here-

after. Be that as it may, it is the cause why wo always see the same face

of the moon, and have no knowledge of the other side.

(4;}5.) The moon's rotation on her axis is uniform; but since her

motion in her orbit (like that of the sun) is not so, we are enabled to

look a few degrees round the equatorial parts of her visible border, on the

eastern or western side, according to circumstances; or, in other words,

the line joining the centres of the earth and moon fluctuates a little in its

position, from its mean or average intersection with her surface, to the

' From my own observation, made quite independently of any knowledge of sucij

a tendency iiaving been observed by others. Humboldt, however, in his personal nar-

rative, speaks of it as well known to the pilots and seamen of .Spanish America : sea

SiOtS at liiD cHu Oi 1116 CiiBpiof \n,/

•See Edinburgh Review, No. 175, p. 193.
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east or westward. And, moreover, since the axis about which she revolves

is neither exactly perpendicular to her orbit, nor holds an invariable direc-

tion in space, her poles come alternately into view for a small space at the

edges of her disc. These phenomena are known by the name of lihratiom

In consequence of these two distinct kinds of libration, the same identi-

cal point of the moon's surface is not always the centre of her disc, and

we therefore get sight of a zone of a few degrees in breadth on all sides

of the border, beyond an exact hemisphere.

(436.) If there be inhabitants in the moon, the earth must present to

them the extraordinary appearance of a moon of nearly 2° degrees in

diameter, exhibiting phases complementary to those which we see the

moon to do, but immoveahly fixed in their ski/, (or, at least, changing its

apparent place only by the small amount of the libration,) while the stars

must seem to pass slowly beside and behind it. It will appear clouded

with variable spots, and belted with equatorial and tropical zones corres-

ponding to our trade-winds j and it may be doubted whether, in their per-

petual change, the outlines of our continents and seas can ever be clearly

discerned. During a solar eclipse, the earth's atmosphere will become

visible as a narrow, but bright luminous ring of a ruddy colour, where it

rests on the earth, gradually passing into faint blue, encircling the whole

or part of the dark disc of the earth, the remainder being dark and rugged

with clouds.

(437.) The best charts of the lunar surface are those of Cassini, of

Russel (engraved from drawings, made by the aid of a seven feet reflect-

ing telescope,) the selcno-topographical charts of Lohrmann, and the very

elaborate projection of Beer and Maedler accompanying their work

already cited.' Madame Witte, a Hanoverian lady, has recently suc-

ceeded in producing from her own observations, aided by Maedlar's

charts, more than one complete model of the whole visible lunar hemi-

sphere, of the most perfect kind, the result of incredible diligence and

assiduity. Single craters have also been modelled on a large scale, both

by her and Mr. Nasmyth. [Still more recently (1851) photography has

been successf'rlly applied to the exact delineation of the lunar surface by

Mr. Whipple, using for the purpose the great Fraunhofer equatorial of

the Observatory at Cambridge, U. S.]

' The representptions of Heveliua in hia Selcnogrnphia, though not without great

merit at the time, and fine specimens of his own engraving, are now become aniujuated.

Additional Note on Art. 432.

M. Arago has shown, from a comparison of rain, registered as having fallen during

a long period, that a sUyht preponderance in respect of quantity falls near the new

Moon over that which falls near the full. This would be a natural and necessary c.q'.u

sequence of a preponderance of a cloudless sky about the full, and forms, therefore,

part and parcel of the same meteorological fact.
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CHAPTER VIII. .

OP TERRESTRIAL GRAVITY.—OP THE LAW OP UNIVERSAL GRAVITA-

TION.— PATHS OF projectiles; apparent— REAL— THE MOON

RETAINED IN HER ORBIT BY GRAVITY.—ITS LAW OF DIMINUTION.

—

LAWS OP ELLIPTIC MOTION.— ORBIT OP THE EARTH ROUND THE SUN

IN ACCORDANCE WITH THESE LAWS.— MASSES OP THE EARTH AND

f:;U\ COMPARED.—DENSITY OP THE SUN.—PORCE OP GRAVITY AT ITS

SURFACE.—DISTURBING EFFECT OP THE SUN ON THE MOON's MOTION.

(438.) The reader has now been made acquainted with the chief phe-

nomena of the motions of the earth in its orbit round the sun, and of the

moon about the earth.—We come next to speak of the physical cause

which maintains and perpetuates these motions, and causes the massive

bodies so revolving to deviate continually from the directions they would

naturally seek to follow, in pursuance of the first law of motion,' and

bend their courses into curves concave to their centres.

(4.39.) "Whatever attempts may have been made by metaphysical

writers to reason away the connection of cause and effect, and fritter it

down into the unsatisfactory relation of habitual sequence,'' it is certain

that the conception of some more real and intimate connection is quite as

strongly impressed upon the human miad as that of the existence of un

e.xternal world,— the vindication of whose reality has (strange to say)

been regarded as an achievement of no common merit in the annals of

this branch of philosophy. It is our own immediace consciousness of

effort, when we exert force to put matter in motion, or to oppose and neu-

tralize force, which gives us this internal conviction of power and vausa-

' Princip. Lex. i.

" See Brown " On Cause and Effect,"— a work of great acuteness and subtlety of

reasoning on some points, but in which the whole train of argument is vitiated by one

enormous oversight; the omission, namely, of a distitict and immediate ptraonal con-

sciousness of causation in his enumeration of that sequence of events, by which the

volition of the mind is made to terminate in the motion of material objects. I mean
ihe consciousness of effort, accompanied with intention thereby to accomplish an end,

as a thing entirely distinct from mere desire or volition on the one hnnd, and from mer«
spasmodic contraction of muscles on the other. Brown, 3d edit. Edin. 1818, p. 47.

(Note to edition of 1833.)
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tion so far as it refers to the material world, and compels us to believe

that whenever wo see material objects put in motion from a state of rest,

or deflected from their rectilinear paths and changed in their velocities if

already in motion, it is in consequence of such an effort somehov:

exerted, though not accompanied with our consciousness. That such an

effort should be exerted with success through an interposed space, is no

more difficult to conceive, than that our band shojid communicate motion

to a stone, with which it is demonstrably not in eontavt.

(440.) All bodies with which we are acquainted, when raised into the

air and quietly abandoned, descend to the earth's surface in lines perpen-

dicular to it. They are therefore urged thereto by a force or effort, which

it is but reasonable to regard as the direct or indirect result of a conscious-

Tiess and a will existing somewhere, though beyond our power to trace,

which force we term gravity, and whose tendency or direction, as uni-

versal experience teaches, is towards the earth's centre; or rather, to

speak strictly, with reference to its spheroidal figure, perpendicular to the

surface of still water. But if we cast a body obliquely into the air, this

tendency, though not extinguished or diminished, is materially modified

in its ultimate effect. The upward impetus we give the stone is, it is

true, after a time destroyed, and a downward one communicated to it,

which ultimately brings it to the surface, where it is opposed in its fur-

ther progress, and brought to rest. But all the while it has been conti-

nually deflected or bent aside from its rectilinear progress, and made to

describe a curved line concave to the earth's centre j and having a hiyhcst

point, vertex, or apogee, just as the moon has in its orbit, where the direc-

tion of its motion is perpendicular to the radius.

(441.) When the stone which we fling obliquely upwards meets and is

stopped in its descent by the earth's surface, its motion is not towards the

centre, but inclined to the earth's radius at the same angle as when it

quitted our hand. As we are sure that, if not stopped by the resistance

of the earth, it would continue to descend, and that obliquely, what pre-

sumption, we may ask, is there that it would ever reach the centre towards

which its motion, in no part of its visible course, was ever directed?

What reason have we to believe that it might not rather circulate round

it, as the moon does round the earth, returning again to the point it set

out from, after completing an elliptic orbit of which the earth's centre

occupies the lower focus ? And if so, is it not reasonable to imagine that

the same force of gravity may (since we know that it is exerted at all

accessible heights above the surface, and even in the highest regions of

the atmosphere) extend as far as GO radii of the earth, or to the moon ?

and may not this be the power,— for some power there must be,— which



ORAYITATION OF THB MOON TO THB EARTH. 235

egions of

le nioon'

,— which

deflects her at every instant from the tangent of her orbit, and keeps her

in the elliptic path which experience teaches us she actually pursues ?

(442.) If a stone be whirled round at the end of a string it will stretch,

the string by a centrifugal force, which, if the speed of rotation be suffi<

ciently increased, will at length break the string, and let the stone escape.

However strong the string, it may, by a sufficient rotary velocity of the

Btone, be brought to the utmost tension it will bear without breaking ; and

if we know what weight it is capable of carrying, the velocity necessary

for this purpose is easily calculated. Suppose, now, a string to connect

the earth's centre with a weight at its surface, whose strength should be

just sufficient to sustain that weight suspended from it. Let us, however,

for a moment imagine gravity to have no existence, and that the weight

is made to revolve with the limiting velocity which that string can barely

counteract : then will its tension be just equal to the weight of the re-

volving body; and any power which should continually urge the body

towards the centre with a force equal to its weight would perform the

office, and might supply the place of the string, if divided. Divide it

then, and in its placo let gravity act, and the body will circulate as before

;

its tendency to the centre, or its weight, being just balanced by its centri-

fugal force. Knowing the radius of the earth, we can calculate by the

principles of mechanics the periodical time in which a body so balanced

must circulate to keep it up; and this appears to be l** 23'° 22*.

(443.) If wo make the same calculation for a body at the distance of

the moon, supposing its weight or gravity the same as at the earth's

surface, we shall fin'^ the period required to be lO' 45"* 30*. The actual

period of the moon's revolution, however, is 27* 7^ 43"» ; and hence it is

clear that the moon's velocity is not nearly sufficient to sustain it against

fuch a power, supposing it to revolve in a circle, or neglecting (for the

present) the slight ellipticity of its orbit. In order that a body at the

distance of the moon (or the moon itself) should be capable of keeping

its distance from the earth by the outward effort of its centrifugal force,

while yet its time of revolution should be what the moon's actually is,

it will appear ' that gravity, instead of being as intense as at the surface,

would require to be very nearly 3600 times less energetic; or, in other

words, that its intensity is so enfeebled by the remoteness of the body on

which it acts, as to be capable of producing in it, in the same time, only

s?\ji5*^' V^^^ of the motion which it would impart to the same mass of

matter at the earth's surface.

(444.) The distance of the moon from the earth's centre is a very little

less than sixty times the distance from the centre to the surface^ and

• Newton, Princip. b. i., Prop. 4., Cor. 2.
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3600 : 1 : : 60^ : 1' ; so that the proportion in which we must admit the

earth's gravity to be enfeebled at the moon's distance, if it be really the

force which retains the moon in her orbit, must be (at least in this par-

ticular instance) that of the squares of the distances at which it is com-

pared. Now, in such a diminution of energy with increase of distance,

there is nothing prima facie inadmissible. Emanations from a centre,

such as light and heat, do really diminish in intensity by increase of dis-

tance, and in this identical proportion ; and though we cannot certainly

argue much from this analogy, yet we do see that the power of magnetic

and electric attractions and repulsions is actually enfeebled by distauee,

and much more rapidly than in the simple proportion of the increased

distances. The argument, therefore, stands thus :— On the one hand,

Gravity is a real power, of whose agency we have daily experience. We
know that it extends to the great3st accessible heights, and far beyond

;

and we see no reason for drawing a line at any particular height, and

there asserting that it must cease entirely ; though we have analogies to

lead us to suppose its energy may diminish as we ascend to great heights

from the surface, such as that of the moon. On the other hand we arc

sure the moon is urged towards the earth by some power which retains

her in her orbit, and that the intensity of this power is such as would

correspond to a gravity, diminished in the proportion— otherwise not

improbable— of the squares of the distances. If gravity be nut that

power, there must exist some other; and, besides this, gravity must

cease at some inferior level, or the nature of the moon must be different

from that of ponderable matter ;— for if not, it would be urged by hotli

powers, and therefore too much urged and forced inwards from her path.

(445.) It is on such an argument that Newton is understood to have

rested, in the first instance, and provisionally, his law of universal gravi-

tation, which may be thus abstractly stated :
—" Every particle of matter

in the universe attracts every other particle, with a force directly propor-

tioned to the mass of the attracting particle, and inversely to the square

of the distance between them." In this abstract and general form,

however, the proposition is not applicable to the case before us. The

earth and moon are not mere particles, but great spherical bodies, and to

such the general law does not immediately apply; and, before we can

make it applicable, it becomes necessary to inquire what wUl be the force

with which a congeries of particles, constituting a solid mass of any

assigned figure, will attract another such collection of material atoms.

This problem is one purely dynamical, and, in this its general foi-m, is

of extreme diflSiculty. Fortunately however, for human knowledge, when

the attractino' and attracted bodies it admits of au easy auu
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direct solution. Newton himself has shown (Princip. b. i. prop. 75)

that, in that case, the attraction is precisely the same as if the whole

matter of each sphere were collected into its centre, and the spheres were

single particles there placed j so that, in this case, the general law applies

in its strict wording. The effect of the trifling deviation of the earth

from a spherical form is of too minute an order to need attention at pre-

sent. It is, however, perceptible, and may be hereafter noticed.

(446.) The next step in the Newtonian argument is one which divests

the law of gravitation of its provisional character, as derived from a loose

and superficial consideration of the lunar orbit as a circle described with an

average or mean velocity, and elevates it to the rank of a general and pri-

mordial relation by proving its applicability to the state of existing nature

in all its circumstances. This step consists in demonstrating, as he has

done ' (^Princip. i. 17. i. 75.), that, under the influence of such an attract-

ive force mutually urging two spherical gravitating bodies towards each

other, they will each, when moving in each other's neighbourhood, be

deflected into an orbit concave towards the other, and describe, one about

the other regarded as fixed, or both round their common centre of gravity,

curves whose forms are limited to those figures known in geometry by the

general name of conic sections. It will depend, he shows, in any assigned

case, upon the particular circumstances or velocity, distance, and direction,

v:likli of these curves shall be describnd — whether an ellipse, a circle, a

parabola, or an hyperbola ; but one . uther it must be ; and any one of

any degree of excentricity it mai/ W, according to the circumst'^nces of

the euso; and, in all cases, the point to which the motion is referred,

whether it bo the centre of oi^ of the spheres, or their common centre of

gravitj', will of necessity be tho fociis of the conic section described. He
shows, furthermore (^Princip. i. 1.), that, in every case, the angular velo-

citi/ with which the line joining their centres moves, must be inversely

proportional to the square of their mutual distance, and that equal meas

of 'he curves described will be swept over by their line of juuctiou in

equal times.

(447.) All this is in conformity with what we have stated of the solar

' We refer for these fundamental propositions, as a point of duty, to the immortal

work in which they were first propounded. It is impossible for us, in this volume, to

go into these investigations : even did our limits permit, it would be utterly inconsist-

ent with our plan ; a general idea, however, of their conduct will be given in the next

chapter. We trust that the careful and attentive study of the Principia m its original

form will never be laid asu^e, whatever be the improvements of the modern analysis

as respects facility of calculaiion and expression. From no other quarter can a thorough

and complete comnrchcnsion of the mechanism of our system, (so far as the immedi-
ate scope of that work,) be anything Uke so well, and we may add, so easily obtained.

|#
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and lanar movMiients. Thoir orbits are ellipses, but of different dogrcos

of exceotricity; and this oircumstance already indioates the general appli-

cability o£ the principles in question.

(448.) But hero we have already, by a natural and ready implication

(such is always the progress of generalization), taken a further and most

important step, almost unpcrccived. We have extended the action of

gravity to the case of the earth and sun, to a distance immensely greater

than that of the moon, and to a body apparently quite of a different

nature from either. Are we justified in this? or, at all events, are there

no modifications introduced by the change of data, if not into the general

expression, at least into the particular interpretation, of the law of gravi-

tation ? Now, the moment wo come to numbers, an obvious incongruity

strikes us. When we calculate, as above, from the known distance of the

sun (art. 857), and from the period in which the earth circulates ubout it

(art. 305), what must be the centrifugal force of the latter by which the

sun's attraction is balanced, (and which, therefore, becomes an exact mea-

sure of the sun's attractive energy as exerted on the earth,) we find it to

be immensely greater than would suffice to counteract the eartli's attrac-

tion on an equal body at that distance—^greater in the high proportion of

854930 to 1. It is clear, then, that if the earth be retained in its orbit

about the sun by solar atttuction, conformable in its rate of diminution

with the general law, this force must be no less than 354936 times more

intense than what the earth would be capable of exerting, ccekrisj^aribtiSf

at an equal distance.

(449.) What, then, are we to understand from this result ? Simply

this,— that the sun attracts as a collection of 854936 earths occupying

its place would do, or, in other words, that the sun contains 354936 times

the mass or quantity of ponderable matter that the earth consists of. Nor

let this cpnclusion startle us. We have only to recall what has been

already shown (in art. 358) of the gigantic dimensions of this magnifi-

cent body, to perceive that, in assigning to it so vast a mass, we arc not

outstepping a reasonable proportion. In fact, when we come to compare

its mass with its huIK', we find its density' to be less than that of the earth,

being no more than 0-2543. So that it must consist, in reality, of far

li>, rr materials, especially when wo consider the force under which its

central parts must be condensed. This consideration renders it highly

probable that an intense heat prevails in its interior by which its elasticity

' The dcniity of a material body it as the ma$f directly, and the volume invertely i

htmen dnnaitv n{ a\' <1«n«lv nf (:B ; • .01<»?« ! 1 • (i-QKA-t . I.
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is reiDforced, and rendered capnblo of resisting this almost inconcoivable

pressure without ooUapsing iuto smaller dimensions.

(450.) This will bo more distinctly appreciated; if we estimate, as we

are now prepared to do, the intensity of gravity at the sun's surface.

The attraction of a sphere being the same (art. 445) as if its whole

mass were ooUcoted in its centre, will, of course, be proportional to the

mass directly, and the square of the distance inversely ; and, in this case,

the distance is tho radius of the sphere. Hence we conclude', that the

iutetisities of solar and terrestrial gravity at the surfaces of tho two globes

arc in the proportions of 27 to 1. A pound of terrestrial matter at the

sun's surface, then, would exert a pressure equal to what 27*9 such pounds

would do at the earth's. The efficacy of muscular power to overcome

weight is therefore proportionally nearly 28 times less on tho sun than on

the earth. An ordinary man, for example, would not only be unable to

sustain his own weight on the sun, but would be literally crushed to atoms

under the load.*

(451.) Henceforward, then, we must consent to dismiss all idea of tho

earth's immobility, and transfer that attribute to the sun, whoso ponderous

mass is calculated to exhaust tho feeble attractions of such comparative

atoms as tho earth and moon, without being perceptibly dragged from its

pluce. Their centre of gravity lies, as we have already hinted, almost

close to the centre of the solar gloljc, at an interval quite irapcrccptiblo

from our distance ; and whether we regard tho earth's orbit as being per-

formed about the one or the other centre makes no appreciable differenco

in any one phenomenon of astronomy.

(452.) It is in consequence of the mutual gravitation of all tho sevcal

parts of matter, which tho Newtonian law supposes, that the earth and

moon, while in the act of revolving, monthly, in iVeir mutual orbits about

their common centre of gravity, yet continue to circulate, without parting

company, in a greater annual orbit round the sun. We may conceive this

motion by connecting two unequal balls by a stick, which, at their centre

of gravity, is tied by a long string, and whirled round. Their joint si/n-

ton will circulate as one body about the common centre to which the

string is attached, while yet they may go on circulating round each other in

subordinate gyrations, as if the stick were quite free from any such tie,

and merely hurled through the air. If the earth aloiio, and not tho

moon, gravitated to the sun, it would be dragged away, and leave the mooa

'Solnr grnvity : terreitrial : : ,Jfi}"nJi,j : (mVir) ' '
^"^'^ : 1 ; the respeciivo radii

of ihn sun and Gsrtu being 4»(K)00, nnd 4000 miles.

*A mait weighing 12 atone or 168lbii. on the earth, would produce a prcsiure of

4687 ibi, on the sun.
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behind— and viW. vrrsd; but, acting on both, thoy continue together

under itn attniction, just as the loose parts of the earth's surface continue

to rc3t upon it. It is, then, in strictness, not the earth or the moon

which describes aii ellipse around the sun, but their common centre of

gravity. The ctTcct is to produce a small, but very perceptible, monthly

<<iu(tti()ii in the sua's apparent motion as seen from the earth, which is

always taken into account in calculating the sun's place. The moon's

actual path in its compound orbit round the earth and sun is an epicycloi-

dal curve intersecting the orbit of the earth twice in every lunar month,

and alternately within and without it. ]?ut as there are not more than

twelve such months in thf year, and as the total departure of tlu! moon

from it cither way docs not exceed one 400th part of the radius, this

amtiunts only to a slight undulation upon the earth's ellipse, so slight,

indeed, that if drawn in true proportion on a large sheet of paper, no cyo

unaided by measuronient with compasses would detect it. The real orbit

of the moon is everywhere concave towards the sun.

(•If).'}.) Hero moreover, i. e. in the attraction of the sun, we have the

key to all those differences from an exact elliptic movement of the moon

in her monthly orbit, which wo have already noticed (arts. 407, 400), viz.

to the rctrogrndo revolution of her nodes ; to the direct circulation of the

axis of her ellipse; and to all the other deviations from the laws of elliptic

motion at which we have further hinted. If the moon simply revolved

about the earth under the influence of its gravity, none of these plieno-

mona would take plaeo. Its orbit would be a perfect ellipse, returning

into itself, and always lying in one and the same plane. That it /s imt w,

is a proof that some cause diitftirhii it, and interferes with the earth's

attraction ; and this eause is no other than the sun's attraction—or rather,

that part of it which is not rqunlfi/ exerted on the earth.

(4r>{.) Suppose two stones, side by side, or otherwise situated with re-

spect to each other, to be let fall together; then, as gravity accelerates

them equally, they will retain their relative positions, and fall together as

if they formed one mass. But suppose gravity to be rather more intensely

exerted on one than on the other; then would that oiic bo rather more

accelerated in its fall, and would gradually leave the other; and thus a

r.'Iiitive motion between them would arise from the diflerence of action,

however slight.

(4f)').) 'J'lic sun is about 400 times more remote than the moon; and,

in constMjr.enee, wliih' the moon describes her monthly orbit round the

earth, her distance from the sun is alternately ^(^nth part greater and as

much less than the earth's. Small ns this j?, it is yet sufficient to produce

Q perceptible excess of attractive tendency of the moon towards the sun,
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Fig. 62.

NflM.
"S

s

above that of tho oarth when in tho nearer point of her orbit, M, and a

corresponding defect on tho opposite part, N ; and, in tho intermediate

positions, not only will a diflfcrence of forces subsist, but a difference of

directioun also ; sinc(<1iowovor small tho lunar orbit M N, it is not a point,

and, therefore, tho lines drawn from the sun S to its several parts cannot

bo regarded as strictly parallel. If, as wo have already seen, the force of

the sun were equally exerted, and in parallel directions on both, no disturb-

ance of their relative situations would take place j but from the non-veri-

fication of these conditions arises a duturhing force, oblique to tho line

joining tho moon and earth, which in somo situations acts to accelerate, in

others to retard, iior elliptic orbitual motion j in somo to draw the earth

from the raooC; *; ers tho moon from tho earth. Again, the lunar

orbit, though vc '- ;;• ly, is yet not quite coincident with tho piano of tho

ecliptic ; and hcnco tho action of tho sun, which is very nearly parallel to

the lafit-mcntioncd plane, tends to draw her somewhat out of the plane of

her orbit, and docs actually do so—producing tho revolution of her nodes,

and other phenomena less striking. Wo are not yet prepared to go into

the subject of these perturhat ions, as they are called ; but they are intro-

duced to tho reader's notice as early as possible, for tho purpose of re-

assuring his mind, should doubts have arisen as to the logical correctness

of our argument, in consequence of our temporary neglect of them while

working our way upward to tho law of gravity from a general considera-

tion of the moon's orbit.

16
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CHAPTER IX.

OF THE SOLAR SYSTEM.

APPARKNT MOTIONS OF THE r^ANETI^ — THEIR STATIONS AND RE-

TRtKlRADATlONS.— THE SUN TIIEIH NATURAL CENTRE OF MOTION.

— INFERIOR PLANETS.— THKIR I'lIASES, PERIODS, ETC. — DIMEN-

SIONS AND FORM OF THEIR ORBITS.— TRANSITS ACROSS THE SUN.

— SUPERIOR PLANETS.— THEIR DISTANCES, PERIODS, ETC.— KEP-

LER's laws AND THEIR INTERPRETATION.— ELLIPTIC ELEMENTS

OF A planet's ORIHT.— ITS HELIOCENTRIC AND GEOCENTRIC

PLACE.— EMPIRICAL LAW OF PLANETARY DISTANCES;

—

VIOj>ATED

IN THE CASE OF NEPTUNE.— THE ULTRA-ZODIACAL PLANETS.—

PHYSICAL PECULIARITIES OBSERVABLE IN EACH OF THE PLANETS.

(456.) The sun and moon are not the only celestial objects which

appear to Lave a motion indopondeut of that by rhich the great con-

Huollfttion of the heavens is daily carried round the earth. Among the

stars there are several,— and tho.so among the brightest and most con-

spicuous,— which, when attentively watched from night to night, are

found to ch- igo their relative situations among the resi,; some rapidly,

others H'' c more slowly. These are called planets. Four of them—
Venns, iMars, Jupiter, and Saturn — arc remarkably largo and brilliant;

another. Mercury, is also visible to the naked eye as a large star, but, for

a reason which will presently appear, is seldom conspicuous; a sixth,

Uranus, is barely discernible without a telescope ; and nine others—Nep-

tune, Cores, Pallas, Vesta, Juno, Astrasa, Ilobe, Iris, Flora— are never

visible to the naked eye. Besides these fifteen, others yet undiscovcrod

may exist ;' and it is extremely probable that such is the case,—the mul-

titude of telescopic stars being so grout that only a small fraction of tlieir

number has boon suflBciently noticed to ascertain whether they retain ;Iie

same places or not, and the ton la.st-montionod planets having all been

discovered within little more than half a century from the present time.

' Wliilo this sheet is passing throuph the press, a sixteenth, not yet nninod lias

boon milled to the list, by tiie observntions of Mr. Ornhnm. nMirononiical ngKiainnt to

E. Cooper, Esij. at his observatory at Murkrco, Sligo, i. >land.

:?ete
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(457.) Tho apparent motions of the planets are tnucb more irregular

tbau those of tho sun or moon. Generally speaking, and comparing their

places at distant times, they all advance, though with very different ave-

rage or mean velocities, in the same direction as those luminaries, i. e. in

opposition to the apparent diurnal motion, or from west to cost : all of

them make the entire tour of the heavens, though under very different

circumstances; and all of them, with tho exception of the eight teles-

copic planets,—Ceres, Pallas, Juno, Vesta, Astrwa, Hebe, Iris, and Flora

(which may therefore be termed uUra-zodia"al,)— are conflned in their

visible paths within very narrow limits on -'^er side the ecliptic, and

perform their movements within that zone of the heavens we have called,

above, the Zodiac (art. 803.)

(458.) The obvious conclusion from this is, that whatever be, other-

wise, tho nature and law of their motions, they are performed nearh/ in

the plane of the ecliptic— that plane, namely, in which our own motion

about the sun is performed. Hence it follows, that we see their evolu-

tions, not in plan, but in section; their real angular movements and

lineal distances being b.\\ foreshortened and confounded undistinguiwhubly,

while only their deviations from the ecliptic appear of their natural ?uug.

nitudc, undiminished by the effect of perspective.

(459.) The apparent motions of the sun and moon, though not uni-

form, do not deviate very greatly from uuifoiraity ; a moderate aecelcira-

tion and retardation, accountable for by the ellipticity of their orbits,

being all that is remarked. But the cage is widely different with the

planets : sometimes they advance rapidly ; then relax in tlieir apparent

spoed— come to a momentary stop; and then actually reverse their

motion, and run back upon their former course, with a rapidity at first

inoreasing, then diminishing, till the reversed or retrograde motion ceases

altogether. Another station, or moment of apparent rest or indecision,

now takes place; after which the moveiucut is again reversed, and

resumes its original direct character. On the whole, however, the amount

of direct motion more than compensates the retrograde; and by tho

Fig. 63.

excess of tho former ovpr tho latter, tho gradual advance of tho planet

from west to oast is maintained. Thus, BUpposirig the Zodiac to bo

unfolded into a plane surface, (or represented as in Mercator's projection,

m

I
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art. 283, taking the ecliptic E C for its ground line,) the track of a planet

when mapped down by observation from day to day, will offer tl:** appear-

ance P Q R S, &o. ; the motion from P to Q being direct, at Q stationary,

from Q to B retrograde, at R again stationary, from R to S direct, and

BO on.

(460.) In the midst of the irregularity and fluctuation of this motion,

one remarkable feature of uniformity is observed. Whenever the planet

crosses the ecliptic, as at N in the figure, it is said (like the moon) to be

in its node; and as the earth necessarily liij in the plane of the ecliptic,

the planet canuot be apparently or uranographically situated in the

celestial circle so called, without being realli/ and locally situated in that

plane. Tue visible passage of a planet through its node, then, is a phe-

nomenon indicative of a circumstance in its real motion quite independent

of the station from which we view it. Now, it is easy to ascertain, by

observation, when a planet passes from the north to the south side of the

ecliptic : we have only to convert its right ascensions and declinations into

longitudes and xullLudeb, and the change from north to south latitude on

two successive days will advertise us on what day the transition took

place
J
while a simple proportion, grounded on the observed state of its

motion in latitude in the interval, will suffice to fix the precise hour aud

minute of its arrival on the ecliptic. Now, this being done for several

transitions from side to side of the ecliptic, and their dates thereby fixed,

we find, universally, that the interval of time elapsing between the suc-

cessive passages of each planet through ilie same node (whether it be the

ascending or the descending) is always alike, whether the planet at the

moment of such passage be direct or retrograde, swift or slow, in its

apparent movemei.t.

(461.) Here, then, we have a circumstance which, while it shows that

the motions of the planets are in fact subject to certain laws and fixed

periods; may lead us very naturally to suspect that the apparent irregu-

larities and complexities of their moven"ints may be owing to our not

seeing them from their natural centre (art. 338, 371), and from our mixing

up with their own proper motions movements of a parallactic kind, due to

our own change of place, in virtue of the orbitual motion of the earth

about the sun.

(462.) If we abandon the earth as a centre of the planetary motions, it

cannot admit of a moment's hesitation where wo should place that centre

with the greatest probability of truth. It must surely be the sun which

is entitled to the first trial, as a station to which to refer to them. If it

bo not connected with them by any physical relation, it at least possesses

the advantage, which the earth does not, of comparative immobility. But
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otions, it

at centre

iin which

If it

possesses

ty. But

after what has been shown in art. 449, of the immense mans of that Inmi*

nary, and of the office it performs to us as a quiescent centre of our orbi-

tual motion, nothing can be more natural than to suppose it may perform

the same to other globes which, like the >.^^ch, may be revolving round it;

and these globes may be visible to us by its light reflected from them, as

the moon is. Now there are many facts which give a strong support to

the idea that the planets are in this predicament.

(463.) In the first place, the planets really are great globes, of a size

commensurate with the earth, and several of them much greater. When
examined through powerful telescopes, they are seen to be round bodies,

of sensible and even of considerable apparent diameter, and oflering dis-

tinct and characteristic peculiarities, which show them to be solid masses,

each possessing its individual structure and mechanism ; and that, in one

instance at least, an exceedingly artificial and complex one. (See the

representations of Mars, Jupiter, and Saturn, in Plate III.) That their

distances from us are great, much greater than that of the moon, and some

of them even greater than that of the sun, we infer, 1st, from their being

occulted by the moon, and 2dly, from the smallness of their diurnal

parallax, which, even for the nearest of them, when most favourably

situated, does not exceed a few seconds, and for the remote ones is almost

imperceptible. From the comparison of the diurnal parallax of a celestial

body, with its apparent semidiameter, we can at once estimate its real size.

For the parallax is, in fact, nothing elst than the apparent semidiameter

of the earth as seen from the body in question Tart. 339 et seq.) ; and, the

intervening distance being the same, the real diameters must be to each

other in the proportion of the apparent ones. Without going into parti-

culars, it will suffice to state it as a general result of that comparison, that

the planets are all of them incomparably smaller than the sun, but some

of them as large as the earth, and others much greater.

(4G4.) The next fact respecting them is, that their distances from us,

as estimated from the measurement of their angular diameters, are in a

continual state of change, periodically increasing and decreasing within

certain limits, but by no means corresponding with the 8UT)position of

regular circular or elliptic orbits described by them about the earth as a

centre or focus, but maintaining a constant and obvious relation to their

apparent angular distances or elongations from the sun. For examj>le

;

the apparent diameter of Mars is greatest when in opposition (as it is

called) to the sun, t. e. when in the opposite part of the ecliptic, or when

it comes on the meridian at midnight,— being then about 18",— but

diminishes rrtpidly from that to about 4", which is its apparent diameter

when in coujunctionf or when seen in nearly the same direction as that



246 OUTLINES OP ASTRONOMY.

luminary. This, and facts of a similar character, observed with respect

to tho apparent diameters of the other planets, clearly point out the sua

OS having more than an accidental relation to their movements.

(4C5.) Lastly, certain of the planets, (Mercury, Venus, and Mars,)

when viewed through telescopes, exhibit the appearance of phases liite

those of the moon. This proves that they are opaque bodies, shining

only by reflected light, which can be no other than that of the sun's

;

not only because there is no other source of light external to them suffi-

ciently powerful, but because tho appearance and succession of the phases

thcinselve:i are (like their visible diameters) intimately connected with

their elongations from the sun, as will prc; ^ntly be shown.

(4GG.) Accordingly it is found, that, when we refer the planetary move-

ments to the sun as a centre, all that apparent irregularity which they

offer when viewed from the earth disappears at once, and resolves itself

into one simple and general law, of which the earth's motion, as ex-

plained in a former chapter, is only a particular case. In order to show

how this happens, let us take tho case of a single planet, which we will

suppose to revolve round the sun, in a plane nearly, but not quite, coin-

cident with the ecliptic, but passing through the sun, and of course inter-

secting tho ecliptic in a fixed line, which is the line of the planet's nodes.

This line must of course divide its orbit into two segments; and it is

evident that, so long as the circumstances of the planet's motion rcmuiu

otherwise unchanged, the times of describing these segments must remain

the same. The interval, then, between the pl-^net's quitting either node,

and returning to the same node again, must bo that in which it describes

oue complete revolution round the sun, or its periodic time ; and thus we

are furnished with a direct method of ascertaining the periodic time of

each planet.

(467.) Wo have said (art. 457) that the planets make the entire tour

of the heavens under very different circumstances. This must be ex-

plained. Two of them— Mercury and Venus— perform this circuit

evidently as attendants upon the sun, from whose vicinity they never

depart beyond a certain limit. They are seen sometimes to the cast,

sometimes to tho west of it. In the former case they appear conspicuous

over the western horizon, just after sunset, and are called evening stars

:

Venus, especially, appears occasionally in this situation with a dazzling

lustre ; and in favourable circumstances may be obscived to cast a pretty

strong shadow.' When they happen to be to the west of the sun, they

« It must be thrown upcn o white ground. An open window in a white-washed room

is the best exposure. In this situation I have observed not only the shadow, but the

.iwr.<.i/«f.i f.:„o /Vt..rV ..a tr
'•B>-= >'"ii"«B

often be seen with tho naiiod eye in the dayiime,

AfVfrO «!/ trie CUMH/r* Cy AUUtJ.

k
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rise before that luminary in the morning, and appear over the eastern

horizon as morning stars : they do not, however, attain the same elonga-

Hon from the sun. Mercury never attains a greater angular distance from

it than about 29", while Venus extends her excursions on either side to

about 47°. Wbon they have receded from the sun, eastward, to their

respective distances, they remain for a time, as it were, immoveable witlt

reitped to it, and are carried along with it in the ecliptic with a motion

equal to its own ; but presently they begin to approach it, or, which comes

to the same, their motion iu longitudo diminishes, and the sun gains upon

them. As this approach goes on, their continuance above the horizon

after sunset becomes daily shorter, till at length they set before the dark-

ness has become sufficient to allow of their being seen. For a time, then,

they arc no* seen at all, unless on very rare occasions, when they are to

be observed passing across the sun's disc as small, round, well-de/ined

Hack spots, totally different in appearance from the solar spots (art. 386.)

Thesf phenomena are emphatically called transits of the respective

planets across the sun, and take place when the earth happens to be

passing the line of thoir nodes while they are in that part of their orbits,

just as in the account we have given (art. 412) of a solar eclipse. After

having thus continued invisible for a time, however, they begin to appear

on t'iC other side of the suu, at first showing themselves only for a few

minutes before sunrise, and gradually longer and longer as they recede

from him. At this time their motion in longitude is rapidly retrograde.

Before they attain their greatest elongation, however, they become station-

ary in the heavens j but their recess from the sun is still maintained by

the advance of that luminary along the ecliptic, which continues to leave

them behind, until, having reversed their motion, and become again

dim'l, they acquire sufficient speed to commence overtaJiing him— at

which moment they have their greatest western elongation : and thus is a

kind of oscillatory movement kept up, while the general advance along

the ecliptic goes on.

(468.) Suppose PQ to be the ecliptic, and ABD the orbit of one of

these planets, (for instance. Mercury,) seen almost edgewise by an eye

situated very nearly in its plane ; S, the sun, its centre; and A, B, D, S,

successive positions of the planet, of which B and S are in the nodes.

If, then, the sun S stood apparently still in the ecliptic, the planets would

simply appear to oscillate backwards and forwards from A to D, alter-

nately passing before and behind the sun j and, if the eye happened to

lie exactly in the plane of the orbit, transiting his disc in the former

case, and beina: covered by it in the latter. But as tb

stationary, but apparently can-ied along the ecliptic P Q, let it be supposed

\ f'li
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Fig. 64.

to move over the spaces S T, T XJ, U V, VfhWe the planet ia each case exe-

cutes one quarter of its period. Then will its orbit be apparently carried

along with the sun, into the successivn positions represented in the figure
j

and while its real motion round the sun brings it into the respective points,

B, D, S, A, its apparent movement in the heavens will seem to have been

along the wavy or zigzag line A N H K. J:i this, its motion in longitude

will have been direct in the parts A N, N H, and retrograde in the parts

H n K ; while at the turns of the zigzag, as at H, it will have been sta-

tionary.

(469.) The only two planets— Mercury and Venus— whose evolu-

tions are such as above described, are called inferior planets ; their points

of farthest recess from the sun are called (as above) their greatest eastern

and western elongations ; and their points of nearest approach to it, their

inferior and srij)erior conjunctions,— the former when the planet passes

between the earth and the sun, the latter when behind the sun.

(470.) In art. 467 we have traced the apparent path of an inferior

planet, by considering its orbit in section, op as viewed from a point in

the plane of the ecliptic. Let us now contemplate it in plan, or as viewed

from a station above that plane, and projected on it. Suppose then, S to

represent the sun, ahcdih.Q orbit of Mercury, and A B C D a part of

that of the earth— the direction of the circulation being the same in

Fig. C5.

both, viz. that of the arrow. When the planet stands at a, let the earth

be situated at A, in the durection of a tangent, a A, to its orbit ; then it

is eviaeut ihut it will appear at its greatest elongation from the sun,—

>uiu
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the angle a A S, which measur 3s their apparent interval as seen from A,

being then greater than in any other situation of a upon its own circle.

(471.) Now, this angle being known by observation, we are hereby

furnished with a ready means of ascertaining, at least approximately, the

distance of the planet from the sun, or the radius of its orbit, supposed a

circle. For the triangle S A a is right-angled at a, and consequently we

have S a : S A : : sin. S A a : radius, by which proportion the radii 8 a,

S A of the two orbits are directly compared. If the orbits were both

exact circles, this would of course be a perfectly rigorous mode of proceed •

ing : but (as is proved by the inequality of the resulting values of S a

obtained at different times) this is not the case ; and it becomes necessary

to admit an excentricity of position, and a deviation from the exact circu-

lar form in both orbits, to account for this difference. Neglecting, how-

ever, at present this inequality, a mean or average value of S a may, at

least, be obtained from the frequent repetition of this process in all vari-

eties of situation of the two bodies. The calculations being performed,

it is concluded that the mean distance of Mercury from the sun is

about 36000000 miles; and that of Venus, similarly derived, about

68000000; the radius of the earth's orbit being 95000000.

(472.) The sidereal periods of the planets may be obtained (as before

observed), with a considerable approach to accuracy, by observing their

passages through the nodes of their orbits; and indeed, when a certain

very minute motion of these nodes and the apsides of their orbits (similar

to that of the moon's nodes and apsides, but incomparably slower) is

allowed for, with a precision only limited by the imperfection of the

appropriate observations. By such observations, so corrected, it appears

that the sidereal period of Mercury is 87* 23'' 15° 43-9'; and that of

Venus, 224* IG"" 49" 8-0'. These periods, however, are widely different

from the intervals at which the successive appearances of the two planets

at their eastern and western elongations from the sun are observed to

happen. Mercury is seen at its greatest splendour as an evening star, at

average intervals of about 116, and Venus at intervals of about t'84 days.

The difference between the sidereal and synodical revolutions (ait. 418)

:'ccounts for this. Referring again to the figure of art. 470, if the sun

stood still at A, while the planet advanced in its orbit, the lapse of a

sidereal period, which should bring it round again to a, would also produce

a similar elongation from the sun. But, meanwhile, the earth has

advanced in its orbit in the same direction towards E, and therefore the

next greatest elongation on the same side of the sun will happen— not

in the position a A of the two bodies, but in some more advanced posi-

The determination of this position depends on a calculation
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exactly similar to what has been explained in the article referred to ; and

we need, therefore, only state the resulting synodical revolutions of the

two planets, which come out respectively IIS-STT", and 583-920''.

(473.) In this interval, the planet will have described a whole revolu-

tion phis the arc ace, and the earth only the arc ACE of its orbit.

"Ouriug its lapse, the in/rrior conjunction will happen when the earth has

a certain intermediate situation, B, and the planet has reached h, a point

between the sun and earth. The greatest elongation on the opposite side

of the sun will happen when the earth has come t 0, and the planet to

c, where the Ime of junction C c is a tangent to the luterior circle on the

opposite side from M. Lastly, the superior conjunction will happen

when the earth arrives at D, and the planet at d in the same line pro-

longed on the other side of the sun. The intervals at which these phe-

nomena happen may easily be computed from a knowledge <)f the synodi-

cal periods and the radii of the orbits.

(474.) The circumferences of circles are in the proportion of their

radii. If, then, we calculate the circumferences of the orbits of Mercury

and Venus, and the earth, and compare them with the times in which

their revolutions are performed, we shall find that the actual velocities

with which they move in their orbits differ greatly; that of Mercury

being about 109360 miles per hour, of Venus 80000, and of the earth

68040. From this it follows, that at the inferior conjunction, or at b,

either planet is moving in the same direction as the earth, but with a

greater velocity; it will, therefore, leave the earth behind it; and the

apparent motion of the planet viewed from the earth, will be as if the

planet stood still, and the earth moved in a contrary direction from what

it really does. In this situation, then, the apparent motion of the planet

must be contrary to the apparent motion of the sun; and, therefore,

retrograde. On the other hand, at the superior conjunction, the real

motion of the planet being in the opposite direction to that of the earth,

the relative motion will be the same as if the planet stood still, and the

earth advanced with their united velocities in its own proper direction.

In this situation, then, the apparent motion will be direct. Both these

results are in accordance with observed fact.

(475.) The stationary points may be determined by the following con-

sideration. At a or c, the points of gi'catest elongation, the motion of

the planet is directly to or from the earth, or along their line of junction,

while that of the earth is nearly perpendicular to it. Here, then, the

apparent motion must be direct. At b, the inferior conjunction, we have

seen that it must be retrograde, owing to the planet's motion (which is

there, as well as the earth's, perpendicular to the line of junction) sur-
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passing tbe earth's. Hence, the stationary points ought to lie, as it is

found by observation they do, between a and h, or c and h, viz. in such u

position that the obliquity of the planet's motion with respect to the line

of junction shall just compensate for the excess of its velocity, and cause

an equal advance of each extremity of that line, by the motion of the

planet at one end, and of the earth at the other : so that, for an instant

of time, the whole line shall move parallel to itself. The question thus

proposed is purely geometrical, and its solution on the supposition of

circular orbits is easy. Let E e and P p represent small arcs of the

orbits of the earth and planet described contemporaneously, at the moment

when the latter appears stationary, about S, the sun. Produce p P and

c E, tangents at P and E, to meet at R, and prolong E P bacs'.wr.ids to

Q, join ep. Then since P E, jj e are parallel, we have by simiiiur trian-

gles Pj):Ee::PR:RE, and since, putting v and V for the respec-

tive velocities of the planet and the earth, Pp : E e : : t; ; Vj therefore

t;:V::PR:RE:: sin. PER: sin. E P R
: : cos. SEP: cos. S P Q
: : cos. SEP: cos. (S E P-fE S P)

because the angles S E R and S P R are right angles. Moreover, if r

and R be the radii of the respective orbits, we have also

r : R : : sin. SEP: sin. (S E P+E S P)

from which two relations it is easy to deduce the values ,i? ii.- i„
Oi i/ue iwo angles

SEP and ESP; the former of which is the apparent elongation of the
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planet from the sun,' the latter the difference of heliocentric longitudes

of the earth and planet.

(476.) When we regard the orbits as other than circles (which they

really are), the problem becomes somewhat complex— too much so to be

here entered upon. It will suffice to state the results which experience

verifie'^, and which assigns the stationary points of Mercury at from 15°

to 20° of elongation from the sun, according to circumstances ; and of

Venus, at an elongation never varying much from 29°. The former con-

tinues to retrograde during about 22 days ; the latter, about 42.

(477.) We have said that some of the planets exhibit phases like the

moon. This is the case with both Mercury and Venus ; and is readily

explained by a consideration of their orbits, such as wo have above sup-

posed them. In fact, it requires little more than mere inspection of the

figure annexed, to show, that co a spectatc r situated on the earth E, an

inferior planet, illuminated by tae sun, and tliorcforo bright on the side

next to him, and darlt on that turned from him, will appear/«Wat the

superior conjunction A ; <jihhous (i. c. more than half full, like the moou

between the first and second quarter) between that point and the points

B C of its greatest elongation ; half-raooncd at these points ; and crescent-

shaped, or horned, between ^hcse and the inferior conjunction D. As it

approaches this point, the crescent ought to thin off till it vanishes alto-

gether, rendering tho planet inviHiblc, unless in those cases where it

transits tho bun's disc, and appears on it as a black spot. All the.se phe-

nomena pre exactly conformable to observation.

(478.) Tho variation in brightness of Venus in different parts of it?

apparent orbit is very remarkable. This arises from two causes : 1st, tho

R V
'If—— m and—^n, SEP'=^0, ESP=i/', the equations to be rcsoIvcJ ore $in,

1 -fm fi

w^+<f)"»» iin. ^, and cm. (^+<f)= « coi. yp, whicli give coi, <^=*—7—

•
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varying proportion of its visible illuminated area to its whole disc ; and,

2dly, the varying anguUr diameter, or whole apparent magnitude of the

disc itself. As it approaches its inferior conjunction from its greater

elongation, the half-moon becomes a crescent, which thim tff; but this is

more than compensated, for some time, by the increasing apparent magni-

tude, in consequence of its diminishing distance. Thus the total light

received from it goes on increasing, till at length it attains a maximum,
which takes place when the planet's elongation is about 40**.

(479.) The transits of Venus are of very rare occurrence, taking place

alternately at the very unequal but regularly recurring intervals of 8, 122,

8, 105, 8, 122, &c., years in succession, and always in June or December.

As astronomical phaenomena, they are extremely important; since they

afford the best and most exact means we possess of ascertaining the sun's

distance, or its parallax. Without going into the niceties of calculation

of this problem, which, owing to the great multitude of circumstances to

be attended to, are extremely intricate, we shall hero explain its principle,

which, in the abstract, is very simple and obvious. Let li be the earth,

V Venus, and S the sun, and C D the portion of Venus's relative orbit

which sh^ describes while in the act of transiting the sun's disc. Suppose

A B two spectators at opposite extremities of that diameter of the eaith

Fig. 67.

which is perpcndi jular to the ecliptic, and, to avoid complicating the case,

let us lay out of consideration the earth's rotation, and suppose A, B, to

retain that situation during the whole time of the transit. Then, at any

moment when the spectator at A sees the centre of Venus projected at a

on the sun's disc, he at B will see it projected at h. If then one or other

spectator could suddenly transport himself from A to B, ho would see

Venus suddenly displaced on the disc from a to 6 ; and if ho had any

means of noting accurately tho place of the points on the disc, either by

micrometrical measures from its edge, or by other means, ho might ascer-

tain the angular measure of a h as seen from tho earth. Now, since

A V o, B \ /), are straight lines, and therefore nmko equal angles on each

side Y,ah will bo to A B as the diMtunco of Venus from the sun is to its

distance from tho earth, or an G8 to 27, or nearly as 2 J to 1 ; a 6 there-
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foro occupies on the sun's disc a space 2^ times as great as the earth's

diameter; and its angular measure is therefore equal to about 2^ times

the earth's apparent diameter at the distance of the sun, or (which is the

same thing) to five times the sun's horizontal parallax (art. 839). Any

error, therefore, which may be committed in measuring a b, will entail

only one fifth of that error on the horizontal parallax concluded from it.

(480.) The thing to be ascertained, therefore, is, in fact, neither more

nor less than the breadth of the zone P Q 11 S, 7? g r «, included between

the extreme apparent paths of the centre of Venus across the sun's disc,

from its entry on one side to its quitting it on the other. The whole

business of the observers at A, B, therefore, resolves itself into this j—to

ascertain, with all possible tare and precision, each at his own station, this

path,—where it enters, where it quits, and what segment of the sun's disc

it cuts off. Now, one of the most exact ways in which (conjoined with

careful micrometrio measures) this can bo done, is by noting the time occu-

pied in the whole transit ; for the relative angular motion of Venus being,

in fact, very precisely known from the tables of her motion, and the appa-

rent path being very nearly a straight Hue, these times give us a measure

(on a vcrj/ cnlanjcd ncaff) of the lengths of the chords of the segments

cut off; and the sun's diameter being known also with great precision,

their versed sines, and therefore their difference, or the breadth of the

zone required, becomes known. To obtain these times correctly, each

observer must ascertain the instants of ingress and egios.'^ of the centre.

To do this, he must note, 1st, the instant when the first visible impression

or notch on the edge of the disc at P is produced, or the first external

contact; 2dly, when the planet is just wholly immersed, and the broken

edge of the disc just closes again at Q, or the flrst internal contact; and,

lastly, ho must make the same observations at the egress at 11, S. The

mean of the internal end external contacts, corrected for the curvature of

the sun's limb in the intervals of the respective points of contract, internal

and external, gives the entry and egress of the planet's centre.

(481.) The moUiiications introduced into this process by the earth's

rotation on its axis, and by other geographical stations of the observers

thereon than here supposed, are similar in their principles to those which

enter into the calculation of a solar eclipse, or the occultation of a star by

the moon, only more roliued. Any consideration of thorn, however, here,

would lead us too far ; but in the view wo have taken of the subject, it

affords an admirable example of the way in wiiii li minute eleuK'nts in

astronomy may become mngniticd in their cfVicts, and, by being lumlo sub-

ject to measurement on a greatly enlarged scale, or by substituting the

measure of time for space, may bo ascertained with a degree of prccisiou

IL...
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adequate to every purpose, by only watching favourable opportunities, and

taking advantage of nicely adjusted combinations of circumstance. So im-

portant has this observation appeared to astronomers, that at the last transit

of Venus, in 1769, expeditions were fitted out, on the most extensive scale,

by the British, French, Russian, and other governments, to the remotest

corners of the globe, for the express purpose of performing it. The cele-

brated expedition of Captain Cook to Otaheite was one of them. The gene-

ral result of all the observations made on this most memorable occasion gives

8"5776 for the sun's horizontal parallax. The two next occurrences of

this phajuomenon will happen on Dec. 8, 1874, and Dec. 6, 1882.

(482.) The orbit of Mercury is very elliptical, the exccntricity being

nearly one fourth of the mean distance. This appears from the inequality

of the greatest elongations from the sun, as observed at different times,

and which vary between the limits 10° 12' and 28° 48', and, from exact

raoasurcs of such elongations, it is not difficult to show that the orbit of

Venus also is slightly cxceutr'e, and that both these planets, in fact,

describe ellipses, having the sun in their common focus.

(483.) Transits of Mercury over the sun's disc occasionally occur, as

in the case of Venus, but more frequently ; those at the ascending node

in November, at the descending in IMay. The intervals (considering

each node separately) are nauaUj/ cither l.'J or 7 years, and in the order

13, 13, 13, 7, &c. ; but owing to the considerable inclination of the orbit

of Mercury to the ecliptic, this cannot bo taken as an exact expression

of the said recurrence, and it requires a period of at least 217 years to

bring round the transits in regular order. One will occur in the present

year (1848,) the next in 1801. Thoy are of much less astronomical

importance than that of Venus, on account of the proximity of Mercury

to the sun, which affords a much less favourable combination for the

doterminiition of the sun's pai'allax.

(484.) Let us now consider the superior planets, or those whose orbits

enclose on all sides that of the earth. That they do so is proved by

several circumstances:— Ist, They aro not, like the inferior planets, con-

fined to certain limits of elongation from the sun, but appear at all dis-

tances fronj it, oven in the opposite quarter of the heavens, or, as it is

called, in ojtjumtion; which could not happen, did not the earth at such

times place itself between them and the sun : 2dly, They never apin-nr

horned, like Venus or Mercury, nor even semilunar. Those, on the

contrary, which, from the minuteness of their parallax, we conclude to be

the most distant from us, viz. Jupiter, Saturn, Uranus, and Neptune,

never appear othcrwiso tlinn round ; a sufficient proof, of itself, that we
SCO them always hi a direction not very remote from that in which the

(tl
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buq's rays illuminate thorn ; and that, therefore, we occupy a stutiuu which

is never very widely removed from the centre of their orbits, or, in other

words, that the earth's orbit is entirely enclosed within theirs, nnd of

compurativcly small diameter. Only one of them. Mars, exhibits any

perceptible j;/ta8c, and in its deficiency from a circular outline, never

surpasses a moderately </tiio«8 appearance,— the enlightened portion of

the disc being never less than seven-eighths of the whole. To understand

this, W3 need only cast our eyes on the annexed figure, in which E is tie

earth, at its apparent greatest elongation from the sun S, as seen from

Mai's, 31. lu this position, the angle S M E, included between the linei

Fig. "lO.

S M and E M, is at its maximum ; nnd therefore, in this state of things,

a spectator on the earth is enabled to sec a greater portion of the dark

hemisphere of Mars th;n in any other situation. The extent of the

phase, then, or greatest obworvablo degree of gibbosity, affords a measure

— a sure, although a coarse and rude one— of the angle S M E, and

thorofure of fl'e propoicion of the distance S 31, of Mars, to S E, that of

the earth from the sun, by which it appears that the diameter of the

orbi*- of Mars rannot be leso than 1\ times that of the earth's. The

phases of Juj it> r, Saturn, Uranus, and Neptune, being imperceptible, it

follows that their orbits must include not only that of the earth, but of

Mars also.

(485.) All the superior planets are retrograde in their apparent

n:oiio'.is when in nppoxi'tinn, and for soiuo time before and after; but they

differ greatly from each other, both in ilie extent of their an of rctrogrii-

dation. in tho diirnHnn of their retrocrsdc Jiiovr-nicnt, auu in itn riipuiuj

when swiftest. It is more extensive and rapid in the case of 3Iara than
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of Jupiter, of Jupiter than of Saturn, of that planet than of Uranus,

and of Uranus again than Neptune. The angular velocity with which a

planet appears to retrograde is easily ascertained by observing its apparent

place in the he&vens from day to day ; and from such observations, made

about the time of upposition, it is easy to conclude the relative magni-

tudes of their orbits, as compared with the earth's, supposing their

periodical times known. For, from these, their mean angular velocities

are known also, being inversely as the times. Suppose, then, E e to be a

Fig. 70.

very small portion of the earth's orbit, and M m a corresponding portion

of that of a superior planet, described on the day of opposition, about

the sun S, on which day the three bodies Ho in one straight lino S E M X.

Then the angles E S e and M S m are given. Now, if c wi be joined and

prolonged to meet S M continued in X, the angle e X E, which is equal

to the alternate angle X c Y, is evidently the rctrogradation of Mars on

that day, and is, therefore, also given. E e, therefore, and the angle

E X c, being given in the right-angled triangle E c X, the side E X is

easily calculated, and thus S X becomes known. Consequently, in the

triangle S m X, wo have given the side S X and the two angles m S X,

and ?H X S, whence the other sides, S m, m X, are easily determined.

Now, S m is no other than the radius of the orbit of the superior planet

re([uirod, wh'oh in this calculation is supposed circular, as well is that of

the earth ; a supposition not exact, but sufficiently so to afford a satisfac-

tory approximation to the dimensious of its orbit, and which, if t^'

process be often repeated, in every variety of situation at which tltc

opposition can occur, will ultimately afford an average or mean value of

its diameter fully to bo depended upon.

(48().) To apply this principle, however, to practice, it ia ncccssai-y to

know the periodic times of the several planet^ . These may be obtained

directly, as has been already stated, by observing the intervals ' their

passages through the ecliptic ; but, owing to the very small inclination of

the orbits of some of them to its plane, they cross it so obliquely that

the precise mo-^.tui of their arrival on it is not ascertainable, unless by

very nice observations. A better method consists in determining, from

the observations of several successive days, the exact moments of their

arriving in oppomion with the hup, the criterion of which is a difference

of longitudes between the sun and planet jf exactly 180°. The interval

17
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botwoou 'uccossivo oppositions thus obtained is nearly one m/fodicaJ pc-

riod ; and would bo exactly so, wore the planet's orbit and i.ii».t of ihc

earth both circlos, and unif;;'uily described; but as that h /•mo'l \iol to

bo tho case (and the criterion is, tho inequality of succe,<vjv'i -yoodiwil

rcvolutims so observo'l), tho iivorage of a great nuiiber, tala'ii m all vr,

rieties of situation in which tie oppositions occur, v/iU be i.tod from tic

elliptic inequality, and may be taken as a mcun synockal pcii< d. From

this, by tho considerations aua by tho pr v,c:.ss of caLiuLition, indicated

(sirt. 418) tho sidereal periods in. uadily obtumed. The occuracy of this

detorniination will, of course, be greatly increased ly omVriicing a long

interval between tho extremo observations ciup'oycd. hi point of fml:,

!;Kit interval oxtcndw o nearly 2000 years in the "asi h of tlu^ plauv s

knowii to i'"''. ;..nfjients> who have recorded their obtKi'val ions of laeiuin

a niati'ioi' FAiiwj^c'nil' oareful tc be mudo use of. Their pcriad.s may, there-

fore, be rogardcvl as .i.?ccrtaint;d with the utmost oxactncsj'. Their name-

vioal vnluoi will k' fo\u.d tainted, as well as tho mean distances, and all

tho uther 'Icua ;'U of the planetary orbits, in tho synoptic table at the

end oi' the y.iluuio, to which (to avoid repetition) the rcaler is ouco for

all referred.

(t87 ) In casting our eyes down the list of tho planetary distances, and

conipajv'g them with tho periodic times, we cannot but bo s-rru'^k with a

certain c rrespondeuoe. The groator the distance, or the largci- the orbit,

evidently tho longer the period. Tho order of the planets, beginning

from tlio sun, is the same, whether wo arrange them accordiog to their

distances, or to tho time thjy occupy ia completing their revolutions ; and

is ;« follows :— Mercury, Venus, Earth, Mars,— the ultra-zodiacal pla-

nets, or, a3 they arc sometimes abo called. Asteroids,—Jupiter, S ituru, Ura-

uus, and Neptune. Nevertheless, when we come to examine the numbers

expressing th:m, wo Cud thnt tho relation between the two seri'
* int

that of simple ^j/T>/Jw/7/W«/ increase. Tho periods increase more tlian in

proportion to the distances. Thus, the period of Mercury "s about 88 days,

;i'ia that of tho earth 305— being in proportion as 1 to 4-1'), while their

distances arc in tho less proportion of 1 to 2'5Gj and a similar remark

holds good in every instance. Still, the ratio of increase of the times is

not so rapid as that of the mjuarcs of tho distances. The soMare of 2-56

is C'553G, which is considerably greater than 4-15. An Jir.ormedintc

rate of iucreaKO,, between the simple proportion of tho dh'r .' and that

jf their squares is therefore clearly pointed out bv the ' r > .ico of the

numbers; but it rcq;.' • 1 no ordinary penetration in =' 'istrious Kep-

ler, backed by unc i perseverance and Indus: •, >;. ^ period when

the data themsclvea were involved in obscurit;, at' when the pro-

Jm
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cesses of trigonometry and of numericri calculation were encumbered

with diS.'ultios, of which the more rece at invention of logarithmic tables

kas hiippily luft us no conception, to perceive and demonstrate the real

law of thuir connection. This connection is expressed in the following

: iopoi.ition :
—" The squares of the periodic times of any two planets are

to each other, in the same proportion as the cubes of their mean distances

from tho sun." Take, for example, the Earth and Mars,' whose periods

are in the proportion of 3652564 to 6869796, and whose distance from

tlie sun is that of 100000 to 152369; and it will be found, by any one

who will take tho trouble to go through the calculation, that-^

(3652564)^ : (6869796)' : : (100000)" : (152369)'.

(4S8.) Of all the laws to which induction from pure observation has

ever conducted man, this tliird law (as it is called) of Kepler may justly

be regarded as the most remarkable, and the most pregnant with

important consequences. When we contemplate the constituents of the

planetary system from the point of view which this relation affords us, it

is no longer mere analogy which strikes us— no longer a general resem-

bliincc among them, as individuals independent of ciich other, and circula-

ting about tiio sun, each according to its own peculiar nature, and con-

nected with it by its own peculiar tie. The resemblance is now perceived

to be a true familif likeness ; they arc bound up in one chain— inter-

woven in one web of mutual relation and harmonious agreement— sub-

jected to one pervading influence, which extends from the centre to the

farthest limits of that great system, of which all of them, the earth

included, must henceforth be regarded as members.

(480.) The laws of elliptic motion about the sun as a focus, and of the

equable description of areas by lines joining the sun and planets, were

originally established by Kepler, from a consideration of the observed

motions of Mars ; and were by him extended, analogically, to all the other

planets. However precarious such an extension might then have ap-

peared, modern astronomy has completely verified it as a matter of fact,

by the general coincidence of its results with entire scries of observations

of the apparent places of tho nlancts. These are found to accord satis-

fiietorily with tho np-'nnption of a j-.irticulisr ellipse for each planet, whose

magnitude, degro" T oxccntriciiy, nnd sHuation in space, are numerically

assign J 1 in t!' -.ynoptic table before referred to. ft is true, that when

observations r.ro carried to a high degree of p cisioti, add wu;^ each

planet is traced through many successive revolutions, and its Listory Cuf-

' ''''e expression of tliio low of Kepler requires a elight modificati' n when we cons*

it! pxir'-inc niceiy ci iuimoricnl calciilalioii, for the greater planeio, duo to the

influence of their masses. This eorrcctiun io imperceptible for the Earth and Mam.
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ried back, by the aid of calculations founded on these data, for many cen-

turies, wp learn to regard the laws of Kepler as only Jirst approximations

to 'he much more complicated ones which actually prevail; and that to

bring remote observations into rigorous and mathematical accordance

with each other, and at the same time to retain the extremely convenient

nomenclature and relations of the elliptic system, it becomes necessary

to modify, to a certain extent, our verbal expression of the laws, and to

regard the numerical data or elliptic elements of the planetary orbits as

not absolutely permanent, but subject to a series of extremely slow and

almost imperceptible changes. These changes may be neglected when we

consider only a few revolutions ; but going on from century to century,

and continually accumulating, they at length produce material departures

in the orbits from their original state. Their explanation will form the

subject of a subsequent chapter; but for the present we must lay them

out of consideration, as of an order too minute to affect the general con-

clusions with which we are now concerned. By what means astronomers

are enabled to compare the results of the elliptic theory with observation,

and thus satisfy themselves of ts accordance with nature, will be ex-

plained presently.

(490.) It will first, however, be proper to point out what particular

theoretical conclusion is involved in each of the three laws of Kepler,

considered as satisfactorily established,—what indication each of them,

separately, affords of the mechanical forces prevalent in our system, aud

the mode in which its parts are connected,—and how, when thus con-

sidered, they constitute the basis on which the Newtonian explanation of

the mechanism of the heavens is mainly supported. To begin *, Jth the

first law, that of the equable description of areas.—Since the pknet'i move

in curvilinear paths, they must (if they be bodies obeying the laws of

dynamics) be deflected from their otherwise natural rectilinear progress

by force. And from this law, taken as a matter of observed fact, it fol-

lows, that the direction of such force, at every point of the orbit of each

planet, always passes through the sun. No matter from what ultimate

cause the power which is called gravitation originates,—be it a virtue

lodged in the sun as its receptacle, or be it pressure from without, or the

resultant of many pressures or solicitations of unknown fluids, magnetic

or electric ethers, or impulses,—still, when finally brought under our con-

templation, and summed up into a single resultant energy—its direction

18, from every point on all sides, towards the sun's centre. As an abstract

dynamical proposition, the reader will find it demonstrated by Newton, iu

the first proposition of the Principia, with an elementary simpliciiy to

we really could add nothing but obscurity by amplification, thatnuiuu
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any body, urged towards a certain central point by a force continually

directed thereto, and thereby deflected into a curvilinear path, will describe

about that centre equal areas in equal times; and vice versd, that such

equable description of areas is itself the essential criterion of a continual

direction of the acting force towards the centre to which this character

belongs. The first law of Kepler, then, gives us no information as to the

nature or intensity of the force urging the planets to the sun ; the only

conclusion it involves is, that it does so urge them. It is a property of

orbitual rotation under the influence of central forces generally, and, as

sueli, we daily see it exemplified in a thousand familiar instances. A
simple experimental illustration of it is to tie a bullet to a thin string,

and, having whirled it round with a moderate velocity in a vertical plane,

to draw the end of the string through a small ring, or allow it to coil

itself round the finger, or round a cylindrical rod held very firmly in a

horizontal position. The bullet will then approach the centre of motion

in a spiral line j and the increase not only of its angular but of its linear

velocity, and the rapid diminution of its periodic time when near the

centre, will express, more clearly than any words, the compensation by

which its uniform description of areas is maintained under a constantly

diminishing distance. If the motion be reversed, and the thread allowed

to uncoil, beginning with a rapid impulse, the velocity will diminish by

the same degrees as it before increased. The increasing rapidity of a

dancer's p/yoHcWe, as ho draws in his limbs and straightens his whole per-

son, so as to bring every part of his frame as near as possible to the axis

of his motion, is auother instance where the connection of the observed

effect with the central force exerted, though equally real, is much less

obvious.

(491.) The second law of Kepler, or that which asserts that the planets

describe ellipses about the sun as their focus, involves, as a consequence,

the law of solar gravitation (so be it allowed to call the force, whatever it

be, which urges them towards the sun) as exerted on each individual

plp.net, apart from all connection with the rest. A straight line, dynamic-

ally speaking, is the only path which can be pursued by a body absolutely

free, and under the action of no external force. All dejkction into a

curve is evidence of the exertion of a force ; and the greater the deflection

in equal times, the more intense the force. Deflection from a straight

line is only another word -ir curvature of path ; and as a circle is char-

acterized by the uui;

,

of its curvatures in all its parts—so is every

other curve (as an -^Uip' j) characterized by the particular law which rcgu-

liit; 3 '<> increase anJ diminution of its curvature as we advance along its

cirouuiference. The deflecting forcC; then, which continually beuda a

«f;.
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moving body into a curve, may bo nsoortainj'd, provided its direction, iu

tho first place, and, secondly; tho law of curvature of the curve itself, bo

known. Hoth these • /i' is *'(';. cuts into tho expression of the force.

A body may dcK abo, fo' lus'.uioo, an ellipse, under a great variety of

dispositions of tbe acting forces : it may glide along it, for example, an n

bead upon a poliHtied wire, bent into an elliptic form ; in which casi) tho

acting fort-o is always perpendicular to the wire, and tho velocity is uni-

form. In this case tho force is directed to no fixvd centre, and tluiro is

no equabk' description of areas at r!', ^, it, i:iay d''«f;ribe it as wc iiiny

see dolio, if wo suspend a ball by a very long string, and, drawing it a

littlo Hsido from tho perpendicular, throw it romtd with a gentle iuiimlsc.

In t' '
' t5aso tho oeting force is directed to the centre of the ellipse, about

whiol. : roas are described equally, and U> which a force ]m>j)or(ioiinl to

the di'ttnnee (tho decomposed result of terrestrial gravity) per])otuiilly

uvyos it.* This is at once a very r;a.sy experiment, and a very instnictivo

one, and wo shall again refer to i'^. In the case before us, of an ellipse

described by the action of a force directed to tho /«<'»<.s, tho steps of flic

investigation o'.' tho law of force are these : 1st, The law of the areiis de-

termines tho actual rchx'ity of the rcvnlving body at every point, or tho

space really run over by it in a given nunuto portion of time; 2''.';; The

law of curvature of the ellipse dtitorniinos tho linear amount of deflection

frnn tho tiingoot in thr dinrtion of the fontx, which corresponds to that

apace so run over ; 8dly, and lastly, The laws of accelerated motion de-

clare that the intensity of tho acting force causing such deflection in Itx

own diirdioii, is measured by or proportional to the amount of that de-

fection, and may therefore 1 v> caieulatcd in any particular position, or

generally exprc^-sed by gooinetrlcal or iilijobraic symbols, as a low inde-

pendent of partieulur position., when t' t deflocti<m is so calculated or

expressed. We have tiure the spirit of ilio process dy which Newton hiin

resolved this interesting problem. For its geometrical detail, wo must

refor to tho 3d section t i: s Prinvipiu. We know d no artificial mode

of imitating this species if elliptic motii.i; though a rude apr''oxim tiuu

to it—enough, however, to give a concontim of the alternate approach

and recess of the revolvinc body to ud fu-in tho focus, and the vi.riatiou

of its velocity-:—muy bo had by su- , ing small stcol bead to a fine and

very long silk fibre, and setting it ^ ,(\ c in a small orbit round tlie

pole of a powerful cylindrical m; grust, held upright, and vertically under

'he point of suspension.

* If th6 suspended body be a vessel full of fine sand, having a small hole at its bottom

the rlliptic truce of its orbit will be left in a sand stroak on a table placed below it.

This neat illustration is. J-o, to the best of my knowledge, to Mr. Babbage.

r'rwi iiiirriii --^



INTBRPRBTATION OF KKI'LER'S LAWS. 2G3

lis tn that

notion (lo-

tion ill Ih

that Jo-

osition, or

law inile-

uliitcd or

wton lius

wo must

Bc'ial mode

ixiiii itiou

li'innjiicli

Vi.riatiou

a tiiio and

ound the

lly under

iigliottom

d below it.

(402.) The third law of Kuplor, which connoctH the distances and

pcriodH of the planota by a gonorul rule, bours with it, an its tbcorctiual

iutorprotatioD, this important consequoucc, viz. that it is one and the sanio

furoe, luodiQtid only by distance from the huq, which retains all the planetn

in thuir orbits about it. That the attraction of the sun (if such it be)

is exerted upon all the bodies of our system indifferently, without regard

to the peculiar materials of which they may consist, in the exact i)ro-

portion of thuir inertiuo, or quantities of matter ; that it is not, therefore,

of the nature of the elective attractions of chemistry or of magnetic

action, which is poworleus on other substanccH than iron and some one or

two more, but is of n more universal character, and extends equally to all

the mat(-riul constituents of our systcin, and (as we shall hereafter see

"bundunt reason to admit) to those of other Hystems than our own. Vbis

law, important and general oa it is, result as the simplest of corollaries,

from the relations ostablislmd by Newton in the section of the Prindpia

rot'oriid to (Prop, xv.), from which proposition it results, that if the earth

wcro tukun from its actual orbit, and launched anew fn space at the place,

in the dinsction, and with the velocity of any of the other planets, it

would dcHcribo the very same orbit, and in the same period, which that

jilD'i''t actually does, a u'inute correction of the period only excepted,

arifiii ' from the <li'^n^nce between the mass of the earth and that of the

plane Small um me planets are compare<l to the sun, some of them are

not, as tl'o earth is, mere atoms in the comparison. The strict wording

of Kepi law, as Newton has proved in his fifty-ninth proposition, is

applicable only to the ease of planets whose proportion to the central

body is absolutcl ippreciable. When this is not the case, the periodic

time is sliortened n the proportion of the scjuare root of the number ex-

pressing the sun's mass or inertias, to that of the sum of the numbers

oxprcHsing the masses of the sun and planet ; and in general, whatever

be the masses of two bodies revolving round each other under the influ-

ence of the Newtonian law of gravity, the square of their periodic time

will be expressed by a fraction whose numerator is the cube of their m< an

distance, t. e. the greater semi-axis of their elliptic orbit, and whoso de-

nominator is the sum of their masses. When one of the masses is in-

comparalily greater than the other, this resolves into Kepler's law; but

when this is not the case, the propot ion thus generalized stands in lieu

of that law. In the .-lystem of the sun and planets, however, the numericai

correction thus introduced into the results of Kepler's law is too small to

be of any importance, the mass of the largest of the planets (Jupiter)

being much less than a thousandth part of that of the sun. We shall
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presently, however, perceive all the importance of this generalization,

when we come to speak of the satellites.
^

(493.) It will first, however, be proper to explain by what process of

calculation the expression of a planet's elliptic orbit by its elements can be

compared with observation, and how we can satisfy ourselves that the

numerical data contained in a table of such elements for the whole system

docs really exhibit a true picture of it, and afford the means of deter-

mining its state at every instant of time, by the mere application of Kep-

ler's laws. Now, for each planet, it is necessary for this purpose to know,

1st, the magnitude and form of its ellipse; 2dly, the situation of this

ellipse in space, with respect to the ecliptic, and to a fixed line drawn

therein ; 3dly, the local situation of the planet in its ellipse at some known

epoch, and its periodic time or mean angular velocity, or, as it is called,

its mean motion.

(494.) The magnitude and form of an ellipse are determined by its

greatest length and least breadth, or its two principal axes; but for astro-

nomical uses it is preferable to use the semi-axis major (or half the greatest

length), and tlie cxcontricity or distance of the focus from the centre,

which last is usually estimated in parts of the former. Thus, an ellipse,

whoso length is 10 and breadth 8 parts of any scale, has for its major

semi-axis 5, and for its excentricity .'5 such parts ; but when estimated in

parts of the semi-axis, regarded as a unit, the excentricity is expressed by

the fraction |.

(495.) The ecliptic is the plane to which an inhabitant of the earth

most naturally refers the rest of the solar system, as a sort of ground-

plane ; and the axis of its orbit might be taken for a line of departure in

that plane or origin of angular reckoning. Were the axis fxcd, this

would be the best possible origin of longitudes j but as it has a motion

(though an excessively slow one), there is, in fact, no advantage in reck-

oning from the axis more than from the line of the equinoxes, and astro-

nomers therefore prefer the latter, taking account of its variation by

the effect of precession, and restoring it, by calculation at every in-

stant, to a fixed position. Now, to determine the situation of the ellipse

described by a planet with respect to this plane, three elements require

to be known:— Ist, the imlinution of the plane of the planet's orbit

to the plane of the ecliptic; 2dly, the line in which these two pianos

intersect each other, which of necessity passes through the sun, and

whose position with respect to the lino of the equinoxes 'i therefore

given by stating its longitude. This line is called the line of the

nodes. When the planet is in this line, in the act of passing from tlie

south to the north side of the ecliptic, it is in its u^cending node, and
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its longitude at that moment is the element called the loru/itude of the

Mile. These two data determine the situation of the plane of the orbit

;

and there only remains, for the complete determination of the situation

of tbc planet's ellipse, to know how it is placed in that plane, which

(since its focus is necessarily in the sun) is ascertained by stating the

lowjilude of its perihelion, or the place which the extremity of the axis

nearest the sun occupies, when orthographically projected on the ecliptic.

(49(>.) The dimensions and situation of the planet's orbit thus doter-

uiincd, it only remains, for a complete acquaintance with its history, to

dctcnnine the circumstances of its motion in the orbit so precisely fixed.

Now, for this purpose, all that is needed is to know the moment of time

when it is either at the perihelion, or at any other precisely determined

point of its orbit, and its whole period ; for these being known, the law

of the areas determines the place at every other instant. This moment is

called (when the perihelion is the point chosen) the perihelion passage,

or, when some point of the orbit is fixed upon, without special reference

to the perihelion, the epoch.

(497.) Thus, then, we have seven particulars or elements, which must

be numerically stated, before we can reduce to calculation the state of the

system at any given moment. But, these known, it is easy to ascertain

the apparent positions of each planet, as it would be seen from the sun. or

is seen from the earth at any time. The former is called the heliocentric,

the latter the geocentric, place of the planet.

(498.) To commence with the heliocentric places. Let S represent

the sun j P A N the orbit of the planet, being an ellipse, having the S in

its focus, and A for its perihelion j and letp a N T represent the projection

of the orbit on the plane of the ecliptic, intersecting the line of equinoxes

Fig. 71.

St in r, which, therefore, is the origin of longitudes. Then will S N be

the line of nodes ; and if we suppose B to lie on the south, and A on the

north side of the ecliptic, and the direction of the planet's motion to be

from B to A, N will be the ascending node, and the angle T S N the Ion-

yituilc of the node. In like manner, if P be the place of the planet at

any time, and if it and the perihelion A be projected on the ecliptic, upon

the points p, a, the angles T 8p, T S a, will be the respective heliocentric
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longitudes of the planet and of the perihelion, the former of which is to

be determined, and the latter is one of the given elements. Lastly, the

angle ^ S P is the heliocentric latitude of the planet, which is also required

to be known.

(499.) Now, the time being given, and also the moment of the planet's

passing the perihelion, the interval, or the time of describing the portion

A P of the orbit, is given, and the periodical time, and the whole area of

the ellipse being known, the law of proportionality of areas to the times

of their description gives the magnitude of the area ASP. From thig

it is a problem of pure geometry to determine the corresponding angle

ASP, which is called the planet's tnie anomaly. This problem is of

the kind called transcendental, and has been resolved by a great variety

of processes, some more, some less intricate. It offers, however, no

peculiar difficulty, and is practically resolved with great facility by the

help of tables constructed for the purpose, adapted to the case of each

particular planet.'

(500.) The true anomaly thus obtained, the planet's angular distance

from the node, or the angle N S P, is to be found. Now, the longitudes of

the perihelion and node being respectively T a and t N, which are given,

their diflFerence a N is also given, and the angle N of the spherical right-

angled triangle A N a, being the inclination of the plane of the orbit to

the ecliptic, is known. Hence wo calculate the arc N A, or the angle

N S A, which, added to ASP, gives the angle N S P required. And

from this, regarded as the measure of the arc N P, forming the hypothe-

nuse of the right-angled spherical triangle P N j», whoso angle N, as

before, is known, it is easy to obtain the other two sides, Nj9 and P^.

The latter, being the measure of the angle _p S P, expresses the planet's

heliocentric latitude ; the former measures the angle N S p, or the planet's

distance in longitude from its node, which, added to the known angle

t S N, the longitude of the node, gives the heliocentric longitude. This

' It will readily bo understood, that, except in the case of uniform circular molioii,

an equable dpscriptioii of areai about any centre is incompatible with an equable de-

scription of angles. The object of the problem in the text is to pass from tin' nrea

supposed known, to the angle, supposed unknown : in other words, to derive the true

amuunt of angular motion from the perihelion, or the true anomaly from what is lecii-

nicaliy calli d the mean anomaly, that is, >ho mean angular motion which would linve

been performed had the motion innngle l)een uniform instead of the motion in ana.

It happens fortunately, that this is the simplest of all problems of the transcendciiml

kind, and can be resolved, in the most difficult case, by the ruie of " lalse position,"

or trial and error, in a very few minutes. Nay, it may even be resolved iiistaiiilyon

inspect'on by a Bimple and easily ''onslructed piece of mechanism, of which the reader

may see a description in the Cambridge Thilosophical Transactions, vol iv. p. 4'J3, bv

the author of this work.
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process, however circuitous it may appear, when once well understood may

be gone through numerically by the aid of the usual logarithmic and tri-

gonometrical tables, in little more time than it will have taken the reader

to peruse its description.

(501.) The geocentric differs from the heliocentric place of a planet by

reason of that parallactic change of apparent situation which arises from

the earth's motion in its orbit. Were the planet's distances as vast as

those of the stars, the earth's orbitual motion would be insensible when

viewed from them, and they would always appear to us to hold the same

relative situations among the fixed stars, as if viewed from the sun, i e.

they would then be seen in their heliocentric places. The difference, then,

between the heliocentric and geocentric places of a planet is, in fact, the

game thing with its parallax, arising from the earth's removal from the

centre of the system and its annual motion. It follows from this, that

the first step towards a knowledge of its amount, and the consequent

determination of the apparent place of each planet, as referred from the

earth to the sphere of the fixed stars, must be to ascertain the proportion

of its linear distances from the earth and from the sun, as compared with

the earth's distance from the sun, and the angular positions of all threo

with respect to each other.

(502.) Suppose, therefore, S to represent the sun, E the earth, and P
the planet; Sr the line of equinoxes, T E the earth's orbit, and V

p

a perpendicular let fall from the planet on the ecliptic. Then will the

angle S P E (according to the general notion of parallax conveyed in art.

69) represent the parallax of the planet arising from the change of station

Fig. 72. KfP

% 'Kl

'Sv

from S to E ; E P will bo the apparent direction of the planet scon from

E ; and if S Q be drawn parallel to E p, tho angle T S Q will bo the goo-

centric longitude of the planet, while T S E represents tho heliocentric

longitude of the earth, T8p that of tho planet. The former of these,

TSE, is given by tho solar table; the latter, T S p, in found by the pro-

cesa iibovo described (art. 500). IMorcover, S P is the radius vedor of

the pliinet's orbit, and 8 E that of the earth's, both of which are dcternnned
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from the known dimensions of their respective ellipses, and the places of

the bodies in them at the assigned time. Lastly, the angle P S ju is the

planet's heliocentric latitude.

(503.) Our object, then, ig, from all these data, to determine the angle

r S Q, and P E /), which is the geocentric latitude. The process, then,

will stand as follows :—1st, In the triangle S Pp, right-angled atp, given

S P, and the angle V Sp (the planet's radius vector and heliocentric lati-

tude), find S^) and Pj); 2dly, In the triangle SB j), given Sp (just

found), S E (the earth's radius vector), and the angle E S 77 (the difference

of heliocentric longitudes of the earth and planet), find the angle S p E,

and the side V, ji. The former being equal to the alternate angle p S Q,

is the parallactic removal of the planet in longitude, which, added to Y Sp,

gives its geocentric longitude. The latter, B^ (which is called the curtate

dinliiiire of the planet from the earth), gives at once the geocentric lati-

tude, by means of the right-angled triangle PEp, of which E^; and Vp
are known sides, and the angle P E j) is the geocentric latitude sought.

(504.) The calculations required for these purposes are nothing but

the most ordinary processes of plane trigonometry ; and, though some-

what tedious, are neither intricate nor difficult. When exoeuted, how-

ever, they afford us the means of comparing the places of the planets

actually observed with the elliptic theory, with the utmost exactness, and

thus putting it to the severest trial ; and it is upon the testimony of such

computations, so brought into comparison with observed facts, that we

declare that theory to be a true representation of nature.

(505.) The planets 3Iercury, Vcnu.s, Mars, Jupiter, and iSaturn, have

been known from the earliest ages in which astronomy has been culti-

vated. Uranus was discovered by Sir W. Ilerschel in 17S1, March VM\\,

in the course of a review of the heavens, in which every star visible in a

telescope of a certain power was brought under close examination, when

the new planet was immediately detected by its disc, under a high magni-

fying power. It has since been ascertained to have been observed on

many previous occasions, with telescopes of insufficient power to slmw its

disc, and even entered in catalogues as a star ; and some of tlic observa-

tions which have been so recorded have been used to improve and extend

our knowledge of its orbit. The discovery of the ultra-zodiacnl planets

dates from the first day of ISOl, when Ceres was discovered by Piaz/i, at

Palermo; a discovery speedily fnllowed by those of Juno by professor

Harding, of (lottingen, in 1S04; and of Pallas and Vesta, by J)r. Olbeis,

of IJrenien, in 1S02 and 1807 respectively. It is extremely remarkablo

that this important addition to our system had hecn in some sort surmised

aa a thing not unlikely, on the ground that the interval between the orbit
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of Mercury and the other planetary orbits, go on doubling as wc recede

from the sun, or nearly so. Thus, the interval between the orbits of the

Earth and Mercury is nearly twice that between those of Venus and Mer-

cury; that between the orbits of Mars and Mercury nearly twice that

between the Earth and Mercury : and so on. The interval between the

orbits of Jupiter and Mercury, however, is much too great, and would

fcm an exception to this law, which is, however, again resumed in the

case of the three planets next in order of remoteness, Jupiter, Saturn, and

Uranus. It was therefore thrown out, by the late professor Bode, of Bcr-

iii),' as a possible surmise, that a planet not then yet discovered might

exist between Mars and Jupiter: and it may easily be imagined what

was the astonishment of astronomers on finding not only one, but four

planets, diflFering greatly in all the other elements of their orbits, but

agreeing very nearly, both inter se, and with the above stated empirical

law, in respect of their mean distances from the sun. No account, djyri-

or! or from theory, was to bo given of this singular progreayion, which is

not, like Kepler's laws, strictly exact in numerical verification ; but the

circumstances wo have just mentioned tended to create a strong belief that

it was something beyond a mere accidental coincidence, and bore reference

tj the essential structure of the planetary system. It was even conjec-

tured that the ultra-zodiacal planets are fragments of some greater planet

which formerly circulated in that interval, but which has been blowii to

atoms by an explosion ; an idea countenanced by the exceeding minute-

ness of these bodies which present discs; and it was argued that in that

case innumerable more such fragments must exist and mir;hi come to bo

hereafter discovered. Whatever may be thoug)it of such :i speculation as

a physical hypothesis, this conclusion has beeu verified to a considerable

extent as a matter of fact by subsequent di.scover}, the result of a careful

and minuto examination" and ii^apping down of the smaller stars in and

near the zodiac, undertaken with that express object. Zodiacal charts or'

this kind, the product of the zeal and industry of many astronomers, havo

been constructed, in which every star down to the ninth or tenth magni-

tude is inserted, and these stars being compared with the actual stars of

the lieavcns, the intrusion of any stranger within their limits cannot fail

to be noticed when the comparison is systematically conducted. The dis-

covery of Astraja, and that of ITebe by Profcscor Ilencke, date respcc-

tively from December 8th, 1846, and July let, 1847; those of Iris and

:.l
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' Thp ompirion! law itself, os wo ha\n nbovo stntpd it, is nsrfihed by Voiron, not to

Hodc (who would nppoBr, however, iit all events, to lmv,i first drawn attention to this

mierpretntion of its interruption), but to Protessor Titius ol Wiiiember<{, (Voiron.

Supplt'iiiou" to Bailly.)
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Flora, by Mr. Hind, from August 13th and October 18th, 1847; of Me-

tis, by Mr. Graham, from April 25, 1848 ; and of Hygeia, by M. De

Gasparia, April 12th, 1849.

(506.) The discovery of Neptune marks in a signal manner the matu-

rity of astronomical science. The proof, or at least the urgent prosump-

tion of the existence of sucl/ a planet, as a means of accounting (by its

attraction) for certain small irregularities observed in the motions of

Uranus, was afforded almost simultaneously by the independent researches

of two geometers, Messrs. Adams of Cambridge and Leverrier of Paris,

who were enabled, from theory alone, to calculate whereabouts it ought

to appear in the heavens, if visible, the places thus independently calcu-

lated agreeing surprisingly. Within a sinrjle degree of the place assigned

bj M. Leverrier's calculations, and by him communicated to Dr. Galle of

the Royal Observatory at Berlin, it was actually found by that astronomer

on the very first night after the receipt of that communication, on turning

a telescope on the spot, and comparing the stars in its immediate neigh-

bourhood with those previously laid down in one of the zodiacal charts

already alluded to.' This remarkable verification of an indication so

extraordinary took place on the 2.3d of September, 1846.*

(507.) The mean distance of Neptune from the sun, however, so far

from falling in with the supposed law of planetary distances above men-

tioned, offers a decided case of discordance. The interval between its

orbit and that of Mercuryj instead of being nearly double the interval

between those of Uranus and Mercury, does not, in fact, exceed the latter

interval by much more than half its amount. This remarkable exooption

may serve to make us cautious in the too ready admission of empirical

laws of this nature to the rank of fundamental truths, though, as in tho

present instance, they may prove useful auxiliaries, and serve as stepping

stones, affording a temporary footing in the path to great discoveries. Thj

force of this remark will be more apparent when we come to explain more

IlktJiiT

' Constructed by Dr. Brcmikor, of Borlin. On reading the history of this noble

discovery, we are ready to exclaim with Schiller

—

" Mit dem Genius steht die Natur in ewigem Bunde,

Was der Eine verspricht liestet die Andre gewiss."

• Professor Challis, of liie Cambridge Observatory, directing the Northumberland

telescope of that Institution to the place assignod by Mr. Adams's cnlculn.lions niid its

vicmity, on the 4lh and 12ih of Aufjust 184fi, saw the planet on both those dnyn, and

noted its place (among those of other stars) for rcobsrrvalion. He, howfcvir, post-

poned tho compariion of the places observed, and, not possessing Dr. Breiniker's

chart (which would have at once iiidicated tlm presence of an mmiapped star,)

remained in ignorance of the planet's existence as a visible object till its unnoune*

men! as such by Dr. Guile.

I ...«.
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particularly the nature of the theoretical views which led to tho discovery

of Neptune itself.

(508.) We shall devote the rest of this chapter to an account jof the

physical peculiarities and probable condition of the several planets, so far

as the former are known by observation, or the latter rest on probable

grounds of conjecture. In this, three features principally strike us as

necessarily productive of extraordinary diversity in the provisions by

which, if they be, like our earth, inhabited, animal life must be supported.

These are, first, the difference in their respective supplies of light and

heat from the sun ; secondly, the difference in the intensities of the

gravitating forces which must subsist at their surfaces, or the different

ratios which, on their several gloLes, the inertiae of bodies must bear to

their tcei(/hts ; and, thirdly, the difference in the nature of the materials

of which, from what we know of their mean density, we have every

reason to believe they consist. Tlie intensity of solar radiation is nearly

seven times greater on Mercury than on the Earth, and on Uranus 330

times less j the proportion between the two extremes being that of upwards

cf 2000 to 1. Let any one figure to himself the condition of our globe,

were the sun to be septupled, to sa} nothing of the greater ratio I or were

it dituinishcd to a seventh, or to a 300th of its actual power ! Again,

the iuvcnsity of gravity, or its cfEcacy iu counteracting n, uscular power

and repressing animal activity, on Jupiter, is nearly two and a half times

that on the earth, on IMars not more than one-half, on the IMoon one-

sixth, and on the smaller planets probably not more than one-twentieth

;

giving a scale of which the extremes are in the proportion of sixty to oive.

Lastly, the density of Saturn hardly exceeds one-eighth of the mean

density of the Earth, so that it must consist of materials not much heavier

than cork. Now, under the variouu combinations of elements so important

to life as these, what immense diversity must wo not admit in the condi-

tiuiis of that great problem, the muiutenance of animal and intellectual

existence and happiness, which seems, so far as we can judge by what wo
see around us iu our own planet, and by the way in which every corner

of it is crowded with liviilg beings, to form an unceasing and worthy

object for the exercise of the Benevolence and Wisdom which preside

over all

!

(oOO.) Quitting, however, the region of mere speculation, wr will now
show what information the telescope affords us of the nctiial condition of

the several planets within its reach. Of Mercury wo can see little more

than that it is round, and exhibits phases. It is too small, and too much
.'ost in the constant neighbourhood of the Sun, to allow us to make out

'J
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more of its nature. The real diameter of Mercury is about 3200 miles:

its apparent diameter varies from 5" to 12". iNor does Venus offer any

remarkable peculiarities : although its real diameter is 7800 miles, and

although it occasionally attains the considerable apparent diameter of Gl",

which is larger than that of any other planet, it is yet the most difficult

of them all to define with telescopes. The intense lustre of its illumin-

ated part dazzles the sight, and exaggerates every imperfection of the tele-

scope; }'ct we sec clearly that its surface is not mottled over with permanent

spots like the Moonj we notice in it neither mountains nor shadows, but

a uniform brightucss, in which sometimes wo may indeed fancy, or per-

haps more than fancy, brighter or obscurer portions, but can seldom or

never rest fully satisfied of the fact. It is from some observations of this

kind that both Venus and Mercury have been concluded to revolve on

their axes in about the same time as the Earth, though in tii.i case of

Venus, Bianchini and other more recent observers have contended for a

period of twerty-four times that length. The mosi natural conclusion,

from the very rare appearance and want of permnnencc in the spots, is,

that we do not see, as in the Moon, the real surface of these planets, but

only their atmospheres, much loaded with clouds, and which may serve

to mitigate the otherwise intense glare of their sunshine.

(510.) The case is very different with Mars. In this planet we fre-

quently discern, with perfect distinctness, the outlines of what may be

continents and seas. (See Plate III. /V/.l., which represents Mars in its

gibbous state, as seen on the 16th of August, 1830, in the 20-fcet

reflector at Slough.) Of these, th.; former arc distinguished by that

ruddy colour which characterizes the light of this planet (which always

appears red and fiery), and indicates, no doubt, an ochrey tinge in the

general soil, like what the red sandstone districts on the Eartli ni.ty pos-

sibly off-^r to the inhabitants of Mars, only more decided. Contrasted

with this (by a general law in optics), the seas, as wo may call them,

appear greenish.' These spots, however, are not always to be seen

equally distinct, but, ichen seen, they offer the appearance of forms con-

siderably definite Uiid highly characteristic,* brought successively in^o

view by the rc^'itiou of the planet, from the assiduous observation of

' I hnve noticed the phiEnomena duHcribed in the text on many occasions, but never

mor" distinct than on the occatiion when the drawing was made from which the figure

in Plate III. is engmvv<\. — Author.

* The render will find many of these forms represented in Schumacher's Astrono'

miiche Nachrichten, No. 191, 434, and in the chart in No. 349, by Mensre. Beer and

Madier.
18
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whicb it has even been found practicable to construct a rude chart of the

surface of the planet. The variety in the spots may arise from the planut

not being destitute of atmosphere and clouds ; and what adds greatly to

the probability of this is the appearance of brilliant white spots at its

poles,— one of which appears i i our figure,— which have been conjec-

tured, with some probability, to be snow ; as they disappear when they

have been long exposed to the sun, and are greatest when just emerging

from the long night of their polar winter, the snow line then extending

to about six degrees (reckoned on a meridian of the planet) from the pole.

By watching the spots during a whole night, and on successive nights, it

is found that Mars has a rotation on an axis inclined about 30° 18' to the

ecliptic, and in a period of 24" 37"" 23'
' in the same direction as^ the

Earth's, or from west to east. The greatest and least apparent diameters

of Mars are 4" and 18", and its real diameter about 4100 miles.

(511.) We now come to a much more magnificent planet, Jupiter, the

largest of them all, being in diameter no less than 87,000 miles, and in

bulk exceeding that of the Earth nearly 1300 times. It is, moreover,

dignified by the attendance of four moons, satellites, or secondari/ jilanets,

as they are called, which constantly accompany and revolve about it, as

the Moon does round the Earth, and in the same direction, forming with

their principal, or primary, a beautiful miniature system, entirely analo-

gous to that greater one of which their central body is itself a member,

obeying the same laws, and exemplifying, in the most striking and in-

structive manner, the prevalence of the gravitating power as the ruling

principle of their motions : of these, however, we shall speak more at

large in the next chapter.

(512.) The disc of Jupiter is always observed to be crossed in one

certain direction by dark bands or belts presenting the appearance, in

Phite III. /y. 2., which represents this planet as seen on the 23d of Sep-

tember, 1832, in the 20-feet reflector at Slough. These belts are, how-

ever, by no mcuns alike at all times ; they vury in breadth and in situa-

tion on the rlisc (though never in their general direction). They have

even been seen broken up and distributed over the whole face of the

planet ; but this phaenomonon is extremely rare. Branches running out

from them, and subdivisions, as represented in the figure, as well as evi-

dent dark spots, are by no means uncommon ; and from these, attentively

watched, it is concluded that this planet revolves in the surprisingly short

period of 9'' 55 50' (sid. time), on an axis perpendicular to the direction

m
' o'* '-Ml

18

' Beer and Madler, A$tr. Nachr. 349,
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of the belts. Now, it is very remarkable, and forms a most satisfactory

comment on the reasoning by which the spheroidal figure of the Earth

has been deduced from its diurnal rotation, that the outline of Jupiter's

disc is evidently not circular, but elliptic, being considerably flattened in

the direction of its axis of rotation. This appearance is no optical illu.

sion, but is authenticated by micrometrical measures, which assign 107 to

100 for the proportion of the equatorial and polar diameters. And to

confirm in the strongest manner, the truth of those principles on which

our former conclusions have been founded, and fully to authorize their

cxtens' 1 to this remote system, it appears, on calculation, that this is

really the degree of oblateness which corresponds, on those principles, to

the dimensions of Jupiter, and to the time of his rotation.

(513.) The parallelism of the belts to the equator of Jupiter, their

occasional variations, and the appearances of spots seen upon them, render

it extremely probable that they subsist in the atmosphere of the planet,

forming tracts of comparatively clear sky, determined by currents analo-

gous to our trade-winds, but of a much more steady and decided character,

as might indeed be expected from the immense velocity of its rotation.

That it is the comparatively darker body of the planet which appears in

the belts is evident from this,—that they do not come up in all their

strength to the edge of the disc, but fade away gradually before they

reach u. (See Plate III. Jij. 2.) The apparent diameter of Jupiter

varies from 30" to 46".

(514.) A still more wonderful, and, as it may be termed, elaborately

artificial mechanism, is displayed in Saturn, the next in order of remote-

ness to Jupiter, to which it is not much inferior in magaitude, being about

79,000 miles in diameter, nearly 1000 times exceeding the earth in bulk,

and subtending an apparent angular diameter at the earth, of about 18"

at its mean distance. This stupendous globe, besides being attended by

no less than seven satellites, or moons, is surrounded by two broad, flat,

extremely thin rings, concenti'ic with the planet and with each other;

both lying in one plane, and se^^arated by a very narrow interval from

each other throughout their whole circumference, as they are from the

planet by a much wider. The dimensions of this, extraordinary appendage

are as follows '
:

—

•

' These dimensions are calculated from Prof. Struve's micrometric measures, Mem.

Art. Soc. iii. 301, with the exception of the thickness of the ring, which is concluded

from its total disappearance in 1833, in a telescope which would certainly have shown,

as a visible object, a Une of light one-twentieth of a second in breadth. The interval

of the t'ngs here stated is possibly somewhat too small.

Vi
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" Miles.

Exterior diameter of exterior ring 40095= 176,418

Interior ditto 35289= 155,272

Exterior diameter of interior ring 34*475= 151,690

Interior ditto 26-668= 117,339

Equatorial diameter of the body 17'991 = 79, 160

Interval between the planet and interior ring 4'339= 19,090

Interval of the rings 0"408= 1,791

Thickness of the rings not exceeding • • = 250

The figure (^fig. 3, Plate III.) represents Saturn surrounded by its rings,

aud having its body striped with dark belts, somewhat similar, but broader

aud less strongly marked than those of Jupiter, and owing, doubtless, to

a siuiilar cause.' That the ring is a solid opake substance is shown by its

throwing its shadow on the body of the planet, on the side nearest the

6un, aud on the other side receiving that of the body, as shown in the

figure. From the parallelism of the belts with the plane of the ring it

may be conjectured that the axis of rotation of the planet is perpendicular

to that plane ; and this conjecture is confirmed by the occasional appearance

of extensive dusky spots on its surface, which when watched, like the

spots on Mars or Jupiter, indicate a rotation in lO"" 29" 17* about an SAxis

so situated.

(515.) The axis of rotation, like that of the earth, preserves its paral-

lelism to itself during the motion of the planet in its orbit ; and the same

is also the case with the ring, whose plane is constantly inclined at the

same, or very nearly the same, angle to that of the orb*', and, therefore,

to the ecliptic, viz. 28° 11' 3 and intersects the latter • ane in a line,

which makes at present^ an angle with the line of equinoxes of 167° 31'.

So that the nodes of the ring lie in 167° 31' and 347° 31' of longitude.

Whenever, then, the planet happens to be situated in one or other of these

longitudes, as at C, the plane of lue ring passes through the sun, which

then illuminates only the edge of it. And if the earth at that moment

be in F, it will see the ring edgeways, the planet being in opposition, and

therefore most favourably situated (casteris paribus) "or observation.

Under these circumstances the ring, if seen at all, can only appear as a

very narrow straight line of light projecting on either side of the body as

a prolongation of its diameter. In fact, it is quite invisible in any but

telescopes of extraordinary power.' This remarkable pheno-nenon takes

' The equatorial bright belt is generally well seen. The subdivision of the dark one
liy two narrow bright bands is seldom so distinct as represented in the plate.

^According to Bessel, the longitude of the node of the ring increases 46"'462 per

annum. In 1800 it was 16t)" 53' 8"-9.

'Its disappearance wps complete when observed with a reP f^' eighteen inches in

aperture and twenty feet in focal length, on the 29th of Ai J, by the author.

,i'ps
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Fig. 78.

place at intervals of fifteen years nearly (being a semi-period of Saturn in

its orbit). One disappearance at least must take place whenever Saturn

passes either node of its orbit ; but three must frequently happen, and

two are possible. To show this, suppose S to be the sun, ABC 1) part

of Saturn's orbit situated so as to include the node of the ring (at C);

E F a H the. einih'g orbit: S C the line of the node; EB, OD parallel

to S C touc'i /n^, tlic earth's orbit in E Gj and let the direction of motion

of both be .ioe> bn 'hat indicated by the arrow. Then since the ring pre-

serves its paraii'l! «n, its plane can nowhere intersect the earth's orbit, and

therefore no disappearance can take place, unless the planet be between B

and D : and, on the other hand, a disappearance is posyible (if the earth

be rightly situated) during the whole time of the description of the arc

B D. Now, since S B or S D, the distance of Saturn from the Sun, is to

S E or S G, that of the Earth, as 9-54 to 1, the angle CSDorCSB =
6" 1', and the whole angle BSD = 1*2° 2', which is described by Saturn

(on an average) in 359-46 days, wanting only 58 days of a complete

year. The Earth then describes very nearly an entire revolution within

the limits of time when a disappearance is possible ; and since, in cither

half of its orbit E F G- or G II F, it may equally encounter the plane

of the ring, one such encounter at least is unavoidable within the time

specified.

(516.) Let G a be the arc of the Earth's orbit described from G in

5-8 days. Then if, at the moment of Saturn's arrival at B, the Earth bo

at a, it will encounter the plane of the ring advancing parallel to itself

and to B E to meet it, somewhere in the quadrant H E, as at M, after

which it will be behind that plane (with reference to the direction of

Saturn's motion) through all the arc M E F G up to G, where it will
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again overtake i . .it the very moment of the planet quitting the arc B D.

In tills state of things there will bo two disappearances. If, when Saturn

is at B, the Karth bo anywhere in the arc a H E, it is equally evident

that it will meet and pass through the advancing plane ( the riug somo-

wbero in the quadrant H E, that it will again overtake and pass through

it somewhere in the semicircle E F G, and again mro* it in sf^'no point

of the quadrant G II, so that three disappcaraT js ^ '' place. So,

also, if the Earth bo at E when Saturn is at IJ, th" m the Earth

being at that instant directly towards B, the plar '
.«, for a

short time leave it behind; but the ground so losi . My lugained

as the earth's motion becomes oblique to the line of jui t will soon

overtake and pass through the plane in the early par.. . the quadrant

E F, and passing on through G before Saturn arrives at D, will meet the

plane again in the quadrant G H. The same will continue up to a certain

point h, at which, if the Earth be initially situated, there will be but two

disappearances— the plane of the ring there overtaking the Earth for an

instant, and being immediately again left behind by it, to be again en-

countered by it in G II. Finally, if the initial place of the Earth (when

Saturn is at B) be in the arc 6 F a, there will be but one passage through

the plaiif of the ring, viz., in the semicircle G II E, the Earth being in

advance of that plane throughout the whole of b G.

(517.) The appearances will moreover be varied according as the Earth

passes from the enlightened to the unenlightened side of the ring, or vice

versil. If C bo the ascending node of the ring, and if the under side of

the paper be supposed south and the upper north of the ecliptic, then,

when the Earth burets the plane of the ring in the quadrant H E, it

passes from the bright to the dark side : where it overtakes it in the

quadrant E F, the contrary. Vice versd, when it overtakes it in F G,

the transition is from the bright to the dark side, and the contrary where

it meets it in G H. On the other hand, when the Earth is overtaken by

the ring-plane in the interval 1""- h, the change is from the bright to the

dark side. When the dark side is exposed to sight, the aspect of the

planet is very singular. It appears as a bright round disc, with its belts,

&c., but crossed equatorially by a narrow and perfect black line. This

can never of course happen when the planed is more than 6" 1' from the

node of the ring. Generally, the northern side is enlightened and visible

when the heliocentric longitude of Saturn is between 173° 32' and

341° 30', and the southern when between SSS** 32' and 161° 30'. The

greatest opening of the riug occurs when the planet is situated at 90° dis-

tance from the node of the ring, or in longitudes 77° 31' and 257° 31',

r t
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and at these points the longer diameter of its apparent ellipse is almost

exactly double the shorter.

(518.) It will naturally be asked how so stupendous an arch, if com-

posed of solid and ponderous materials, can be sustained without collaps-

ing and falling in upon the planet ? The answer to this is to be found in

a swift rotation of the ring in its own plane, which observation has de-

tected, owing to some portion of the ring being a little less bright than

others, and assigned its period at lO** 32'* 15*, which, from what we know

of its dimensions, and of the force of gravity in the Saturnian sysLem, is

very nearly the periodic time of a satellite revolving at the same distance

as the middle of its breadth. It is the centrifugal force, then, arising

from this rotation, which sustains it; and, although no observation nice

enough to exhibit a difference of periods between the outer and inner

rings have hitherto been made, it is more than probable that such a diffe-

rence does subsist as to place each independently of the other in a similar

Btate of equilibrium.

(519.) Although the rings are, as we have said, very nearly concentric

with the body of Saturn, yet micrometrical measurements of extreme

delicacy have demonstrated that the coincident is not mathematically ex-

act, but that the centre of gravity of the rings oscillates round that of the

body describing a very minute orbit, probably under laws of much com-

plexity. Trifling as this remark may appear, it is of the utmost import-

ance to the stability of the system of the rings. Supposing them mathe-

matically perfect in their circular form, and exactly concentric with the

planet, it is demonstrable that they would form a system in a state of un-

stable equilibrium, ythioh the slightest external power would subvert—
not by causing a rupture in the substancc'i of the rings— but by precipi-

tating them, unbroken, on the surface of the planet. For the attraction

of such a ring or rings on a point or sphere exoentrically within them, is

not the same in all directions, but tends to draw tho point or sphere

towards the nearest part of the ring, or away from the centre. Hence,

supposing the body to become, from any cause, ever so little excentric to

the ring, the tendency of their mutual gravity is not to correct but to

increase this excentricity, and to bring the nearest parts of them together.

Now, external powers, capable of producing such excentricity, exist in the

attractions of the satellites, as will be shown in Chap. XII. ; and in order

that the system may be staoU, and possess within itself a powc of resist-

ing tho first inroads of such a tendency, while yet nascent and feeble, and

(tpposing thcra by an opposite or maintaining power, it has been shown

that it is sufficient to admit the rings to be haded in bome part of their

circumfuronce, either by some miuutu inequality of thickness, or by some
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portions being denser than others. Such a load would gi\ 3 to the whole

ring to which it was attached somewhat of the character of a heavy and

sluggish satellite maintaining itself in an orbit with a certain energy suffi-

cient to overcome minute cauae9 of disturbance, and establish an average

bearing on its centre. But even without supposing the ezisteuco of any

Bach load,— of which, after all, we have no proof,— and granting, in its

fall extent, the general instability of the equilibrium, we think we per-

ceive, in the rapid periodicity of all the causes of disturbance, a sufficient

guarantee of its preservation. However homely be the illustration, we

can conceive nothing more apt, in every way, to give a general conception

of this maintenance of equilibrium under a constant tendency to subver-

sion, than the mode in which a practised hand will sustain a long pole in

a perpendicular position resting on the finger by a continual and almost

imperceptible variation of the point of support. Be that, however, as it

may, the observed oscillation of the centres of the rings about that of the

planet is in itself the evidence of a perpetual contest between conserva-

' tive and destructive powers—> both extremely feeble, but so antagonizing

one another as to prevent the latter from ever acquiring an uncontrollable

ascendaDcy, and rushing to a catastrophe.

(520.) This is also the place to observe, that as the smallest difference

of velocity between the body and the rings must infallibly precipitate the

latter on the former, never more to separate, (for they would, once in

contact, have attained a position of stable equilibrium, and be held toge-

ther ever after by an immense force ;) it follows, either that their motions

in their common orbit round the sun must have been adjusted to each

other by an external power, with the minutest precision, or that the rings

must have been formed about the planet while subject to their common

orbitual motion, and under the full and free influence of al< the acting

forces.

(521.) Several astronomers have suspected, and even consider them-

selves to have certainly observed, the rings of Saturn to be occasionally,

at least, streaked with more or less numerous dark lines parallel to the

decided black interval which fieparates the two rings, which latter being

permanent, and seen equally and in the same part of the breadth on both

sides of the ring, cannot be doubted to be a real separation."

(522.) [The exterior ring of Saturn is described by many observers as

rather less luminous than the interior, and the inner portion of this latter

' The pasRage of Saturn across any considerable star would afford an admirable

opportunity of testing the reality of such fissures, as it would flash in succession

ihroiijrh them. The oppor' ity of watching for such occuitstions — when Satuin

trtvorses iho Milky-Way, i< islancc—«huuld not be neglected.
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than its outer. On the night of Nov. 11, 1850, however, Mr. G. B.

Bond, of the Harvard Observatory (Cambridge, U. S.,) using the great

Fraunhofer equatorial of that institutioa, became aware of a line of

demarcation between these two portions so definite, and an extension

inwards of the dusky border to such an extent (one fifth, hy measure-

ment, of the joint breadth of the two old rings,) as to justify him in

considering it as a newly-discovered ring. On the nights of the 25th

and 29th of the same month, and without knowledge of Mr. Bond's

observations, Mr. Dawes, at his observatory at Wateringbury, by the aid

of an exquisite achromatic by Merz, of 6^ inches aperture, observed the

very same fact, and even more distinctly, so as to be sure of a decidedly

darker interval between the old and new rings, and even to subdivide the

latter into two of unequal degrees of obscurity, separated by a line more

obscure than either.]

(528.) Of Uranus we see nothing but a small round uniformly illumi-

nated disc, without rings, belts, or discernible spots. Its apparent dia-

meter is about 4", from which it never varies much, owing to the small-

ness of our orbit in comparison of its own. Its real diameter is about

85,000 miles, and its bulk 82 times that of the earth. It is attended by

satellites—^four at least, probably five or six—whose orbits (as will be seen

in the next chapter) offer remarkable peculiarities.

(524.) The discovery of Neptune is so recent, and its situation in the

ecliptic at present so little favourable for seeiu^ it with perfect distinctness,

that nothing very positive can be stated as to i' -^Xovl appearance. To

two observers it has afforded strong suspicion ag surrounded with a

ring very highly inclined. And from the observations of Mr. Lassell,

M. Otto Struve, and Mr. Bond, it appears to be attended certainly by one,

and very probably by two satellites—though the existence of the second

can hardly yet be considered as q<iite demonstrated.

(525.) If the immense distance of Neptune precludes all hope of

coming at much knowledge of its physical state, the minuteness of the

ultra-zodiacal planets is no less a bar into any inquiry into theirs. One

of them, Pallas, has been said to have somewhat of a nebulous or hazy

appearance, indicative of an extensive and vaporous atmosphere, little

repressed and condensed by the inadequate gravity of so small a mass.

It is probf bio, however, that the appearance in question has originated

in some imperfection in the telescope employed or other temporary causes

of illusion. In Vesta and Pallas only have sensible discs been hitherto

observed, and those only with very high magnifying powers. Vesta was

once seen by Schroeter with the naked eye. No doubt the most reraark-

ible of their peculiarities must lie in this condition of their state. A
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man placed on one of them would spring with ease 60 feet high, and

sustain no greater shock in his descent than he does on the earth from

leaping a yard. On such planets giants might exist; and those enormous

animals, which on earth require the buoyant power of water to counteract

their weight, might there be denizens of the land. But of such specula-

couB there is no end.

(526.) We shall close this chapter with an illustration calculated to

convey to the minds of our readers a general impression of the relative

magnitudes and distances of the parts of our system. Choose any well

levelled field or bowling-green. On it place a globe, two feet in diameter;

this will represent the Sun ; Mercury will be represented by a grain of

mastard seed, on the circumference of a circle 164 feet in diameter for its

orbit; Venus a pea, on a circle 284 feet in diameter; the Earth also a

pea, on a circle of 430 feet; Mars a rather large pin's head, on a circle

of 654 feet; Juno, Geres, Yesta, and Pallas, grains of sand, in orbits of

from 1000 to 1200 feet; Jupiter a moderate-sized orange, in a circle nearly

half a mile across, Saturn a small orange, on a circle of four-fifths of a

mile ; Uranus a full-sized cherry, or small plum, upon the circumference

of a circle more than a mile and a half, and Neptune a good-sized plum

on a circle about two miles and a half in diameter. As to getting correct

Qotions on this subject by drawing circles on paper, or, still worse, from

those very childish toys called orreries, it is out of the question. To imi-

tate the motions of the planets, in the above-mentioned orbits, Mercury

must describe its own diameter in 41 seconds; Venus in 4" 14'; the

Earth, in 7 minutes; Mars, in 4" 48'; Jupite.-, 2" bQ"} Saturn, in 8'

13" J Uranus, in 2" 16"; and Neptune in 3" 30".

' iif
",
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CHAPTER X.

OP THE SATELLITES.

OF THE MOON, AS A SATELLITE OF THE EARTH.— GENERAL PROXIMITY

OF SATELLITES TO THEIR PRIMARIES, AND CONSEQUENT SUBORDINA-

TION OF THEIR MOTIONS.— MASSES OP THE PRIMARIES CONCLUDED

PROM THE PERIODS OP THEIR SATELLITES.— MAINTENANCE OP KEP-

LER's laws IN THE SECONDARY SYSTEMS.— OF JUPITER's SATEL-

LITES.— THEIR ECLIPSES, ETC.— VELOCITY OP LIGHT DISCOVERED

BY THEIR MEANS.— SATELLITES OF SATURN— OF URANUS— OP

NEPTUNE. ,
,

(527.) In tho annual circuit of the earth about the sun, it is constantly

attended by its satellite, the moon, which revolves round it, or rather

both round their common centre of gravity; while this centre, strictly

speaking, and not either of the two bodies thus connected, moves in an

elliptic orbit, undisturbed by their mutual action, just as the centre of

gravity of a large and small stone tied together and flung into the air

describes a parabola as if it were a real material substance under the

earth's attraction, while the stones circulate round it or round each other,

as we choose to conceive the matter.

(528.) If we trace, therefore, the real curve actually described by

either tho moon's or the earth's centres, in virtue of this compound mo-

tion, it will appear to be, not an exact ellipse, but an undulated curve,

like that represented in the figure to article 324, only that the number

of undulations in a whole revolution is but 13, and their actual deviation

from the general ellipse, which serves them as a central line, is coinpnra-

tively very much smaller— so much so, indeed, that every part of the

curve described by either the earth or moon is concave towards the sun.

The excursions of tho earth on either side of the ellipse, indeed, arc so

very small as to bo hardly appreciable. In fact, the centre of gravity of

the earth and moon lies always within the surface of the earth, so that

the monthly orbit described by tho earth's centre about the common

centre of gravity is comprehended within a space less than the size of the

earth itself. The effect is, neTertheless^ sensible, in producing an appa-
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rent monthly displacement of the sun in longitude, of a parallactic kind,

which is called the menstrual equation ; ^irhose greatest amount is, hovr-

ever, less than the sun's horizontal parallax, or than 8-6".

(529.) The moon, as we have seen, is about 60 radii of the earth dis-

tant from the centre of the latter. Its proximity, therefore, to its centre

of attraction, thus estimated, is much greater than that of the planets to

the sun ; of which Mercury, the nearest, is 84, and Uranus 2026 solar

radii from its centre. It is owing to this proximity that the moon

remains attached to the earth as a satellite. Were it much farther, the

feebleness of its gravity towards the earth would be inadequate to produce

that alternate acceleration and retardation in its motion about the sun,

which divebts it of the character of an independent planet, and keeps its

movements subordinate to those of the earth. The one would outrun, or

be left behind the other, in their revolutions round the sun (by reason of

Kepler's third law,) according to the relative dimensions of their helio-

centric orbits, after which the whole influence of the earth would be

confined to producing some considerable periodical disturbance in the

moon's motion, as it passed or was passed by it in each synodical revolu-

tion.

(530.) At the distance at which the moon really is from us, its gravity

towards the earth is actually less than towards the sun. That this is the

caae, appears sufficiently from what we have already stated, that the

moon's real path, even when between the earth and sun, is concave

Umards the latter. But it will appear still more clearly if, from the

known periodic times ' in which the earth completes its annual and the

moon its monthly orbit, and from the dimensions of those orbits, we

calculate the amount of deflection, in either, from their tangents, in equal

very minute pottions of time, as one second. These are the versed sines

of the arcs described in that time in the two orbits, and these are the

measures of the acting forces which produce those deflections. If we

execute the numerical calculation in the case before us, we shall find

2.233 : 1 for the proportion in which the intensity of the force which

retains the earth in its orbit round the sun actually exceeds that by which

the moon is retained in its orbit about the earth.

' R and r rodii of two orbits (siippoBcd circular,) P and p the periodic times ; then

tile arcs in question (A and a) are to each other as -p- to — ; and since the versed sines

are ai tiio squares of the ores directly and the radii inversely, these are to each other

M — to—
; and in this ratio are the forces acting on the revolving bodies in either

caie.
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(531.) Now the sun is 399 times more remote from the earth than the

moon is. And, as gravity increases as the squares of the distances de<

crease, it must follow that at equal distances, the intensity of solar would

exceed that of terrestrial gravity in the above proportion, augmented in

the further ratio of the square of 400 to 1 ; that is, in the proportion of

355000 to 1 ; and therefore, if we grant that the intensity of the gravi-

tating energy is commensurate with the mass or inertia of the attracting

body, we are compelled to admit the mass of the earth to be no more

than ^5351115 °^ *^** °^ ^^^ ^"°*
•

«':'!
(532.) The argument is, in fact, nothing more than a recapitulation of

what has been adduced in Chap. VIII. (art. 448.) But it is here re-

introduced, in or(.!ur to show how the mass of a planet whi.-h is attended

by one or more satellites can be as it were weighed against the sun, pro.

vided we have learned from observation the dimensions of the orbits

described by the planet about the sun, and by the satellites about the

planet, and also the periods in which these orbits are respectively

described. It is by this method that the masses of Jupiter, Saturn,

Uranus, and Neptune have been ascertained. (See Synoptic Table.)

(533.) Jupiter, as already stated, is attended by four satellites, Saturn

by seven j Uranus, certainly by four, and perhaps by six ; and Neptune

by two or more. These, with their respective primaries (as the central

planets are called,) form in each case miniature systems entirely analogous,

in the general laws by which their motions are governed, to the great

system in which the sun acts the part of the primary, and the planets of

its satellites. In each of these systems the laws of Kepler are obeyed,

in the sense, that is to say, in which they are obeyed in the planetary

system— approximately, and without prejudice to the efiFects of mutual

perturbation, of extraneous interference, if any, and of that small but

not imperceptible correction which arises from the elliptic form of the

central body. Their orbits are circles or ellipses of very moderate excen-

tricity, the primary occupying one focus. About this they describe areas

very nearly proportional to the times ; and the squares of the periodical

times of all the satellites belonging to each planet are in proportion to

each other as the cubes of their distances. The tables at the end of the

volume exhibit a synoptic view of the distances and periods in these

several systems, so far as they are at present known ; and to all of them

it will bo observed that the same remark respecting their proximity to

their primaries holds good^ as in the case of the aioon, with a similar

reason for such close conni^otion.

(534.) Of these systems, however, the only one which has been studied

i.;ifei
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with attention to all its details, is that of Jupiter
;
partly on account of

the conspicuous brilliancy of its four attendants, which are large enough

to offer visible and measurable discs in telescopes of great power; but

more for the sake of their eclipses, which, as they happen very frequently,

and are easily observed, afford signals of considerable use for the determi-

nation of terrestrial longitudes (axt. 266). This method, indeed, until

thrown into the back ground by the greater facility and exactness now
attainable by lunar observations (art. 267) was the best, or rather the

only one, which could be relied on for great distances and long intervals.

(535.) The satellites of Jupiter revolve from west to east (following the

analogy of the planets and moon,) in planes very nearly, although not ex-

actly, coincident with that of the equator of the planet, or parallel to its

belts. This latter plane is inclined 3° 5' 30" to the orbit of the planet,

and is therefore but little different from the plane of the ecliptic. Accord-

ingly, we see their orbits projected very nearly into straight lines, in which

they appear to oscillate to and fro, sometimes passing before Jupiter, and

casting shadows on his disc, (which are very visible in good telescopes,

like small round ink spots, the circular form of which is very evident,)

and sometimes disappearing behind the body, or being eclipsed in its

shadow at a distance from it. It is by these eclipses that we are furnished

with accurate data for the construction of tables of the satellites' motions,

as well as with signals for determining differences of longitude.

(53G.) The eclipses of the satellites, in their general conception, are

perfectly analogous to those of the moon, but in their detail they differ in

several particulars. Owing to the much greater distance of Jupiter from

the sun, and its greater magnitude, the cone of its shadow o -nbra

(art. 420) is greatly more elongated, and of far greater dimension, than

that of the earth. The satellites are, moreover, much less in proportion

to their primary, their orbits less inclined to its ecliptic, and (compara-

tively to the diameter of the planet) of smaller dimensions, than is the

case with the moon. Owing to these causes, the three interior satellites

of Jupiter pass through the shadow, and are totally eclipsed, every revo-

lution ; and the fourth, though, from the greater inclination of its orbit, it

sometimes escapes eclipse, and may occasionally graze as it were the border

of the shadow, and suffer partial eclipse, yet does so comparatively seldom,

and, ordinarily speaking, its eclipses happen, like those of the rest, each

revolution.

(537.) These eclipses, moreover, are not seen, as is the case with those

of the moon, from the centre of their motion, but from a remote station,

and one whose situation with respect to the line of shadow is variable.
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This, of course, makes no difference in the times of the eclipses, bat a

very great one in their visibility, and in their apparent situations with

respect to the planet at the moments of their entering and quitting the

shadow.

(538.) Suppose S to be the sun, E the earth in its orbit E F G K, J

Jupitor, and a b the orbit of one of its satellites. The cone of the shadow,

then, will have its vertex at X, a point far beyond the orbits of all the

satellites ; and the penumbra, owing to the great distance of the sun, and

the consequent smallness of the angle (about 6' only) its disc subtends at

Jupiter, will hardly extend, within the limits of the satellites' orbits, to

any perceptible distance beyond the shadow,— for which reason it is not

represented in the figure. A satellite revolving from west to east (in the

direction of the arrows) will be eclipsed when it enters the shadow at a,

but not suddenly, because, like the moon, it has a considerable diameter

seen from the planet; so that the time elapsing from the first perceptible

loss of light to its total extinction will be that which it occupies in de>

scribing about Jupiter an angle equal to its apparent diameter as seen from

the centre of the planet, or rather somewhat more, by reason of the

Fig. 74.

1

penumbra ; and the same remark applies to its emergence at b. Now,

owing to the difference of telescopes and of eyes, it is not possible to assign

the precise moment of incipient obscuration, or of total extinction at a, nor

that of the first glimpse nf light falling on the satellite at b, or the complete

recovery of its light. The observation of an eclipse, then, in which only

the immersion, or only the emersion, is seen, is incomplete, and inadequate

to afford any precise information, theoretical or practical. But, if both

the immersion and emersion can be observed with the same telescope, and

hy the same person, the interval of the times will give the duration, and

their mean the exact middle of the eclipse, when the satellite is in the

line S J X, i. e. the true moment of its opposition to the sun. Suoh ob-

servations, and such only, are of use for determining the periods and other
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parUculars of the motions of the satellites, and for affording data of any

material use for the calculation of terrestrial longitudes. The intervals

of the eclipses, it will be observed, give the synodic periods of the satel-

lites' revolutions ; from which their sidereal periods must be concluded by

the method in art. 418.

(539.) It is evident, from a mere inspection of our figure, that the

eclipses take place to the west of the planet, when the earth is situated

to the west of the line S J, i. e. before the opposition of Jupiter ; and to

tlie east, when in the other half of its orbit, or after the opposition.

When the earth approaches the opposition, the visual lino becomes m6re

and more nearly coincident with the direction of the shadow, and the ap-

parent place where the eclipses happen will be continually nearer and

nearer to the body of the planet. When the earth comes to F, a point

determined by drawing 6 F to touch the body of the planet, the emersions

will cease to be visible, and will thenceforth, up to the time of the oppo-

sition, happen behind the disc of the planet. Similarly, from the oppo-

sition till the time when the oarth arrives at I, a point determined by

drawing a I tangent to the eastern limb of Jupiter, the immersions will

be concealed from our view. When the earth arrives at O (or H) the

immersion (or emersion) will happen at the very edge of the visible disc,

and when between Gt and H (a very small space), the satellites will joass

uncclipscd behind the limb of the planet.

(540.) Both the satellites and their shadows are frequently observed to

transit or pass across the disc of the planet. When a satellite comes to

m, its shadow will be thrown on Jupiter, and will appear to move across

it as a black spot till the satellite comes to n. But the satellite itself will

not appear to enter on the disc till it comes up to the line drawn from E
to the eastern edge of the disc, and will not leave it till it attains a similar

line drawn to the western edge. It appears then that the shadow will

precnie the satellite in its progress over the disc be/ore the opposition of

Jupiter, and vice versd. In these transits of the satellites, which, with

very powerful telescopes, may be observed with great precision, it fre-

quently happens that the satellite itself is discernible on the disc as a

bright spot if projected on a dark belt ; but occasionally also as a dark

spot of smaller dimensions than the shadow. This curious fact (observed

by Schroeter and Harding) has led to a conclusion that certain of the

satellites have occasionally on their own bodies, or in their atmospheres,

obscure spots of great extent. We say of great extent j for the satellites

of Jupiter, small as they appear to us, are really bodies of considerable

Biie, as the following comparative table will show :
'
—

' Struve, Mem. Art. Soc. iii. 301.
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i (

Mean apparent
diameter aa seen]

Arom the Earth.

Mean apparent
diameter as seen
from Jupiter.

Diameter In miles. Ma8B.i

38"-327

1-017

0-911

1-488

1-273

33' 11"
17 35
18
8 40

87000
2508
2008
3377
2890

1-0000000

0-0000173

0-0000232

0-0000885

0-0000427

l8t satellite

2d
3d
4th

From which it follows, that the first satellite appears to a spectator on

Jupiter, as large as our moon to us ; the second and third nearly equal to

each other, and of somewhat more than half the apparent diameter of the

first, and the fourth ahout one quarter of that diameter. So seen, they

will frequently, of course, eclipse one another, and cause eclipses of the

sun (the latter visible, however, only over a very small portion of the

planet), and their motions and aspects with respect to each other must

ofiFer a perpetual variety and singular and pleasing interest to the inhabi-

tants of their primary.

(541.) Besides the eclipses and the transits of the satellites across the

disc, they may also disappear to us when not eclipsed, by passing behind

the body of the planet. Thus, when the earth is at E, the immersion of

the satellite will be seen at a, and its emersion at 6, both to the west of

the planet, after which the satellite, still continuing its course in the di-

rection ab, will pass behind the body, and again emerge on the opposite

side, after an interval of occultation greater or less according to the dis-

tance of the satellite. This interval (on account of the great distance of

the earth compared with the radii of the orbits of the satellites) varies but

little in the case of each satellite, being nearly equal to the time which

the satellite requires to describe an arc of its orbit, equal to the angular

diameter of Jupiter as seen from its centre, which time, for the several

satellites, is as follows : viz., for the first, 2'' 20" ; for the second, 2'' 56"
j for

the third, B' 43!» ; and for the fourth, 4'' 56™ ; the corresponding diameters

of the planet as seen from these respective satellites being, 19° 49'; 12°

25' ; 1° 47' ; and 4° 25'.' Before the opposition of Jupiter, these occul-

tations of the satellites happen after the eclipses : after the opposition

(when, for instance, the earth is in the situation K), the occultations take

place before the eclipses. It is to be observed that owing to the proximity

of the orbits of the first and second satellites to the planet, botJi the im-

mersion and emersion of either of them can never be observed in any

• LapJMe, Mec. Cel. liv. viii. ^ 27.

* These data are taken approximately from Mr. Woodhouse's paper in the supplement

jn the Nautical Almanack for 1835.
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single eclipse, the immeraion being concealed by the body, if the planet

be past its opposition, the emersion if not yet arrived at it. So also of

the occultation. The commeQcetnent of the ocoultation, or the passage

of the satellite behind the disc, takes place while obscured by the shadow,

licfore opposition, and its re-emergence after. All these particulars will

be easily apparent on mere inspection of the figure (art. 536). It is only

during the short time that the earth is in the arc G H (i. e. between the

8iia and Jupiter, that the cone of the shadow converging (while that of

the visual rays diverges) behind the planet, permits their occultations to

be completely observed both at ingress and egress, nnobscured, the eclipses

being then invisible.

(542.) An extremely singular relation subsists between the mean

angular velocities or mean motions (as they are termed) of the three first

satellites of Jupiter. If the mean angular velocity of the first satellite

be added to twice that of the third, the sum will equal three times that

of the second. From this relation it follows, that if from the mean lon-

gitude of the first added to twice that of the third, bo subducted three

times that of the second, the remainder will always be the same, or con-

stant, and observation informs us that this constant is 180", or two right

angles; so that, the situations of any two of them being given, that

of the third may be found. It has been attempted to account for this

remarkable fact, on the theory of gravity by their mutual action ; and

Laplace has demonstrated, that if this relation were at any one epoch ap-

proximately true, the mutual attractions of the satellites would, in process

of time, render it exactly so. One curious consequence is, that these

three satellites cannot be all eclipsed at once ; for, in consequence of the

last-mentioned relation, when the second and third lie in the same direc-

tion from the centre, the first must lie on the opposite; and therefore,

when at such a conjuncture the first is eclipsed, the other two must lie

between the sun and planet, throwing its shadow on the disc, and vice

versA.

(543.) Although, however, for the above mentioned reason, the satel-

lites cannot be all eclipsed at once, yet it may happen, and occasionally

does so, that all are either eclipsed, occulted, or projected on the body, in

which case they are, generally speaking, equally invisible, since it requires

an excellent telescope to discern a satellite on the body, except in peculiar

circumstances. Instances of the actual observations of Jupiter thus

denuded of its usual attendance and offering the appearance of a solitary

disc, though rare, have been more than once recorded. The first occasion

in which this was noticed was by Molyneux, on November 2d, (old style)

19
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1681.' A similar observation ia recorded by Sir W. Ilcrschel as made

by him on May 22d, 1802. The phaonomenoa has also been observed

by Mr. Wallis, on April 15th, 1826; (in which case the deprivation con-

tinued two whole hours ;) and lastly by Mr. H. Griesbach, on September

27th, 1843.

(544.) The discovery of Jupiter's satellites, one of the first fruits of

the invention of the telescope, and of Galileo's early and happy idea of

directing its new-found powers to the examination of the heavens, forms

one of the most memorable epochs in the history of astronomy. The

first astronomical solution of the great problem of " the lonfjitmhi'—prac-

tically the most important for the interests of mankind which has ever

been brought under the dominion of strict scientific principles, dates

immediately from their discovery. The final and conclusive establish-

ment of the Copernican system of astronomy may also be considarcd as

referable to the discovery and study of this exquisite miniature system,

in which the laws of the planetary motions, as ascertained by Kepler,

and e.'ipecially that which connects their periods and distances, were

speedily traced, and found to bo satisfactorily maintained. And (as if to

accumulate historical interest on this point) it is to the observation of

their eclipses that wo owe the grand discovery of the aberration nf light,

and the consequent determination of the enormous velocity of that won-

derful clement. This we must explain now at large.

(545.) The earth's orbit bemg concentric with that of Jupiter and

interior to it (see fuj. art. 536), their mutual distance is continually

varying, the variation extending from the sum to the dljfvrcncr, of tli:

radii of the two orbits j and the difference of the greater and least dis-

tances being equal to a diameter of the earth's orbit. Now, it was

observed by Roomer, (a Danish astronomer, in 1675,) on comparing to-

gether observations of eclipses of the satellites during many successive

years, that the eclipses at and about the opposition of Jupiter (or its

nearest point to the earth) took place too noon— sooner, that is, than, by

calculation from an average, ho expected them ; whereas those which hap-

pened when the earth was in the part of its orbit most remote from

Jupiter were always too lafc. Connecting the observed error in their

computed times with the variation of distance, he concluded, that, to

make the calculation on an average period correspond with fact, an allow-

ance in respect of time behoved to bo made proportional to the excess or

defect of Jupiter's distance from the earth above or below its average

amount, and such that a difference of distance of one diameter of the

6artu S CFbib oijuuiu uOiiuBpwuu ku xu- mWU ui UIUU ailUWCU.
o_

' .Molyneux, Optics, p. 271.
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lating on the probable physical cause, he was naturally led to think of a

gradual instead of an instantaneous propagation of light. This explained

every particular of the observed phenomenon, but the velocity required

(192000 miles per second) was so great as to startle many, and, at all

events, to require confirmation. This has been afforded since, and of the

moat unequivocal kind, by Bradley's discovery of the aberration of light

(art. 329.) The velocity of light deduced from this last phajnomenon

differs by less than one-eightieth of its amount from that calculated from

the eclipses, and even this differc.ice will no doubt be destroyed by nicer

and more rigorously reduced observations,

(540.) The orbits of Jupiter's satellites are but little excentric, those

of tho two interior, indeed, have no perceptible exccntricity. Their

mutual action produces in them perturbations analogous to those of the

planets about the sun, and which unm been diligently investigated by

Laplace and others. IJy assiduous observation it has been ascertained

that tlioy are subject to marked fluctuations in respect of brightness, nnd

that these fluctuations happen periodically, according to their position

with respect to the sun. From this it has been concluded, apparently

with reason, that they turn on their axes, like our moon, in periods equal

to their respective sidereal revolutions about their primary.

(r)47.) Tho satellites of Saturn have been much less studied than tliose

of Jupiter, being far more difficult to observe. Tho most distant has its

orbit materially inclined (no less than 12° 14')' to the plane of the ring,

with which tho orbits of all tho rest nearly coincide. Nor is this the only

cireumstanco which separates it by a marked difference of character from

the system of the six interior ones, and renders it in some sort an anoma-

lous member of the Saturnian system. Its distance from the planet's centre

exceeds in the proportion of nearly three to one that of the most distant

of all the rest, being no less than G4 times the radius of the globe of

Saturn, a distance from the primary to which our own moon (at GO radii)

offers the only parallel. Its variation of light also in different parts of its

orbit is very much greater than tho case of any other secondary ;;>lanet.

Pominio Cas.sini indeed (its first discoverer, A. D. 1671) found it to disap-

pear for nearly half its revolution, when to the cast of Saturn, and though

the more powerful telescopes now in use enable us to follow it round tho

whole of its circuit, its diminution of light is so great in tho eastern half

of its orbit as to render it somewhat difficult to perceive. From this cir-

cumstance (viz. from the defalcation of light occurring constantly on tho

same side of Saturn an mn/rnm the earth, the visual ray from which is

never very oblique to the direction in which the sun's light falls on it) it

' Luluiidc, Agtroii. Art. 3075.

ii
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is presumed with much certainty that this satellite revolves on its axis in

the exact time of rotation about the primary ; as we know to be the case

with the moon, and as there is considerable ground for believing to be so

with all secondaries.

(548.) The next satellite in order proceeding inwards (the first in order

of discovery ') is by far the largest and most conspicuous of all, and is

probably not much inferior to Mars in size. It is the only one of the

number whose theory and perturbations have been at all inquired into'

farther than to verify Kepler's law of the periodic times, which holds

good, mutatis mutandis, and under the requisite reservations, in this, as

in the system of Jupiter. The throe next satellites still procccdiog

inwards * are very minute, and require pretty powerful telescopes to see

them; while tlie two interior satellites which just skirt the edge of the

ring * can only be seen with telescopes of extraordinary power and per-

fection, and under the most favourable atmospheric circumstances. At

the epoch of their discovery they were seen to thread, like beads, the

almost infinitely thin fibre of light to which the ring then seen edge-

ways, was reduced, and for a short time to advance off it at either end,

speedily to return, and hastening to their habitual concealment behiud

the body.*

(549.) Owing to the obliquity of the ring and of the orbits of the

satellites to Saturn's ecliptic, there fo no eclipses, occultutions, or

• By Iluyghens, March 25, 1C55.

• By Boasel, A$lr. Naehr. Nos. 193, 214.

• Discovered by Dominic Cossini in 1672 and 1684.

• Discovered by Sir William Herschel in 1789.

» Considerable confusion prevails in tlio nomenclature of the Saturnion system,

owing to the order of discovery not coinciding with tlinl of distances, Aslrononicrs

have not yet agreed whether to call the two inierior snicllitcs the 6th and 7ih (reckon-

ing inward) and the older ones the Ist, 2d, 3d, 4th, and 5th, reckoning outward ; or lo

commence with the innermost and reckon outwards from 1 to 7. This confusion Iibb

been attempted to be obvinicd by a mythological nomenclature, in consonance with

that at length completely esloljlinhrd for the primary MJanets. Taking ihr naiiins ol

the Titanian divinities, the following pentameters aflord an easy artificial mcinory,

commencing whh tho most distant.

lapetus. Titan ; Rhea, Dione, Tethys; (pron. TCthys)

Enceladui, Mimas

It is worth remarking that Simon Marius, who disputed the priority of the discovery

of Jupiter's Batollitea with Galileo, propoBud for them mythological names, viz :— lo,

Europa, Ganymede, and CiUisto. The revival of those names would savour of n prefe-

rence of Marius'i claim, which, even if an absolute priority were conceded (which it is

not), wou(d still leave Galileo's general chiim to the use of the telescope as a means of

astrcncmics! discovery intact. Bat in the case of Jupiter's satelliiea there exists no

oonfusion to rectify. They are constatvly referred to by their numerical designationi

in every almanack.
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transits of these bodies or their shadows across the disc of their primary

(the interior ones excepted), until near the time when the ring is seen

edgewise, and when they do take place, their observation is attended with

too much diflBculty to be of any practical use, like the eclipses of Jupiter's

satellites, for the determination of longitudes, for which reason they

have been hitherto little attended to by astronomers.

(550.) A remarkable relation subsists between the periodic times of the

two interior satellites of Saturn, and those of the two next in order of

distance ; viz. that the period of the third (Tethys) is double that of the

first (Mimas), and that of the fourth (Dione) double that of the second

(Enceladus). The coincidence is exact in either case to about one-SOOth

part of the larger period.

(551.) The satellites of Uranus require very powerful and perfect tele-

scopes for their observation. Two are, however, much more conspicuous

than the rest, and their periods and distances from the planet have been

ascertained with tolerable certainty. They are the second and fourth of

those set down in the synoptic table. Of the remaining four, whose ex-

istence, though announced with considerable confldence by their original

discoverer, could hardly be regarded as fully demonstrated, two only have

been hitherto reobservod ; viz. the first of our table, interior to the two

larger ones, by the independent observations of Mr. Lassell,' and M.

Otto Struve,* and the fourth, intermediate between the larger ones, by

tho former of these astronomers. The remaining two, if future observa-

tion should satisfactorily establish their real existence, will probably bo

found to revolve in orbits exterior to all these.

{>)k)'2.) Tlie orbits of those satellites offer remarkable, and, indeed,

(|uitu uncxi)octod and unexampled peculiarities. Contrary to tho un-

brokcu analogy of tho whole planetary system— whether of primaries or

secondiuios— tho planes of their orbits arc ncarlij perpendicular to the

fdlptlr, loing inclined no less than 78° 58' to that plane, and in these

orbits their motions are retroyradc ; that is to say, their positions, when

projected on tho ecliptic, instead of advancing /yo»i xceat to east round the

centre of their primary, as is the case with every other planet and satel-

lite, move in tho opposite direction. Their orbits are nearly or (juite

circular, and they do not appear to have any sensible, or, at least, any

rapid motion of nodes, or to have undergone any material change of incli-

nation, in the course, at least, of half a revolution of their primary roimd

the sun. When tho earth is in the plane of their orbits, or nearly so,

their apparent paths aro straight lines or very elongated ellipses, in which

' September 14lh to Novoml)er 9ih, 1847.

* Uctuber tJth to Deconiber lOlli, 1847.

• 1
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case thoy becomo invisible, their feeble light being effaced by the superior

light of the planet, long before they come up to its disc, so that the ob-

servation of any eclipses or oocultations they may undergo is quite out

of the question, with our present telescopes.

(553.) If the observation of the satullites of Uranus be difficult, those

of Neptune, owing to the immense distance of that planet, may be rcadily

imagined to offer still greater difficulties. Of the existence of one, dis-

covered by Mr. Lassell,' there can remain no doubt, it having also been

observed by other astronomers, both in Europe and America. Accord*

ing to M. Otto Struvo' its orbit is inclined to the ecliptic at the coimidera-

ble angle of 85° ; but whether, as in the case of tho satellites of Uriinu!i,

the direction of its motion be retrograde, it is not possible to say, until it

shall have been longer observed.

• On July 8ih, 1847.

^ Astron. Nanhr. No. 629, from his own observations, September 11th to Decern-

Ut 20th. 1847.

• t
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CHAPTER XI.

OP COMETS.

GREAT NUMBER OF RECORDED COMETS.— THE NUMBER OF THOSE

UNRECORDED PROBABLY MUCH GREATER.— GENERAL DESCRIPTION

OP A COMET.— COMETS WITHOUT TAILS, OR WITH MORE THAN

ONE.— THEIR EXTREME TENUITY.— THEIR PROBABLE STRUCTURE.

— MOTIONS CONFORMABLE TO THE LAW OF GRAVITY.— ACTUAL

DIMENSIONS OF COMETS.— PERIODICAL RETURN OF SEVERAL. —
HALLEY'S comet.— OTHER ANCIENT COMETS PROBABLY PERIODIC.

— ENCKE's COMET.

—

BIELA's.— FAYE's.— LEXELL's.— DE VICo's.

—BRORSEN's.—PETERS'S.—GREAT COMET OF 1843.—ITS PROBABLE

IDENTITY WITH SEVERAL OLDER COMETS.— GREAT INTEREST AT

PRESENT ATTACHED TO COMETARY ASTRONOMY, AND ITS REASONS.

— REMARKS ON COMETARY ORBITS IN GENERAL.

(554.) The extraordinary aspect of comets, their rapid and seemingly

irtbguliir motions, the unexpected manner in which they often burst upon

us, and the imposing magnitudes which they occasionally assume, have in

all ages rendered them objects of astonishment, not unmixed with super-

Htitioua dread to the uninstructed, and an enigma to those most conversant

with the wonders of creation and the operations of natural causes. Even

now, that wo have ceased to regard their movements as irregular, or as

governed by other laws than those which retain the planets in their orbits,

their intimate nature, and the offices they perform in the economy of our

system, are as much unknown as ever. No distinct and sati.sfuctory

account has yet been rendered of those immensely voluminous append-

ages which they bear about with them, and which are known by the name

of their tails, (though improperly, since they often precede them in their

motions,) any more than of several other singularities which they

present.

(555.) The number of comets which have been astronomically observed,

or of which notices have been recorded in history, is very great, amount-
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iiig to several hundreds ;
' and when we consider that in the earlier ages

of astronomy, and indeed in more recent times, before the invention of

the telescope, only large and conspicuous ones were noticed ; and tbat,

since due attention has been paid to the subject, scarcely a year has passed

without the observation of one or two of these bodies, and that sometimes

two and even three have appeared at once j it will be easily supposed that

cheir actual number must be at least many thousands. Multitudes,

indeed, must escape all observation, by reason of their paths traversing

only that part of the heavens which is above the horizon in the daytime.

Comets so circumstanced can only become visible by the rare coincidence

of a total eclipse of the sun,— a coincidence which happened, as related

by Seneca, sixty-two years before Christ, when a large comet was actually

observed very near the sun. Several, however, stand on record as having

been bright enough to be seen with the naked eye in the daytime, even

at noon and in bright sunshine. Such were the comets of 1402, 1582,

and 1843, and that of 43 B. c. which appeared during the games cele-

brated by Augustus in honour of Venus shortly after the death of Caesar,

and which the flattery of poets declared to be the soul of that hero taking

its place among the divinities.

(556.) That feelings of awe and astonishment should be excited by the

sudden and unexpected appearance of a great comet, is no way surprising;

being, in fact, according to the accounts we have of such events, one of

the most imposing of all natural phenomena. Comets consist for the most

part of a largo and more or less splendid, but ill-defined nebulous mass

of light, called the head, which is usually much brighter towards its

centre, and oflFers the appearance of a vivid nucleus, like a star or planet.

From the head, and in a direction opposite to that in vikkh the sun in

situated from the comet, appear to diverge two streams of light, which

grow broader and more diffused at a distance from the head, and which

most commonly close in and unite at a little distance behind it, but some-

times continue distinct for a great part of their course
;
producing an effect

like tbat of the trains left by some bright meteors, or like the diverging

fire of a sky-rocket (only without sparks or perceptible motion.) This is

' See catalogues in the Almngeat of Riccioli ; Pingre'e Cometographio ; Delambrc's

Aalron. vol. iii. ; Astronomischo At)liandliingen, No. 1, (which contains the elcnienis

of nil the orbits of comets which have been computed to the time of its puhiirntion.

1823;) also a catalogue, by the Rev. T. J. Huosey. Lond. & Ed. Phil. Mag. vol. ii.

No. 9. el leq. In a list cited by Lalando from the Ist vol. of the TuIjIcs de Berlin,

700 comets nro enumerated. i?ee also notices of the Astronomical Society and Astron.

Nachr. passim. A great many of the more ancient comets are recorded in the Cliinpsfl

Annals, and in some cases with sufficient precision to allow of the calculation of

t'ldolf approximate orbita from their motiona so deacribed.
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tbe tiiil. This magnificent appendage attains occasionally an immense

appn'-r>nt length. Aristotle relates of the tail of the comet of 371 b. c,

that it occupied a third of the hemisphere, or 60°; that of A. D. 1618 is

stated to have been attended by a train no less than 104° in length. The

comet of 1680, the most celebrated of modem times, and on many ac«

counts the most remarkable of all, with a head not exceeding in bright-

ness a star of the second magnitude, covered with its tail an extent of

more than 70° of the heavens, or, as some accounts state, 90° ; that of

the comet of 1769 extended 97°, and that of the last great comet (1843)

was estimated at about 65° when longest. The figure {Jig. 2, Plate II.)

is a representation of the comet of 1819— by no means one of the most

considerable, but which was, however, very conspicuous to the naked eye.

(557.) The tail is, however, by no means an invariable appendage of

comets. Many of the brightest have been observed to have short and

feeble tails, and a few great comets have been entirely without them.

Those of 1585 and 1763 oflfered no vestige of a tail ; and Csssini describes

the comets of 1665 and 1682 as being as round' and as well defined as

Jupiter. On the other hand, instances are not wanting of comets fur-

nished with many tails or streams of diverging light. That of 1744 had

no less tlian six, spread out like an immense fan, extending to a distance

of nearly 80° in length. The small comet of 1823 had two, making an

angle of about 160°, the brighter turned as usual from the sun, the fainter

towards it, or nearly so. The tails of comets, too, are often somewhat

curved, bending, in general, towards the region which the comet has left,

as if moving somewhat more slowly, or as if resisted in their course.

(558.) The smaller comets, such as are visible only in telescopes, or

with difficulty by the naked eye, and which are by far the most numerous,

offer very frequently no appearance of a tail, and appear only as round

or somewhat oval vaporous masses, more dense towards the centre, where,

however, they appear to have no distinct nucleus, or anything which seems

entitled to bo considered as a solid body. Stars of the smallest magni-

tudes remain distinctly visible, though covered by what appears to be the

Jciiscst portion of their substance ; although the same stars would be

complt'tcly obliterated by a moderate fog, extending only a few yards from

the surface of the earth. And since it is an observed fact, that even those

' ThJR description however npplic8 fo the " disc" of the hend of thtso comets as seen

in a telescope. Caseini'H expressions nre, " nussi rend, aiissi net, et aussi chiir quo

Jiipiicr," (where it is to be observed that the Inner r[)iihet must by no mentis be trnns-

laicd bright). To understund ibis piissiiije fully , the render musi rrfer io the descrip-

tion uivcn further on, of the "disc" of Hailey's comet, after its periheiio'. passaga

in 1B35-6.

ufm

ii!



298 OUTLINES OF ASTRONOMY.

larger comets which have presented the appearance of a nucleus have yet

exhibited no phases, though we cannot doubt that they shine by there-

fleeted solar light, it follows that even these can only be regarded as great

masses of thin vapour, susceptible of being penetrated through their

whole substance by the sunbeams, and reflecting them alike from their

interior parts and from their surfaces. Nor will any one regard this ex-

planation as forced, or feel disposed to resort to a phosphorescent quality

in the comet itself, to account for the phenomena in question, when we

consider, (what will hereafter be shown) the enormous magnitude of tiie

space thus illuminated, and the extremely small mass which there is

ground to attribute to these bodies. It will then be evident that the most

unsubstantial clouds which float in the highest regions of our atmosphere,

and seem at sunset to be drenched in light, and to glow throughout their

whole depth as if in actual ignition, without any shadow or dark side,

must be looked upon as dense and massive bodies compared with the filmy

and all but spiritual texture of a comet. Accordingly, whenever powerful

telescopes have been turned on these bodies, they have not failed to dispel

the illusion which attributes solidity to that more condensed part of tlie

head, which appears to the naked eye as a nucleus ; though it is true that

in some, a very minute stellar point has been seen, indicating the existeucu

of a solid body.

(559.) It is in all probability to the feeble coercion of the elastic power

of their gaseous parts, by the gravitation of so small a central mass, that

we must tittribute this extraordinary development of the atmospheres of

comets If the earth, retaining its present size, were reduced, by any iu-

terna^ cnange (as by hollowing out its central parts) to one thousandth part

of its actual mass, its coercive power over the atmosphere would be dimi-

nished in the same proportion, and in consequence the latter would expand

to a thousand times its actual bulk ; and indeed much more, owing to the

still farther diminution of gravity, by the recess of the upper parts from

the centre.' An atmosphere, however, free to expand equally in all di-

rections, would envelope the nucleus spherically, so that it becomes neces-

sary to admit the action of other causes to account for its enormous exten-

sion in the direction of the tail,— a subject to which we shall presently

lake occasion to recur.

(5C0.) That the luminous part of a comet is something in the nature of

' Newton has calculated (Princ. III. p. 512,) that a globe of air of ordinary don.^ity

at the earth's surface, of one inch in diameter, if reduced to the density due to ilie

altitude above the surface of one radius of the earth, would occupy a sphere exceeding

ra^;, The tnii of a great comet then, for aught we can teii,

may consist of only a very few pounds or even ounces of matter.
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a smoke, fog, or cloud, suspended in a transparent atmosphere, is evident

from a fact 'which has been often noticed, viz.—that the portion of the tail

where it comes up, and surrounds the head, is yet separate from it by an

interval less luminous, as if sustained and kept off from contact by a

transparent stratum, as we often see one layer of clouds over another with

a considerable clear space between. These and most of the other facts ob-

served in the history of comets, appear to indicate that the structure of a

comet, as seen in section in the direction of its length, must be that of a

hollow envelope, of a parabolic form, enclosing near its vertex the nucleus

and head, something as represented in the annexed figure. This would

account for the apparent division of the tail into two principal lateral

Fig. 75.

branches, the envelope being oblique to the line of sight at its borders,

and therefore a greater depth of illuminated matter being there exposed

to the eye. In all probability, however, they admit great varieties of

structure, and among them may very possibly be bodies of widely diffe-

rent physical constitution, and there is no doubt that one and the sitine

comet at different epochs undergoes great changes, both in the disposition

of its materials and in their physical state.

(561.) We come now to speak of the motions of comets. These are

apparently most irregular and capricious. Sometimes they remain in

sight only for a few days, at others for many months ; some move with

extreme slowness, others with extraordinary velocity; while not unfre-

quently, the two extremes of apparent speed are exhibited by the same

comet in different parts of its course. The comet of 1472 described an

arc of the heavens of 40" of a great circle' in a single day. Pome

pursue a direct, some a retrograde, and others a tortuous and very irregu-

lar course j nor d(t they confine themselves, like the planets, within any

certain region of the heavens, but traverse indifferently every part. Their

variations in apparent size, during the time they continue visible, are no

less remarkable than those of their velocity ; sometimes they make tlicir

first appearance as faint and slow moving objects, with little or no tail;

' 120° in extent in the former editions. But thia was the arc described in longitudt.

and the cctnet at the time referred to had great north latitude.

is!
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but by degrees accelerate, enlarge, and throw out from them this appen-

dage, which increases in length and brightness till (as always happens ia

such cases) they approach the sun, and are lost in hia beams. After a

time they again emerge, on the other side, receuing from the sun with a

velocity at first rapid, but gradually decaying. It is for the most part

after thus passing the sun, that they shine forth in all their splendour,

and that their tails acquire their greatest length and developement ; thus

indicating plainly the action of the sun's rays as the exciting cause of that

extraordinary emanation. As they continue to recede from the sun, their

motion diminishes and the tail dies away, or is absorbed into the head,

which itself grows continually feebler, and is at length altogether lost

sight of, in by far the greater number of cases never to be seen more.

(562.) Without the clue furnished by the theory of gravitation, the

enigma of these seemingly irregular and capricious movements might

have remained for ever unresolved. But Newton, having demonstrated

the possibility of any conic section whatever being described about the

sun, by a body revolving under the dominion of that law, immediately

perceived the applicability of the general proposition to the case of come-

tary orbits; and the great comet of 1680, one of the most remarkable on

record, both for the immense length of its tail and for the excessive close-

ness of its approach to the sun (within on^-sixth of the diameter of that

luminary), afforded him an excellent opportunity for the trial of his

theory. The success of the attempt was complete. He ascertained that

this comet described about the sun as its focus an elliptic orbit of so great

an excentricity as to be undistinguishable from a parabola, (which is the

extreme, or limiting form of the ellipse when the axis becomes infinite,)

and that in this orbit the areas described about the sun were, as in the

planetary ellipses, proportional to the times. The representation of the

apparent motions of this ^omet by such an orbit, throughout its whole

observed course, was found to be as satisfactory as those of the motions

of the planets in their nearly circular paths. From that time it became

a received truth, that the motions of comets are regulated by the same

general laws as those of the planets—the difference of the cases consisting

only in the extravagant elongation of their ellipses, and in the absence

of any limit to the inclinations of their planes to that of the ecliptic— or

any geneial coincidence in the direction of their motions from west to

east, rather than from cast to west, like what is observed among the

planets.

(563.) It is a problem of pure geometry, from the general laws of

elliptic or nar-abnlift motion, to find the
4 A "

'
Situation and dimeuaions of theCI fi-io*tj-»y\ 5»»

ellipse or parabola which shall represent the motion of any given comet.
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\xi general, three complete observations of its right ascension and declina<

tioD, with the times at which they were made, suffice for the solution of

this problem, (which is, however, by no means an easy one,) and for the

determination of the elements of the orbit. These consist, mutatis mw-

tandis, of the same data as are required for the computation of the mo-

tion of a planet; (that is to say, the longitude of the perihelion, that of

the ascending node, the inclination to the ecliptic, the semiaxis, cxcen-

tricity, and time of perihelion passage, as also whether the motion is

direct or retrograde j) and, once determined, it becomes very easy to com-

pare them with the whole observed course of the comet, by a process

exactly similar to that of art. 502, and thus at once to ascertain their

correctness, and to put to the severest trial the truth of those general

laws on which all such calculations are founded.

(564.) For the most part, it is found that the motions of comets may
be sufficiently well represented by parabolic orbits,— that is to say,

ellipses whose axes are of infinite length, or, at least, so very long that

no appreciable error in the calculation of their motions, during all the

time they continue visible, would be incurred by supposing them actually

infinite. The parabola is that conic section which ia the limit between

the ellipse on the one hand, which returns into itself, and the hyperbola

on the other, which runs out to infinity. A comet, therefore, which

should describe an elliptic path, however long its axis, must have visited

the sun before, and must again return (unless disturbed) in some deter-

minate period,— but should its urbit be of the hyperbolic character, when

ODce it had passed its perihelion, it could never more return within the

sphere of our observation, but must run off to visit other systems, or be

lost in the immensity of space. A very few comets have been ascertained

to move in hyperbolas', but many more in ellipses. These latter, in so

far as their orbits can remain unaltered by the attractions of the planets,

must be regarded as permanent members of our system.

(505.) We must now say a few words on the actual dimensions of

comets. The calculation of the diameters of their heads, and the lengths

and breadths of their tails, offers not the slightest difliculty when once

the elements of their orbits are known, for by these we know their real

distances from the earth at any time, and the true direction of the tail,

which we see only foreshortened. Now calculations instituted on these

principles lead to the surprising fact, that the comets are by far the most

voluminous bodies in our system. The following are the dimensions of

some of those which have been made the subjects of such inquiry.

'For example, that of 1723, calculated by Burckhardt ; that of 1771, by both Burck
hardt and Encke ; and the second comet of 1818, by Rosenberg and Schwabs.

'
i t y
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(566.) The tail of the g/i ..t comet of 1680, immediately after its peri-

helion passage, was found by Newton to have no less than 20000000 of

leagues lu length, and to have occupied only two days in its emission

from the comet's body .' » decisive proof this of its being darted forth by

some active force, the oii^n of which, to judge from the direction of the

tail, must be sought in the sun itself Its greatest length amounted to

41000000 leagues, a length much exceeding the whole interval between

the sun and earth. The tail of the comet of 1769 extended 16000000

leagues, and that of the great comet of 1811, 36000000. The portioii

of the head of this last, comprised within the transparent atmospheric en-

velope which separated it from the tail, was 180000 leagues in diamelcr.

It is hardly conceivable, that matter once projected to such enormf a,, rjis-

tances should ever be collected again by the feeble attrac^^ion of such a

body as a comet— a consideration which accounts for the surmised pro-

gressive diminution of the tails of such as have been frequently observed.

(567.) The most remarkable of those comets which have been ascer-

tained to move in elliptic orbits is that of Halley, so called from the cele-

brated Edmund Halley, who, on calculating its elements from its perihelion

passage in 1682, when it appeared in great splendour, with a tail 30° in

length, was led to conclude its identity with the great comets of 1531 and

1607, whose elements bn Lad also ascertained. The intervals of these

successive apparitions being 75 and 76 years, Halley was encouraged to

predict its reappeaiance about the year 1759. So remarkable a predic-

tion could not fail to attract the attention of all astronomers, and, as the

time approached, it became extremely interesting to know whether the

attractions of the larger planets might not materially interfere with its

orbitual motion. The computation of their influence from the Newtonian

law of gravity, a most difi&cult and intricate piece of calculation, was

undertaken and accomplished by Clairaut, who found that the action of

Saturn would retard its return by 100 days, and that of Jupiter by no

less than 518, making in all 618 days, by "^ li;ch the expected retun;

would happen later than i i the supposition of i's r s^ -i < g an un;'
'

period,—and that, in short, the time of the ,'J^ /-d ^trihelion passage

would take place within a month, one way or other, of the middle of

April, 1759.—It actually happened on the 12th of March in that year

Its next return was calculated by several eminent geometers', and fixed

successively for the 4th, the 7th, the 11th, and the 26th of November,

1, o5 • ^]-'3 two latter determinations appearing entitled to the higher de-

re"^' if confidence, owing partly to the more complete discussion bestowed

ta the observati 'iji of 1682 and 1759, and partly to the continually im-

* Damoiseau, Pontecoulant, Roscnberger, and Lehinann.
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proving state of our knowledge of the methods of estimating tho dis-

turbing effect of the several plamts. The last of those predictions, that

of M. Lehmann, was published on the 25th of July. On the 5th of

August the comet first became visible in the clear atmosphere of Rome
as an exceedingly faint telescopic nebula, within a degree of its place as

predicted by M. Rosenberger for that day. On or about tho 20th of

;\iiffint it became generally visible, and, pursuing very nearly its calcu-

h'-vi pvth among the stars, passed its perihelion on the 16th of November

;

after \.hich, its course carrying it south, it ceased to be visible in Europe,

though it continued to be conspicuously so in the southern hemisphere

throughout February, March, and April, 1836, disappearing finally on the

5th of May.

(5G8.) Although the appearance of this celebrated comet at its last

apparition was not such as might be reasonably considered likely to excite

lively sensations of terror, even in superstitious ages, yet, having 1 .'n an

object of the most diligent attention in all parts of the world to » trono-

iners, furnished with telescopes very far surpassing in power those v liich

had been applied to it at its former appearance in 1759, and indeed t( any

of the greater comets on record, the opportunity thus afforded of stud\ ing

its physical structure, and the extraordinary phsenomena which it pre-

sented when so examined, have rendered this a memorable epoch in cometic

history. Its first appearance, while yet very remote from the sun, was

that of a small round or somey^hat oval nebula, quite destitute of tail, and

having a minute point of more concentrated light excentrically situated

within it. It was not before the 2d of October that the tail began to bo

developed, and thenceforward increased pretty rapidly, being already 4°

or 5° long on the 5th. It attained its greatest apparent length (about

20°) on the 15th of October. From that time, though not yet arrived

at its perihelion, it decreased with such rapidity, that already on the 29th

it was only 8°, and on November the 5th 2 J° in length. There is every

reason to believe that before the perihelion, the tail had altogether dis-

appeared, as, though it continued to be observed at Pulkowa up to the

very day of its perihelion passage, no mention whatever is made of any

tail being then seen.

(5G9.) liy far the most striking phaenomena, however, observed in this

part of its career, were those which, commencing simultaneously with the

growth of the tail, connected themselves evidently with the production of

that appendage and its projection from the head. On the 2d of October

(the very uay of the first observed commencement of the tail) tho nucleus,

which had been faint and small, was observed suddenly to have boeome

much brighter, and to be in the act of throwing out a jet or stream of

m
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light from its anterior part, or that turned towards the sun. This ejection

after ceasing awhile was resumed, and with much greater apparent viO'

lenoe, on the 8th, and continued, with occasional intermittences, so loug

as the tail itself continued visible. Both the form of this luminous ejec-

tion, and the direction in which it issued from the nucleus, meunwhile

underwent singular and capricious alterations, the different phases suc-

ceeding each other with such rapidity that on no two successive nights

were tho appearances alike. At one time the emitted jet was single, and

confined within narrow limits of divergence from the nucleus. At others

it presented a fan-shaped or swallow-tailed form, analogous to that of a

gas-flame issuing from a flattened orifice : while at others again two, three,

or even more jctS were darted forth in different directions.' (See figures

a, h, c, d, plate I., fig. 4, which represent, highly magnified, the appear-

ances of the nucleus with its jets of light, on the 8th, 9th, 10th, and I'lth

of October, and in which the direction of the anterior portion of the head,

or that fronting the sun, is supposed alike in all, viz. towards the upper

part of the engraving. In these representations the head itself is omitted,

the scale of the ^gures not permitting its introduction : c represents the

nucleus and head as seen October 9th on a less scale.) The direction of

the principal jet was observed meanwhile to oscillate to and fro on cither

side of a lino directed to the sun in the manner of a compass-ntodh; when

thrown into vibration and oscillating about a mean position, tho change

of direction being conspicuous even from hour to hour. Tliese jets,

though very bright at their point of emanation from the nucleus, faded

rapidly away, and became diffused as they expanded into the coma, at the

same time curving backwards as streams of steam or smoke would do, if

thrown out from narrow orifices, more or less obliquely in opposition to a

powerful wind, against which they were unable to make way, and ulti-

mately yielding to its force, so as to be drifted back and confounded in a

vaporous train, following the general direction of the current.^

(570.) lleflocting on these phrcnomcna, and carefully considering the

evidence afforded by the numerous and elaborately executed drawings

which have been placed on record by observers, it seems impossible to

avoid tho following conclusions. 1st. That the matter of the nucleus of

' See tho cxfiiiisiio litliORrnphic representations of those phenomena l>y Urssel.

Astron. 1. chr. No. H02, und the fine srrips by .Srhwnbo in No. ^97 of that collrc-

tion, ns a\w tlie inngnificcnt drawings of Siruvc, (roin w hich our figures n. h, c. <!, mo

fopiea.

• On iliis point .''chwahe's and BeRsel's drawings are very express and unequiv-

ocal. Siruvo's niiniuion Beoin.i to havp been more e»pecial!y directed to the scnj'U'y

of tho nucleus.
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a comet is powerfully excited and dilated into a vaporous state by the

action of the sun's rays, escaping in streams and jets at those points of its

surface which oppose the least resistance, and in all probability throwing

that surface or the nucleus itself into irregular motions by its reaction in

the act of so escaping, and thus altering its direction.

2dly. That this process chiefly takes place in that portion of the

nucleus which is turned towards the sun ; the vapour escaping chiefly in

that direction.

3dly. That when so emitted, it is prevented from proceeding in the

direction originally impressed upon it, by some force directed from the

sun, drifting it back and carrying it out to vast distances behind the

nucleus, forming the tail or so much of the tail as can be considered as

consisting of material substance.

4thly. That this force, whatever its nature, acts unequally on the ma-

terials of the comet, the greater portion remaining unvaporized, and a

considerable part of the vapour actually produced, remaining in its neigh-

bourhood, forming the head and coma.

5thly. That the force thus acting on the materials of the tail cannot

possibly be identical with the ordinary gravitation of matter, being centri-

fugal or repulsivte, as respects the sun, and of an energy very far exceeding

the gravitating force towards that luminary. This will be evident if we

consider the enormous velocity with which the matter of the tail is carried

backwards, in opposition both to the motion which it had as part of the

nucleus, and to that which it acquired in the act of its emission, both

which motions have to bo destroyed in the first instance, before any move-

ment in the contrary direction can be impressed.

Gthly, That unless the matter of the tail thus repelled from the sun be

retained by a peculiar and highly energetic attraction to the nucleus, dif-

fering fnjni and exceptional to the onlinary power of gravitation, it must

leave tho nucleus altogether ; being in effect carried far beyond the coer-

cive power of so feeble a gravitating force as would correspond to tho

niiuute mass of the nucleus ; and it is therefore very conceivable that a

comet may lose, at every approach to tho sun, u portion of that peculiar

matter, whatever it be, on which the production of its tail depends, the

remainder being of course less excitable by tho solar action, and more

impassive to his rays, and therefore, ^)ro trnxiOy more nearly approximating

to the nature of tho planetary bodies.

(571.) After the perihelion passage, the comet was lost sight of for

upwards of two months, and at its reanpoaranco (on the 24th of January

1806) presented itself under quite a different aspect, having in the in-

terval evidently ur dergone some great physical change which had operated

20
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an entire transformation in its appearance. It no longer presented any

vestige of tail, but appeared to the naked eye as a hazy star of about the

fourth or fifth magnitude, and in powerful telescopes as a small, round,

well-defined disc, rather more than 2' in diameter, surrounded with a

nebulous chevelure or coma of much greater extent. Within the disc,

and somewhat cxcentrically situated, a minute but bright nucleus appeared,

from which extended towards the posterior edge of the disc (or that remote

from the sun) a short vivid luminous ray. (See fig. 4 of pi. I.) As the

comet receded from the sun, the coma speedily disappeared, as if absorbed

into the disc, which, on the other hand, increased continually in dimen-

sions, and that with such rapidity, that in the week elapsed from January

25th to February 1st, (calculating from micrometrical measures, and from

the known distance of the comet from the earth on those days) the actual

volume or real solid content of the illuminated space had dilated \r 'le

ratio of upwards of 40 to 1. And so it continued to swell out w'tti un-

diminished rapidity, until from this cause alone it ceased to b^ ^i^^iblc•, the

illumination becoming fainter as the magnitude increased j till at length

the outline became undistinguishable from simple want of light to trace

it. While this increase of dimension proceeded, the form of the disc

passed, by gradual and successive additions to its length in the direction

opposite to the sun, to that of a paraboloid, as represented in g, fig. 4,

plate I., the anterior curved portion preserving its planetary sharpness,

but the base being faint and ill-defined. It is evident that had this pro-

cess continued with sufficient light to render the result visible, a tail would

have been ultimately reproduced; but the increase of dimension bciug

accompanied with diminution of brightness, a short, imperfect, and as it

were rudimentary tail only was formed, visible as such for a few nights to

the naked eye, or in a low magnifying telescope, and that only when the

comet itself had begun to fade away by reason of its increasing distance.

(572.) While the parabolic envelope was thus continually diluting and

growing fainter, the nucleus underwent little change, but the ray proceed-

ing from it increased in length and comparative brightness, preserving all

tlio time its direction along the axis of the paraboloid, and offering none

i)f those irregular and capricious phnenomena which characterized tlio jets

of light emitted anteriorly, previous to the perihelion. If the oflice of

those jets was to feed the tail, the converse office of conducting buck its

successively condensing matter to the nucleus would seem to be that of

the ray now in question. By degrees this also faded, and the last appear-

ance presented by the comet was that which it ofiered at its first appear-

; viz. that of a ymull round nebula with a bright point in«*»«^\« Ah* A.\.\Ah

or near the centre.
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(573.) Besides the comet of Halley, several other of the great comets

recorded in history have been surmised with more or less probability to

return periodically, and therefore to move in elongated ellipses around the

sun. Such is the great comet of 1680, whose period is estimated at 575

years, and which is considered, with the highest appearance of probability,

to be identical with a magnificent comet observed at Constantinople and

in Palestine, and referred by contemporary historians, both European and

Chinese, to the year A. D. 1105 ; with that of A. D. 575, which was seen

at noon-day close to the sun ; with the comet of 43 B. c, already spoken

of as having appeared after the death of Caesar, and which was also

observed in the day-time ; and finally with two other comets, mention of

which occurs in the Sibylline Oracles, and in a passage of Homer, and

which are referred, as well as the obscurity of chronology and the indica-

tions themselves will allow, to the years 618 and 1194 b. c. It is to the

assumed near approach of this comet to the earth about the time of the

Deluge, that Whiston ascribed that overwhelming tide wave to whose

agency his wild fancy ascribed that great catastrophe—a speculation, it is

needless to remark, purely visionary.

(574.) Another great comet, whose return in the year actually current

(1848) has been considered by more than one eminent authority in this

department of astronomy' highly probable, is that of 1556, to the terror

of whose aspect some historians have attributed the abdication of the

Emperor Charles V. This comet is supposed to be identical with that

of 1264, mentioned by many historians as a great comet, and observed

also in China,— the conclusion in this case resting upon the coincidence

of elements calculated on the observations, such as they are, which have

been recorded. On the subject of this coincidence Mr. Hind has recently

entered into many elaborate calculations, the result of which is strongly

in favour of the supposed identity. This probability is farther increased

by the fact of a comet with a tail of 40° and a head bright enough to be

visible after sunrise having appeared in A. D. 975; and of two others

having been recorded by the Chinese annalists in A. D. 395 and 104. It

is true that if these be the same, the mean period would be somewhat

short of 292 years. But the effect of planetary perturbation might

reconcile even greater differences, and though up to the time of our

writing no such comet has yet been observed, at least another year must

ckpsc before its return can be pronounced hopeless.

(575.) In 1661, 1532, 1402, 1145, 891, and 243 great comets

appeared—that of 1402 being bright enough to be seen at noon-day. A
period of 129 years would conciliate all these appearances, and should

' Pingrd, Comctographic, i. 411. Lalande, Astr. 3183.



308 OUTLINES OF ASTRONOMY.

lifc^m

have brought back the comet in 1789 or 1700 (other ciroumstances

agreeing.) That no suoh comet was observed about that time is no proof

that it did not return, since, owing to the situation of its orbit, had the

perihelion passage taken place in July it might have escaped observation.

Mechain, indeed, from an elaborate discussion of the observations of 1532

and 1661, came to the conclusion that those comots wore not the same;

but the elements assigned by Olbers to the earlier of thcra, differ bo

widely from those of Mechain for the same comet on the one hand, and

agree so well with those of the last named astronomer for the other/

that we are perhaps justified in regarding the question as not yet set at

rest.

(576.) We come now, however, to a class of comets of short period,

respecting whose return there is no doubt, inasmuch as two at least of

them have been identified as having performed successive revolutions

round tho sun ; have had their return predicted already several times;

ivnd have on each occasion scrupulously kept to their appointments. The

first of these is the comet of Encke, so called from Professor Enckc of

Herlin, who first ascertained its periodical return. It revolves in an

ellipse of great ezcentrioity (though not comparable to that of ILiUey's,)

the plane of which is inclined at an angle of about 13° 22' to Ibe plane

of the ecliptic, and in the short period of 1211 days, or about .'i,| years.

This remarkable discovery was made on the occasion of its fourth recorded

appearance, in 1819. From an ellipse then calculated by Enckc, its

return in 1822 was predicted by him, and observed at Paramatta, in New

South Wales, by M. Riimker, being invisible in Europe : since which it

has been re-predicted and re-observed in all tho principal observatories,

both in the northern and southern hemispheres, as a phenomenon of

regular occurrence.

(577.) On comparing the intervals between the successive perihelion

passages of this comet, after allowing in the most careful and exact ninnncr

for all the disturbances due to the actions of the planets, a very singular

fact has come to light, viz. that the periods are continually diminishing,

or, in other words, the mean distance from the sun, or the riajor axis of

tho ellipse, dwindling by slow and regular degrees at the rate of about

0*-ll per revolution. This is evidently tho effect which would be pro-

duced by a resistance experienced by the comet from a very rare ethereal

medium pervading the regions in which it moves ; for such roHistaneo, by

diminishing its actual velocity, would diminish also its centrifugal force,

and thus give the sun more power over it to draw it nearer. Accordingly

this is the solutioD proposed by Encke, and at present generally received.

' Sm Sohumacber'i Catal. Aitron. Abhuidl. i.
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It will, therefore, probably fall ultimately into the sun, should it not first

be dissipated altogether,—a thing no way improbable, when the lightness

of its materials is considered.

(578.) By measuring the apparent magnitude of this comet at different

distances from the sun, and thence, from a knowledge of its actual dis-

tance from the earth at the time, concluding its real volume, it has been

ascertained to contract in bulk as it approaches to, and to expand as it

recedes from, that luminary. M. Valz, who was the first to notice this

fact, accounts for it by supposing it to undergo a real compression or con-

densation of volume arising from the pressure of an rothereal medium which

he conceives to grow more dense in the sun's neighbourhood. But such

an hypothesis is evidently inadmissible, since it would require us to assume

the exterior of the comet to bo in the nature of a skin or bag impervious

to the compressing medium. The phenomenon is analogous to the increase

of dimension above described as observed in the comet of Halley when in

the act of receding from the sun, and is doubtless referable to a similar

cause, viz. the alternate conversion of ovaporable matter into the states of

visible cloud and invisible gas by the alternating action of cold and heat.

This comet has no tail, but offers to the view only a small ill-defined

nucleus, excentrically situated within a more or less elongated oval mass

of vapours, being nearest to that vertex which is towards the sun.

(079.) Another comet of short period is that of Jii'cla, so called from

M. Biela, of Josephstadt, who first arrived at this interesting conclusion

on the occasion cf its appearance in 1H26. It is considered to be identi-

cal with comets which appeared in 1772, 1805, &c., and describes its very

cxccntric ellipse about the sun in 2410 days or about 6 J years; and in a

plane inclined 12° 34' to the ecliptic. It appeared again according to the

prediction in 1832, and in 1846. Its orbit, by a remarkable coincidence,

very nearly intersects that of the earth ; and had the latter at the time of

its passage in 1832, been a month in advance of its actual place, it would

have passed through the comet,—a singular rencontre, perhaps not un-

attended with danger.'

' Pliniild cal(TuIntion establish the fact of a reaistanco experienced also by this comet,

the sulijoct of periodical comets will assume on extraordinary degree of interest. It

cannot be dnubtrd that mnny more will be discovered, and by their resiBlance questions

will (uinio to be decided, such uh ilio following :—What is the law of density of the re-

m'mg lut'dium which Hurrounds liiu sun 7 Is it at rent or in motion ? If the latter, in

«li!il direction does it move ? Circularly round the sun, or traversing space f If cir-

culnrly, in what plane f It is obvious ihot a circular or vorticose motion of the eibpr

would actdfTuie iomc comrh ami retard olker$, according as their revolution wos, rela-

livti to such motion, direct or retrograde. Supposing the neighbourhood of the aun to

befillt'd with a inutcriid fluid, it is not conceivable that the circulation of the plancti in
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(580.) This comet is small and hardly visible to the naked '0V'» even

when brightest. Nevertheless, as if to make up for its seeming insigjifi.

cance by the interest attaching to it in a physical point of view, it exlii.

bited at its last appearance, in 1846, a phasnomenon which struck every

astronomer with amazement, as a thing without previous example in the

history of our system.' It was actually seen to separate itself into two dis-

tinct comets, which, after thus parting company, continued to journey along

amicably through an arc of upwards of 70° of their apparent orbit, keeping

all the while within the same field of view of the telescope pointed towards

them. The first indication of something unusual being about to take

place, might be, perhaps, inferred to the 19th of December, 1845, when

the comet appeared pear-shaped, the nebulosity being unduly elongated in

the north following direction.* But on the 13th of January, ut Wash-

ington in America, and on the 15th and subsequently in every part of

Europe, it was distinctly seen to have become double ; a very small and

faint cometic body, having a nucleus of its own, being observed appended

to it, at a distance of about 2' (in arc) from its centre, and in a direction

forming an angle of about 328° with the meridian, running northwards

from the principal or original comet (see art. 204). From this time the

separation of the two comets went on progressively, though slowly. On

the 30th of January, the apparent distance of the nucleus had increased

to 3', on the 7th of February to 4', and on the 13th to 5', and so on,

until on the 5th of March the two comets were separated by an interval

of 9' 19", the apparent direction of the line of junction all the while

varying but little with respect to the parallel."

(581.) During this separation very remarkable changes were observed

to be going on both in the original comet and its companion. Both had

it for Dgcs should not have impressed upon it some degree of rotation in tlieir own

direction. And this may preserve them front the extreme eflects of accumulated

resist ancc.

—

Author.

' Perhaps not quite so. To soy nothing of a singular surmise of Kepler, thnt two

great comets sec7i at once in 1()18, might be a single comet separated into two, the fol-

lowing passage of Helvelius cited by M. Littrow (Nuchr. 5Cl) does really seem to

refer to some phojnomcnon bearing at least a certain analogy to it. " In ipso difco,"

he says (Comclogrophia, p. 32C) " quatiior vel qtchique corpuscula quffidam sive nu-

cleos reliquo corpore aliquanto densiores ostendebat."

' According to Mr. Hind's observation. But there can be little doubt that by a mis-

take of the most common occurrence, when no measure of the position is taken, norili

ibllowing is an error of entry or printing for north preceding (n f for n p). In fact, nii

elongation from north following to south preceding would agree with the regular direc-

tion of the tail and would occasion no remark.

' By tar the grenter portion ol tliis incfr-nse oi npprirerii uisiiiiice was uuo to '"•

comet's increased proximity to the earth. The real increase reduced to a distance = 1

of the comet was at the rate of about 3" per diem.



DOUBLE COMET OF BIELA. 811

nuclei, both had short tails, parallel in direction, and nearly perpendicular

to the line of junction, but whereas at its first observation on January

13th, the new comet was extremely small and faint in comparison with

the old, the di£ference both in point of light and apparent magnitude di-

minished. On the 10th of February, they were nearly equal, although

the day before the moonlight had effaced the new one, leaving the other

bright enough to be well observed. On the 14th and 16th, however, the

new comet had gained a decided superiority of light over the old, pre-

senting at the same time a sharp and starlike nucleus, compared by Lieut.

Maury to a diamond spark. But this state of things was not to continue.

Already, on the 18th, the old comet had regained its superiority, being

nearly twice as bright as its companion, and offering an unusually bright

and starlike nucleus. From this period the new companion began to fade

away, but continued visible up to the 15th of March. On the 24th the

comet was again single, and on the 22d of April both had disappeared.

(582.) While this singular interchange of light was going forwards,

indications of some sort of communication between the comets were exhi-

bited. The new or companion comet, besides its tail, extending in a

direction parallel to that of the other, threw out a faint arc of light, which

extended as a kind of bridge from the one to the other ; and after the

restoration of the original comet to its former preeminence, it, on its part,

threw forth additional rays, so as to present (on the 22d and 23d Febru-

ary) tbo appearance of a comet with three faint tails, forming angles of

about 120° with each other, one of which extended towards its com-

panion.'

(583.) Professor Plantamcur, director of the observatory of Geneva,

having investigated the orbits of both these comets as separate and inde-

pendent bodies, from the extensive and careful series of observations

made upon them, has arrived at the conclusion that the increase of dis-

tance between the two nuclei, at least duriny the interval from February

V)th to March 22(7, was simply apparent, being due to the variation of

distance from tho earth, and to the angle under which their line of junc-

tion presented itself to the visual ray j the real distance during all that

interval (neglecting small fractions) having been on an average about

thirty-nine times the seini-dianjcter of the earth, or less than two-thirds

the distance of the moon from its centre. From this it would appear,

that already, at this distance, the two bodies had ceased to exercise any

' These last-mentioned particulars rest on the testimony of Lieutenant Maury of

WnghinKton, who had the advantage of using a nine-inch object-glass of Munich
maiiului'ture. It does not appear that any large toluBCopo was turned upon it in Eu
rope on the dates in question.
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perceptible amount of perturbative gravitation on each other ; as, indeed,

from the probable minuteness of cometary masses we might reasonably

expect. Calculating upon the elements assigned by him', we find 16'-4

for the interval of their next perihelion passages. And it will be, there-

fore, necessary at their next reappearance, to look out for each comet as &

separate and independent body, computing its place from these elemcute

as if the other had no existence. Nevertheless, as it is still perfectly

possible that some link of connection may subsist between them, (if, in-

deed, by some unknown process the companion has not been actually

reabsorbed,) it will not be advisable to rely on this calculation to the

neglect of a most vigilant search throughout the whole neighbourhood of

the more conspicuous one, lest the opportunity should be lost of pursuing

to its conclusion the history of this strange occurrence.

(584.) A third comet of short period has still more recently been added

to our list by M. Faye, of the observatory of Paris, who detected it on

the 224 of November 1843. A very few observations sufficed to show

that no parabola would satisfy the conditions of its motion, and that to

represent them completely, it was necessary to assign to it an elliptic orbit

of very moderate excentricity. The calculations of M. Nicolai, subse-

quently revised and sli8;htly corrected by M. Leverrier, have shown that

an almost perfect representation of its motions during the whole period

of its visibility would be afforded by assuming it to revolve in a period of

2717''-(i8 (or somewhat less than 7i years) in an ellipse whose excen-

tricity is 0-55596, and inclination to the ecliptic 11° 22' 31"; and taking

this for a basis of further calculation, and by means of these data and the

other elements of the orbit estimating the effect of planetary perturbation

during the revolution now in progress, he has fixed its next return to the

perihelion for the 3d of April 1851, with a probable error one way or

other not exceeding one or two days.

(585.) The effect of planetary perturbation on the motion of comets

has been more than once alluded to in what has been above said. With-

out going minutely into this part of the subject, which will be better un-

derstood after the perusal of a subsequent chapter, it must be obvious,

'.hat as the orbits of comets are very excentric, and inclined in all sorts of

1 Originnl Comet. Companion.

Perihelion passage, 1846, Feb. 1100476 11-07111 GenevaM.T.
Long, seniiaxis major Or)471002 0-.^451271

Perihelion distance 9 9327011
Angle of excentricity or whose

8)ne==e 49° 12' 2"-5

Indination 12 34.53 -3

99326965

Node Si 245 54 38
Perihelion 109 2 20

49° 6' 14"-4

12 34 14 -3

8 245 56 1 -7

1 109 2 39 -6

Mean equinox of 1846, -Q.
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angles to the ecliptic, they must in many instances, if not actually inter-

sect, at least pass very near to the orbits of some of the planets. We
have already seen, for instance, that the orbit of Biela's comet so nearly

intersects that of the earth, that an actual collision is not impossible, and

indeed (supposing neither orbit variable) must in all likelihood happen in

the lapse of some millions of years. Neither are instances wanting of

comets having actually approached the earth within comparatively short

distances, as that of 1770, which on the Ist of July of that year was

witin little more than seven times the moon's distance. The same comet

in 1767 passed Jupiter at a distance only one 58th of the radius of that

planet's orbit, and it has been rendered extremely probable that it is to

the disturbance its former orbit underwent during that appulse that we

owe its appearance within our own range of vision. This exceedingly re-

markable comet was found by Lexell to describe an elliptic orbit with an

excentricity of 0*7858, with a periodic time of about five years and a

half, and in a plane only 1° 34' inclined to the ecliptic, having passed its

perihelion on the 13th of August 1770. Its return of course was eagerly

expected, but in vain, for the comet has never been seen since. Its ob-

servation on its first return in 1776 was rendered impossible by the rela-

tive situations of the perihelion and of the earth at the time, and before

another revolution could be accomplished (as has since been ascertained,)

viz: about the 23d of August 1779, by a singular coincidence it again

approached Jupiter within one 491st part of its distance from the sun,

heing nearer to that planet by one-fifth than its fourth satellite. No
wonder, therefore, that the planet's attraction (which at that distance

would exceed that of the sun in the proportion of at least 200 to 1)

should completely alter the orbit and deflect it into a curve, not one of

whoso elements would have the least resemblance to those of the ellipse

of Lexell. It is worthy of notice that by this rencontre with the system

of Jupiter's batellites, none of their motions suflFered any perceptible

derangement,— a sufficient proof of the smallness o' its mass. Jupiter

indeed, seems, by some strange fatality, to be constantly in the way of

comets, and to serve as a perpetual stumbling-block to them.

(586.) On the 22nd of August, 1844, Signor De Vico, director of the

ohservatory of the Collegio Romano, discovered a comet, the motions of

which, a very few observations sufficed to show, deviated remarkably from

a parabolic orbit. It passed its perihelion nn the 2nd of Septoiubcr, and

continued to be observed until the 7th of December. Elliptic cloiucnts

of this comet, agreeing remarkably well with each other, were accordingly

calculated by several astronomers; from vvliioli it appears that the period

of revolution is about 1900 days, or 5 J (5-4357) years, which (supposing

t

! *

J I

L /"
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its orbit undisturbed in the interim) would bring it back to the perihelion

on or about the 18th of January, 1850. As the assemblage and com-

parison of these elements thus computed independently, will serve better,

perhaps, than any other example, to afford the student an idea of the

degree of arithmetical certainty capable of being attained in this branch

of astronomy, difficult and complex as the calculations themselves arc, and

liable to error as individual observations of a body so ill-defined as the

smaller comets are for the most part ; we shall present them in a tubular

form, as on the next page : the elements being as usual ; the time of peri-

helion passage, longitude of the perihelion, that of the ascending node,

the inclination to the ecliptic, semiaxis and excentricity of the orbit, and

the periodic time.

This comet, when brightest, was visible to the naktid eye, and had a

small tail. It is especially interesting to astronomer? from the circum-

stance of its having been rendered exceedingly probable by the researches

of M. Levorrier, that it is identical with one which appeared in 1678 with

some of its elements considerably changed by perturbation. This comet

is further remarkable, from having been concluded by Messrs. Laugier

and Mauvais, to be identical with the comet of 1585 observed by Tycho

Brahe, and possibly also with those of 1713, 1766, and 1819.

(587.) Elliptic elements have in li,':;; manner been assigned to the

comet discovered by M. Brorsen, on the 26th of February, 1846, which,

like that last mentioned, speedily after its discovery began to show evident

symptoms of deviation from a parabola. These elements, with the names

of their respective calculators, are as follow. The dates are for February

1846, Greenwich time. •

Computed by Brunnow. Hind.
Van Wlllingen
and Do Hnan.

25''- 37794
110° 28' 34"-0

102 39 36- 5

30 55 6- 6

3-15021

0-79363

2042

25''' 33109
116° 28' 17"-8

102 45 20- 9

30 49 3- 6
3-12292

0-79771

2016

25"- 02227

116° 23' 62"-9

103 31 25- 7

30 30 30- 2

2-87052

0-77313

1776

Lorn?, of Perihelion •
Inclination

Semiaxis .....•••...

Bxcentricitv ,

Period ^davs) •••*



COMET OP DE VICO. 816
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] Do Iliuin,

5"- 02227

2;i' 52"'9

31 25- 7
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This comet is faint, and presents nothing remarkable in its appearance.

Its chief interest arises from the great similarity of its parabolic elements

to those of the comet of 1532, the place of the perihelion and node, and

the inclination of the orbit, being almost identical.

(588.) Elliptic elements have also been calculated by M. D' Arrest, for

a comet discovered by M. Peters, on the 26th of June, 1846, which go

to assign it a place among the comets of short period, viz. 5804*3, or

very nearly 16 years. The excentricity of the orbit is 0-75672, its semi-

axis 6-32066, and the inclination of its plane to that of the ecliptic 31° 2'

14". This comet passed its perihelion on the 1st of June, 1846.

(589.) By far the most remarkable comet, however, which has been

seen during the present century, is that which appeared in the spring of

1843, and whose tail became visible in the twilight of the 17th of March

in England as a great beam of nebulous light, extending from a point

above the western horizon, through the stars of Eridanus and ^cpus,

under the belt of Orion. This situation was low and unfavourable ; and

it was not till the 19th that the head was seen, and then only as a faint

and ill-defined nebula, very rapidly fading on subsequent nights. In

more southern latitudes, however, not only the tail was seen, as a mag-

nificent train of light extending 50° or 60° in length j but the head and

nucleus appeared with extraordinary splendour, exciting in every country

where it was seen the greatest astonishment fiud admiration. Indeed, all

descriptions agree in representing it as a stupendous spectacle, such as in

superstitious ages would not fail to have carried terror into every bosom.

In tropical latitudes in the northern hemisphere, the tail appeared on the

3d of March, and in Van' Dieraen's Land, so early as the 1st, the comet

having passed its perihelion on 'the 27th of February. Already on the

3d the head was so far disengaged from the immediate vicinity of the sun,

as to appear for a short time above the horizon after sunset. On this day

when viewed through a 46-inch achromatic telescope it presented a plan-

etary disc, from which rays emerged in the direction of the tail. The tail

was double, consisting of two principal lateral streamers, making a very

small angle with each other, and divided by a comparatively dark line, of

the estimated length of 25°, prolonged, however, on the north side by a

divergent streamer, making an angle of 5° or 6° with the general direc-

tion of the axis, and traceable as far as 65° from the head. A similar

though fainter lateral prolongation appeared on the south side. A fine

drawing of it of this date by C. P. Smyth, l]so(., of the Royal Observatory,

C. G. H., represents it as highly symmetrical, and gives the idea of a

vivid cone of light, with t% dark axis, and nearly rectilinear sides, inclosed

in a fainter cone, the sides of which curve slightly outwards. The light
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of the nucleus at this period is compared to that of a star of the first or

gccond magnitr.de; and on the 11th, of the third; from which time it

degraded in light so rapidly, that on the 19th it was inviflible to the naked

eye, the toil all the while continuing brilliantly visible, though much

more so at a distance from the nucleus, with which, indeed, its connexion

was not then obvious to the unassisted sight— a singular feature in the

history of this body. The tail, subsequent to the 3d, was, generally

speaking, a single straight or slightly curved broad band of light, but on

the 11th it is recorded by Mr. Clerihew, who observed it at Calcutta, to

have shot forth a lateral tail nearly twice as bng as the regular one, but

fainter, and making an angle of about 18° with its direction on the

southern side. The projection of this ray (which was not seen either

hefore or after the day in question) to so enormous a length, (nearly

100°) in a single day conveys an impression of the intensity of the forces

acting to produce such a velocity of material transfer through space, such

as no other natural phaenomenon is capable of exciting. It is clear that

if ice have to dealhere with matter, stich as tee conceive it, viz. possessing

inertia— at all, it must be under the dominion of forces incomparably

more energetio than gravitation.

(590.) There is abundant evidence of the comet in question having

been seen in full daylight, and in the sun's immediate vicinity. It was

so seen on 1ihe 28th of February, the day after its perihelion passage, by

every person on board the H. E. I. C. S. Owen Glendower, then off the

Cape, as a short, dagger-like object, close to the sun, a little before sunset.

On the same day, at S"* G° P. M., and consequently in full sunshine, the

distance of the nucleus from the sun was actually measured with a sex-

tant by Mr. Clarke, of Portland, United States, the distance, centre from

centre, being then only 3" 50' 43". He describes it in the following

terms :
" The nucleus, and also every part of the tail, were as well defined

as the moon on a clear day. The nucleus and tail bore the same appear-

ance, and resembled a perfectly pure white cloud, without any variation,

except a flight change near the head, just sufficient to distinguish the

nucleus from the tail at that point." The denseness of the nucleus was

so considerable, that Mr. Clarke had no doubt it might have been visible

upon the sun's disc, had it passed between that and the observer. The

length of the visible tail resulting from these measures was 59', or not far

from double the apparent diameter of the sun ; and as we shall presently

Eee that on the day in question the distance from the earth of the sun and

comet must have been very nearly equal, this gives us about 1700000
mlleH for the linear dimensions of this, the densest portion of that ap*

^U
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]>i>ui)it|^S iititkitig III) iillowiiiioo for tlio ioi'i<Hlii>rli<iiliif{, wliioh iit lliiil, (inut

WiiN vi'i')' ooiinidcriiMo.

^TtUI.) Tln> rli'iufiili* of iliin itoiiint nro niiioiig (lie iiiokI, roiiuirkiililn nl'

mi,v ivoohli'd. Tlioy liiivo licon oiiloiiliiloil l»y kovitiiI otiiiiiotil, «nlinntiini'i'i«,

limoiig wlitw» ivkiiIIh wo rtlinll B|UM'ifv only llioxo wliioli ngl'oo Iti'st ; (Iki

Oiii'liiM' iiMoiiiplH to ooiiipiilo itH piilli liiiviii^ licoii itMiiloroil iiiii'i>rliiiii hy

tlio (lilVioiilly ntloiulin^ osiiol. oliHOiviitioiiN of \l in ilio IIi'pI |mi't of ilo

vi,viM(> oHivov. Tlio following tim (lumo wliii'li nooin ntitilliMl in iiiiihI>

ooiilUonoo:

IVlll\.>l, (MtM, \*iX

Uivi>»wli>l(

l.iiHtt. nf |tl>Vllll>l u

i,o(\)i iir
S,^'

l»i>Miii(Oii« ,,.„

iviHi.o <uii«

M.Hl.m^.,,.,^,

Kiu'Ki>,

«?•' 4w«>rl

li;\i'" '^ WW"

4 in n

!m I'J! :m

UiMlM^iailo.

I'lHiilntiiKiii'

•J7S" IH' il"

(\l 4

oim.^si

Ul'lltlltl'HlU'.

Wiiiiti'it,

I 4M 11

iiiHi;.;\t

ll"li'iiiirii>li>.

NlmilKl.

•J?'i 4mi-.!:i

•.'7N" mi' nil"

I tiT nil

:m 1111 w
oimnnN

lli'ii'iviti'niiii,

I'l'liifd.

«' niHii

Utlf Ml' ?•

ii nn 17

:m in ij

iiiinr.ll

tloli'iiidiiilo

^^l'>!^-.') Wli.'it. ivuiloi'N tliOM(> oloiiU'iitf* Ko ivnmrldililo iit (lio miiihIIiio.mm nl'

llio jiorilu'lion diMdiiii'i*. Of all ooniols wliich liiivo Itoon ivooriliiil lliis Imi

lu.wlo (ho no!UVf»t nuproiioh to Hio sun. 'I'lio miiii'm nnliiiN Immii^i: lln' Nine

of l\i^* appHivul f<i'nii iliiimodT {^UV I" •.'») (o ii nnliiiM i>(|iiiil (o llii> i'mhIi'h

liiouu ilislaiii'O I, is ropn'sonloil on Jliui m'lilo liy (MIO 1(5(1, wliii-li fnlJH

!*l»or( <.\'( (>'(MK)lil, (ho jioriholion ilivdmoo fouml liy (iil<in,n ii inoiiii of nil

tlio ("iiivpniij^ ii'siihs, liy only ()(Ml(17, oi* iilimit ono novoiHIi of its wlmli'

III

llio s\in w

[ijjnidiilo. Tho ooiiio(, (liorofmv, ii|i|ironohi'il (ho hniiinniiK surfiici" nl'

itliiii nhou( (lio novondi jmrd of (ho sun's nmius I It. IS wor

whilo (0 oousiilor wlmt is iinplioil in snoh n dwi. In (ho lirs( pinco, tlio

into«si(y K>(h of (ho light niul riuliiin( ho«( of (ho hiiii lit iliiloiviit lii.i-

t.inoos (\v\\\ (hii( luiuiiiiiry iiu'roa.M< |ivi)|mrliiiniilly (o (ho sphorioiil iiroa of

(Iw povlion of (ho visiMo hoiuisplioro oovoroil l»y (ho sun's diso, Tlii.t

iUm', in (ho onso »>f (ho oiirth, !i( i(s nioim ilisdinoo hits an lui^uliir din-

moior of Jl'2' 51". At our ooiuot in poriholio tho iip|mront iinniiliir liiii-

nio(or \\( (ho sun wns iio loss (hsiii I'JI'' IVI . Tho rii(io of tho sphorinil

Mirf:ut's thus oooupiotl \^:is iippours froiii .sphorioiil p'oniotry) is (hut nf tin'

.«i«|Uari>s of tho sinos of tho fourth p!ir(s of (hoso aiiglos to caoh otlior. nr

that of 1 : 470 I'J. .\m! in this proportion nro to onch oth(<r (ho aiiiniinls

of lij;lit nud hoiit tlmnvii by tho sun on nn oipial iiroii of i^xposml sinfiuv

on our earth and at tho ooniot in oipial instants of tinio. Lot any ono

im-ijjino tlio otfoot of so ticroo ix ijlan> as that of 47000 suns siioh as wo

oxjvriomv tho warmth of, on tho niatorials of whioh tho oarth's siirfiuv

u oomjKvsod. To form some praotioal idea of it wo umy coiuimrc it with
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wimt. I« rnciifiliMl til' I'iiiIu'i'b ^/ii'iil, Imm, wlnmn (lldiiHdcr wmb '1'^.^ ioc!!""

mill loiMil lolii^tli n\K Inol, I'i^lit, inrlii'M. 'I'lin oII'imiI. oC IIi!m, Hil|)|iiiMili^ nil

llio ji^lit. iiidI iiciiti (I'litiMiiiillnl, mill llin f'iii<iil iMiriiioritrrili'iii pnil'i'i'l, (Imtli

I'liinlili'DiM viM'y iiii|ii>iri<<'lly niilmliiwl, ) wiiiilil lio in (<iiliii'(/ii llin niifi'H

I'H'iM'liv** lltl^llIlM' ilillllli>l<<l' lit 'J.'i\" V!')', wllirli, (Mi|ii|inii'i| nil llio MiillHi

|iritii'i|)l<< willi n nnti itl' IVJ,' in iliiiiiinlKr, wmilil (^ivo ft iiiiilll|ilii'i' ni' only

JlUfi iimli'iiil (if IT'HMt. Till' lii'iil. In wliM'li (lio <iiiiim'I, wiirt wiiliji'chul

llii'i'i'l'iiro l4ill'|)Mitr<ril lliiit in iJin i'nriiF* nl' lli)< loim ill ijiK'^ilinti, nil (li'i

IiiwchI riiliMiliitioii, ill llii> |ii'n|Mirl.iiMi oi' l!l^ l,it I, Vi!l, |,lml Intm iiixIUkI

iiiriirliiiii, M^til^i, itml mrk crynliil 1

(MKt.) 'I'll UiIn cnlriMiiily ol' lioiil. Iinwt'vcr l.lin noitM<l. WIIH cxpoFonl )iii(,

I'iir II mIidi'I' Uiiii*. IIh mi'IimiI vdiM'ily in |ii<rilii>liii wiin nn I<'F<h tliiin 'Mill

li'H |ti>f Mooiinil, mimI lliii wlioln 111' lliitt, ni'j^ini'iil. »»(' id'. oil>il (iIkivm (i. r,

iiiiitli of) tlin pliinit (if (Jio I'llipliit, nnd in wliirli, fin will fif*p«'Mr rniiii (i

iili'mt'iiiii iif tlin clnnnnlM, iJiti pi'iilinliun witH niMialml, wiim iliHrriho'l

ill lilllo nmro limn l.wn Iiimiin; nnili lll'ill^ iJio wIdiIm (liinili'm iiI'iIki limn

I'niiii llin p^iH tilling III llio ili'Mi'i'inliii^ timlo, or in wliiili llio roiiiil. liri<l

nil

I'llllH

imr

Mill

III liilitiiilo. Ai'iivi'il III, Mm <| I'Hrrniliiif^ noilii, ilH iliHliin<'<! (ioim iImi

WiMilil lio itll'i'iuly iliiiilili'il, mill llin niiliillrinn r«!<liirnil In (IIH! I'liirtll

iif ilH iMiixinniin unintinL Tin' nitiiil, of HiKO, wIiok): piiiliili'in iliHluniio

wMOIMHi'J, mill wliii'li linn rnii' iippiiiiii;lii'il llio Hun'w Kinl'iirn williin <»fio

tliii'il purl, III' liiN niirniH (niunt limn ilmiMii |,|in iliHlnni'i: nl' iIh: rnincl. now

in (|iii'Nl.iiin) wiiM mnipiili'il |iy Ncvvlnii In liuvo Ix^iri MiiKjicliil lo iiii

iiilciiMily iif limit 'JOOO (iiiii'H lliiil nl' H'iMidI, iron,'—a l<rin of' ininpmiKoii

imli'i'il of II vory viif^nn ilrHi'iiplinii, ninl wliicli modtirri llirnnol.icH iln not

rwijfiii/.d IIH iillnrilin^ a Icj^iliniiiln niiiiHiiro of riuliunl, IkiiI,,'

(.V.I I.) Alllnnij^li Hnnio nl" ilm nlinnrviilinnH of lliiw ciiiiiil, w<ni vfi^^no

ami iiiiu'i'Mriiln, yiit, llicni Hrrin ^nml j^roiunlH lor holirvin^ llnil. ilM wlmlo

coiiiKi; nniniit lio rcconi-ildii willi ii puriilmlii; orhjl,, mii| llutt il. r'^iilly

ilcHrrilii'H III! (tllipHit, I'ntvioiiH to nny <;ul(:iiliition, it wim ri:iriml<i:il llmt

ill llii< yi'iir lI'tliH llio liiil of iin iniiiirnHo coiiiiit WfiH Hi'in in l/Hlmn, iit

rmliijriiii, in Hnr/jl, iiinl i'Imi!wIi( ii', mcupyin^ rmiirly llio Hiinio Hiliial.if»n

:iiiiiiti^ llm hIiu'h, mid at llio hmiiii; hi iihoii of tlio your, vi/. on I In; Tilli of

Miiruh mill tlu) following iltiyH. IIh luiglitnoHH WOH kucIi llmt itH rullcclcil

' A irnnKil nl' lliiM romrt over iln* kiiu'm i\w. iiiiiol (irolinlily Imvr iiikiin [ihicc i.hiirilv

^fiiT iln iiiinntiKit iliroiiuii Iim ili'miiliMi; niidn. It In ({rrinlly lo Im r<'(fr<ii<'(| llmt nn

iMii'ri'HiinK II iiliiiMiiiniriiiiii nIhiiiIiI liiivo pitMnrrl iinoli»!rvf!i|. WIiciIiit it Iif (ininiitiln

tlint WHIM! nUNi't (il Hi liiil, ilnrttiil nlF mo liiin on tliii 7lli of Mnrdi, vvliin ilin lorrict

wainlrinijy {..> gujj'tj of iiiii fu:lii)iii:, iiiioiiiii hnvo rromind lliitt pinim nri'i li<cri iu:nn

nnnlin I' Ifinilm, may Im iliiiililcil, ('crinin il in, ilinl on ll.n nvcrijnt; of ilmi ilny, n

iti'i'iili'ijly coiiiiitii; riiy mi» it(!(!ii in llii! imnnilmln rHiiyhltourhuod of iIiom HOim by Mr,
Nii»inyili. (Ail Hoc. Noiiwn, vol, v. p. JVo.;
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trace was easily distinguished ou the sea. The head, when it at length

came in sight, was comparatively faint and scarce discernible. No precise

observations were made of this comet, but the singular coincidence of

situation, season of the year, and physical resemblance, excited a strong

Buspicion of the identity of the two bodies, implying a period of 175

years within a day or two more or less. This suspicion has been con-

verted almost into a certainty by a careful examination of what is recorded

of the older comet. Locating on a celestial chart the situation of the

head, concluded from the direction and appearance of the tail, when only

that was scon, and its visible place, when mentioned, according io the

descriptions given, it has been found practicable to derive a rough orbit

from the course thus laid down : and this agrees in all its features so well

with that of the modern comet as nearly to remove all doubt on the

subject. Comets, moreover, are recorded to have been seen in A. n. 268,

442-3, 701, 008, 1143, 1317, 1404, which may have been returns of

this, since the period above-mentioned would bring round its appearance

to the years 268, 443, 618, 703, 068, 1143, 1318, and 1403, and a

certain latitude must always be allowed for unknown perturbations.

(505.) Kut this is not the only comet on record whoso identity with

the comet of '43 has been maintained. In 1680 a comet bearing a con-

siderable resemblance to it was observed from the 8th to the 23d of D&-

cember, and from the few and rudely observed places recorded, its elements

had been calculated by Piugr^, one of the most diligent inquirers into this

part of astronomy.' From these it appears that the perihelion distance

of that comet was very remarkably small, and a suflScient though indeed

rough coincidence in the places of the perihelion and node tended to

corroborate the suspicion. But the inclination (60°) assigned to it by

PingrtJ appeared conclusive against it. On recomputing the elements,

however, from his data, Professor Pierce has assigned to that comet an

inclination widely diflFering from Pingre's, viz. 30° 4"*, and quite within

roasonablo limits of resemblance. But how does this agree with the

longer period of 175 years before assigned ? To reconcile this wo must

' Author of tliR " Comctographie," a work indispensable to oil who would atudy

this interesting depnrtmcnt of the science.

"United Stoles Gazette, May 29, 1843. Considcrinir that all the ohsorvntions lie

ntar the descending node of the orbit, the proximity of the comet at that time to ihe

un, and the loose nature of the recordrd observations, no doubt almost any given in-

clination minht be deduced from them. The true test in such cases is not to ascend

from the old incorrect data to elcmetits, but to descend from known and certain ele-

TRcnts to the older dats and ftseertfiin whether the recorded "hsenotnena can be tflDte*

unttd by them (perturbations included) within fair limiti of interpretation. Sucli ii

tUa couiio pursued by Clausen.

»ppcnriince.s are t
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suppose thiit these 175 years comprise at least eight returns of the comet,

and that in effect a mean period of 21>'*875 must be allowed for its return.

Now it is worth remarking that this period calculated backwards from

1843150 will bring us upon a series of years remarkable for the appear-

ance of great comets, many of which, as well as the imperfect descriptions

wc have of their appearance and situation in the heavens, offer at least no

obvious contradiction to the supposition of their identity with this. Be-

sides tho.sc already mentioned as indicated by the period of 175 years, wo

may specify as probable or possible intermediate returns, those of the

comets of 173B?', IGHt) above-mentioned, 1559?, 1537^ 1515", U71,

142G, 1405-G, i:iS:{, 1301, 1340', 12J)0, 1274, 1230', 1208, 1098, 1050,

10154, 1012", mO-r, 925?, 858??, 684^ 552, 530», 421, 245 or 247'°,

180", 158. Should this view of the subject be the true one, we may ex-

pect if3 return about the end of 1804 or beginning of 1805, in which

event it will be observable in the Southern Uemispherc both before and

after its perihelion passage'*.

(J)W).) 31. Clausen, from the assemblage of all the observations of this

comet known to him, has calculated elliptic elements which give the extra-

ordinarily short period of 38 years. And in effect it has been suggested

that a still further subdivision of the period of 21-875 into throe of

"292 years, would reconcile this with other remarkable comets. This

seems going too far; but at all events the possibility of representing its

motions by so short an ellipse will easily reconcile us to the admission of

a period of 21 years. That it should only be visible in certain apparitions,

and not in others, is sufficiently explained by the situation of its orbit.

(597.) Wc have been somewhat diffuse on tho subject of this comet,

' P. Pnssnge 1733781. Tills grcnt southern comet of May 17th seems too early in

tlie yciir.

' P. P. IMtVaoG. In Jnniinry 1537, a comet was seen in Pisces.

'P. P, ir>|j UJl. A comoX predicted the death of Ferdinand the Catholic, He died

Tan. 2;i, 1515.

*P. !'. 1340 031. Evidently a southern comet, nnd a v«ry probable appearance.

'P. P. 1230'65G, was perhaps a return of Hulley's.

' P. P. loll 90G. In 1012, a vory pretit comet in the southern part of the heavens.

" i^tin I'vlut l/lessait les ycux," (Pingro Comoiographie, from whom all these recorded

appcanmces are taken.)

' P. P. 990031. " Comi'te fort ppouvantablo," somi; year between 989 and 998.

' P. P. (iS3-781. In 684, appeared two or three comets. Dates hpfrht to be obscure.

' Twii ilidiinct comets (one probably tho comet ol Casar and Kiao) uppenriKi in 530

anil ,1,11, the former observed in China, tho latter in Europe.
" P. P. ai(i"281 ; both southern comets of the Chinuso onnals. The year of (me or

oiher !!!ny its wrong.
" P. P. 180•fi,^fi. Nov. 6, A.D. 180. A southern comet of tho Chinees annals.

"t'limsrn, Astron. Nachr. No. 485.
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for the sake of showing the degree and kind of interest which attaches to

cometic astronomy iu the present state of the science. In fact there is no

branch of astronomy more replete with interest, and we may add more

eagerly pursued at present, inasmuch as the hold which exact calculation

gives U3 on it may be regarded as completely established j so that whatever

may be concluded as to the motions of any comet which shall hencefor-

ward come to be observed, will bo concluded on sure grounds and with

numerical precision ; while the improvements which have been introduced

into tho calculation of comctary perturbation, and the daily increasing

familiarity of numerous astronomers with computations of this nature,

enable us to trace their past and future history with a certainty, which at

the commencement of the present century could hardly have been looked

upon as attainable. Every comet newly discovered is at once subjected to

the ordeal of a most rigorous inquiry. Its elements, roughly calculated

within a few day of its appearance, arc gradually approximated to as ob-

servations accum-ate, by a multitude of ardent and expert computists.

On the least indication of a deviation from a parabolic orbit, its elliptic

elements become a subject of universal and lively interest and discussion.

Old records are ransacked, with all the advantage of improved data and

methods, so as to rescue from oblivion the orbits of ancient comets which

present any similarity to that of the new visitor. The disturbances under-

gone in the interval by the action of the planets are investigated, and the

past, thus brought into unbroken connexion with tho present, is made to

aiford substantial ground for prediction of the future. A great impulse,

mc'iuwhile, has been given of la,-e years to the discovery of comets, by

tho establishment in 1840', by his late Majesty the King of Dcinnark,

of a prize medal, to be awarded for every such discovery, to the first ob-

server, (the influence of which may bo most unequivocally traced in the

great number of these bodies which every successive year sees added to

our list,) and by the circulation of notices, by special letter*, of every such

discovery (accompanied, when possible, by an ephemeris), to all observers

who have shown that they take an interest in the inquiry, so as to ensure

the full and complete observation of tho now comet, so long as it remains

within the reach of our telescopes.

(598.) It is by no means merely as a subject of antiquarian interest, or

on account of the brilliant spectacle which comets occasionally afford, that

astronomers attach a high degree of importanco to all that regards them.

Apart even from tho singularity and mystery which appertains to their

' See the announcement of this institution in Abfon. Nachr. No. 400.

*By Prof. Schumacher, Director of the Royal Observatory of Altona.
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physical constitution, they have become, through the medium of exact

calculation, unexpected instruments of inquiry into points connected with

the planetary system itself, of no small importance. We have seen that

the movements of the comet of Encke, thus minutely and perseveringly

traced by the «minent astronomer whose name is used to distinguish it,

has afforded ground for believing in the presence of a resisting medium

filling the whole of our system. Similar inquiries; prosecuted in the

case if other periodical comets, will extend, confirm, or modify our con-

elusions on this head. The perturbations, too, which comets experience

in passing near any of the planets, may afford, and have afforded, infor-

mation as to the magnitude of the disturbing masses, which could not well

be otherwise obtained. Thus the approach of this comet to the planet

Mercury in 1838 afforded an estimation of the mass of that planet, the

more precious, by reason of the great uncertainty under which all previous

determinations of that element laboured. Its approach to the same planet

in the present year (1848) will be still nearer. On the 22d of November

their mutual distance will be only fifteen times the moon's distance from

the earth.

(599.) It is, however, in a physical point of view that these bodies offer

the greatest stimulus to our curiosity. There is, beyond question, some

profound secret and mystery of nature concerned in the phaenomenon of

their tails. Perhaps it is not too much to hopv- that future observation,

borrowing every aid from rational speculation, grounded on the progress of

physical science generally, (especially those branches of it which relate to

the ajthcreal or imponderable elements), may ere long enable us to pene-

trate this mystery, and to declare whether it is really mattery in the ordi-

nary acceptation of the term; which is projected from their heads with

such extravagant velocity, and if not impelled, at least dircrtrd in its

course by a reference to the sun, as its point of avoidance. In no respect

is the question as to the materiality of the tail more forcibly pressed on us

for consideration, than in that of the enormous sweep which it makes

round the sun in perihelio, in the manner of a straight and rigid rod, in

defiance of the law of gravitation, nay, even of the received laws of mo-

tion, extending (as we have seen in the comets of 1G80 and 1843) from

near the sun's surface to the earth's orbit, yet whirled round unbroken

;

in the latter case through an angle of 180" in little more than two hours.

It seems utterly incredible that in such a case it is one and the same

material object which is thus bratidisbed. If there could be conceived

f^uch ft thing as a negative sJiaJvic, a momentary impression made upon

the luminiferous tether behind the comet, this would represent in some

degree the conception such a phaenomenon irresistibly calls up. But thiv

fm
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is not all. Even such an extraordinary excitement of the aether, couceivo

it as we will, will aflFord no account of the projection of lateral streamers

;

of the effusion of light from the nucleus of a comet towards the sun ; and

its subsequent rejection ; of the irregular and capricious mode in which

that effusion has been seen to take place ; none of the clear indications of

alternate evaporation and condensation going on in the immense regions of

space occupied by the tail and coma,— none, in short, of innumerable

other facts which link themselves with almost equally irresistible cogency

to our ordinary notions of matter and force.

(600.) The great number of comets which appear to move in parabolic

orbits, or orbits at least undistinguishable from parabolas during their de-

scription of that comparatively small part within the range of their visi-

bility to us, has given rise to an impression that they are bodies extraneous

to our system, wandering through space, and merely yielding a local and

temporary obedience to its laws during their sojourn. What truth there

may bo in this view, we may never have satisfactory grounds for deciding,

On such an hypothesis, our elliptic comets owe their permanent denizen-

ship within bho sphere of the sun's predominant attraction to the action

of one or other of the planets near which they may have passed, in such

a manner as to diminish their velocity, and render it compatible with

elliptic motion.' A similar cause acting the other way, might with equal

probability, give rise to a hyperbolic motion. But whereas in the former

case, the comet would remain in the system, und might make an iudufiuite

number of revolutions, in the latter it would return no njore. This may

possibly be the cause of the exceedingly rare occurrence of a hyperbolic

comet as compared with elliptic ones.

(601.) All the planets without exception, and almost all the satellites,

circulate in one direction. Retrograde comets, however, are of very com-

mon occurrence, which certainly would go to assign them an exterior or

at least an independent origin. Laplace, from a consideration of all the

cometary orbits known in the earlier part of the present century, con-

cluded that the mean or average situation of the planes of all the cometary

orbits, with respect to the ecliptic, was so nearly that of perpendicularity,

as to afford no presumption of any cause biassing their directions in this

respect. Yet we think it worth noticing, that among the comets which

are as yet known to describe elliptic orbits, not one whoso iucliuatiou is

under 17° is retrograde j and that out of thirty-six comets which have

had elliptic elements assigned to them, whether of great or small excen-

tricities, and without any limit of inclination, only five arc retrograded,

' The velocity in an ellipso is nlwnys less than in a parabola, at equal distances from

th« sun ; in an hyperbola always greater.
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and of these only two, viz. Halley's and the great comet of 1843, can be

regarded aa satisfactorily made out. Finally, of the 125 comets whose

elements are given in the collection of Schumacher and Olbers, up to

1823, the number of retrograde comets under 10° of inclination is only

2 out of 9, and under 20°, 7 out of 23. A plane of motion, therefore,

nearly coincident with the eclip\ic, and a periodical return, are circum-

stances erainontly favourable to direct revolution in the cometary as they

are decisive among the planetary o'bits. [Here also we may notice a very

curious remark of Mr. '^ind, (Ast. Nachr. No. 724,) respecting periodic

comets, viz., that, so far as at present known, they divide themselves for

the most part into two families,— the one having periods of about 75

years, corresponding to a mean distance about that of Uranus ; the other

corresponding more nearly with those of the asteroids, and with a mean

distance between those small planets and Jupiter. The former group

consists of four members, Halley's comet revolving in 76 years, one dis-

covered by Olbers in 74, De Vice's 4th comet in 73, and Brorsen's 3d in

75, respectively. Examples of the latter group are to be seen in the

table, p. o52, at the end of this volume. It may be added, also, that

one or two of the asteroids are described as having a faint nebulous enve-

lope about them, indicating somewhat of a cometic nature.]

!;
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PART II.

or THE LUNAR AND PLANETARY PERTURBATIONS.

" Magnus ab integro steclorum nascitur ordo."

—

Viro. Pollio.

CHAPTER XII.

SUBJECT PROPOUNDED.—PROBLEM OF THREE BODIES.—SUPERPOSITION

OP SMALL MOTIONS.— ESTIMATION OP THE DISTURBING FORCE.

—

ITS GEOMETRICAL REPRESENTATION.— NUMERICAL ESTIImPaTION IN

PARTICULAR CASES.— RESOLUTION INTO RECTANGULAR COMPO-

NENTS.— RADIAL, TRANSVERSAL, AND ORTHOGONAL DISTURBING

FORCES.— NORMAL AND TANGENTIAL. — THEIR CHARACTERISTIC

EFFECTS.—EFFECTS OP THE ORTHOGONAL FORCE.—MOTION OP THE

NODES.—CONDITIONS OP THEIR ADVANCE AND RECESS.— CASES OF

AN EXTERIOR PLANET DISTURBED BY AN INTERIOR.—THE REVERSE

CASE.— IN EVERY CASE THE NODE OF THE DISTURBED ORBIT RE-

CEDES ON THE PLANE OF THE DISTURBING ON AN AVERAGE.—

COMBINED EFFECT OP MANY SUCH DISTURBANCES.—MOTION OP THE

moon's NODES.— CHANGE OF INCLINATION.— CONDITIONS OF ITS

INCREASE AND DIMINUTION.— AVERAGE EFFECT IN A WHOLE RE-

VOLUTION.—COMPENSATION IN A COMPLETE REVOLUTION 01 THE

NODES.—LAGRANGE'S THEOREM OF THE STABILITY OF THE INCLI-

NATIONS OP THE PLANETARY ORBITS.— CHANGE OF OBLIQUITY OF

THE ECLIPTIC.— PRECESSION OP THE EQUINOXES EXPLAINED.—

NUTATION.— PRINCIPLE OP FORCED VIBRATIONS.

(602.) In the progress of this work, we have more than once called the

reader's attention to the existence of inequalities in the lunar and plane-

tary motions not included in the expression of Kepler's laws, but in some

sort supplementary to them, and of an order so far subordinate to those

na t/\ i^r\r*i\^vrkleading features of the celestial movements, us lu ivjijuiii;, iui iiivu

tion, nicer observations, and longer continued comparison between facts
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and theories, than suffice foi w..d establishment and verification of the

tlliptic theory. These inequalities are known, in physical astronomy, by

the name of perturbations. They arise, in the case of the primary

planets, from the mutual gravitations of these planets towards each other,

which derange their elliptic motions round the sun ; and in that of the

secondaries, partly from the mutual gravitation of the secondaries of the

same system similarly deranging their elliptic motions round their common
primary, and partly from the unequal attraction of the sun and planets on

tbom and on their primary. These perturbations, although small, and, in

most instances, insensible in short intervals of time, yet, when accumu-

lated, as some of them may become, in the lapse of ages, alter very

greatly the original elliptic relations, so -as to render the same elements of

the planetary orbits, which at one epoch represented perfectly well their

movements, inadequate and unsatisfactory after long intervals of time.

(603.) When Newton first reasoned his way from the broad features

of the celestial motions, up to the law of universal gravitation, as affect-

ing all matter, and rendering every particle in the universe subject to the

influence of every other, he was not unaware of the modifications which

this generalization would induce upon the results of a more partial and

limited application of the same law to the revolutions of the planets about

the sun, and the satellites about their primaries, as their only centres of

attraction. So far from it, his extraordinary sagacity enabled him to per-

ceive very distinctly how several of the most important of the lunar

inequalities take their origin, in this more general way of conceiving the

agency of the attractive power, especially the retrograde motion of the

nodes, and the direct revolution of the apsides of her orbit. And if he

did not extend his investigations to the mutual perturbations of the planets,

it was not for want of perceiving that such perturbations must exist, and

mgh go the length of producing great derangements from the actual state

of the system, but was owing to the then undeveloped state of the prac-

tical part of astronomy, which had not yet attained the precision requisite

to make such an attempt inviting, or indeed feasible. What Newton left

undone, however, his successors have accomplished ; and, at this day, it

is hardly too much to assert that there is not a single perturbation, great

or small, which observation has become precise enough clearly to detect

and place in evidence, which has not been traced up to its origin in the

mutual gravitation of the parts of our system, and minutely accounted

for, in its numerical amount and value^ by strict calculation on Newton's

principles.

(604.) Calculations of this nature require a very high analysis for theii

successful performance, such as is far beyond the scope and object of this

i.JKt !
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work to attempt exhibiting. The render who would mftstor thorn must

{•roparo himself for tho undertaking by un extensive course of propura-

tory study, and must ascend by stops which wo must not here ovoii digress

to point out. It will bo our object, in this chapter, however, to give some

general insight into tho nature and manner of operation of the acting forces,

and to point out what arc the circumstances which, in some cases, give them

a high degree of eflicicncy—a sort of purvhiim', on tho balance of tlie sys-

tem ; while, in others, with no less amount of intensity, their clVocitive

ngohcy in producing extensive and lastitig changes is compciiHated or roii-

dorod abortive ; as well as to explain the nature of those admirable results

respecting tho stability of our system, to which the researches of geor:.>

ters have conducted them; and "which, under the form of matlicinati'

J

theorems of great simplicity and elegance, involve the history of the past

and future state of the planetary orbits during ages, of which, contem-

plating the subject in this point of view, we neither perceive the begin-

ning nor tho end.

(^(>05.) Were there no other bodies in the universe but tho sun and one

planet, tho latter would describe an exact ellipse about the former (or both

round their common centre of gravity), and continue to perform its revo-

lutions in one and the same orbit for ever; but tho moment wo add to

our combination a third body, the attraction of this will draw both the

former bodies out of their mutual orbits, and, by acting on tlioni un-

ecpuilly, will disturb their relation to each other, and put an end to the

rigorous and mathematical exactness of their elliptic motions, not only

about a fixed point in space, but about ouo another. From this way of

propounding the subject, wo see that it is not the whole attraction of the

newly-introduced body which produces perturbation, but the (Vffcmice of

its attractions on the two originally present.

(000.) Compared to the sun, all the planets are of extreme minuteness;

tho mass of Jupiter, the greatest of them all, being not more than about

one 1100th part that of the sun. Their attractions on each other, there-

fore, are all very feeble, conjpared with the presiding central power, and

the effects of thoir disturbing forces are proportionally minute. In the

case of tho secondaries, the chief agent by which their motions are

deranged is the sun itself, whose mass is indeed great, but whose disturb-

ing influoneo is immensely diminished by their near proximity to their

primaries, compared to their distances from the sun, which renders the

ffiffi iriici' of attractions on both extremely small, compared to tho whole

amount. In this case the greatest part of tho sun's attraction, viz. that

which is common to both, is exerted to retain both primary and secondary

in their common orbit about itself, and prevent their parting company.
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Only the fimiill overplus of force on one as compared with the other acta

as a disturbing power. The mean value of this overplus, in the case of

tho indon disturbed by the sun, is calculated Ijy Newton to amount to

no liiyhor a fraction than gjg'o^^ of gravity at tho earth's surface, or jj^
of tlio priiipipal force which retains tho moon in its orbit.

((i07.) I'^rora this extreme minuteness of the intensities of tho disturb-

ing, cduipared to tho principal forces, and tho consequent smallness of

their inumn\tari/ effects, it happens that wc can estimate each of these

effects separately, as if the others did not take place, without fear of

inducing error in our conclusions beyond tho limits nccessaiily incident

to tt first approximation. It is a principle in mechanics, immediately

flowing from tho primary relations between forces and the motions Ihcy

produce, that when a number of very minuto forces act at once on a

system, their joint effect is the sum or aggregate of their separate effects,

at least within such limits, that tho original relation of the parts of tho

system shall not have been materially changed by their action. Such

effects supervening on the greater movements duo to the action of the

prima.'v forces may be compared to the small ripplings caused by a

thousand varying breezes on tho broad and regular swell of a deep and

rolling ocean, which run on as if the surface were a plane, and cross in all

directions without interfering, each as if the other had no existence. It

is only when their effects become accumulated in lapse of time, so as to

alter the primary relations or data of tho system, that it becomes neces-

sary to have especial regard to tho changes correspondingly introduced

into t''0 estimation of their momentary efficiency, by which the rate of tho

subscquont changes is affected, and periods or cycles of immense length

take their origin. From this consideration arise some of the most curious

theories of physical astronomy.

(008.) Ilcnce it is evident, that in estimating the disturbing influence

of several bodies forming a system, in which one has a remarkable pre-

ponderance over all the rest, wo need not embarrass ou'-jelves with combi-

nations of the disturbing powers one among F.aother, unless where

irainensoly long periods are concerned ; such as consist of many hundreds

of revolutions of the bodies in question about their oommon centre. So

that, in effect, so far as we propose to go into its consideration, the

problem of the investigation of the perturbations of a system, however

numerous, constituted as ours is, reduces itself to that of a system of three

bodies: a predominant central body, a disturbing, and a disturbed; the

two latter of which may exchange denominations, according as the motions

of tliu one or the other arc the subject of inquiry.

(609.) Both the intensity and direction of the disturbing force ar«
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(MMilinniilly viti',ylit)(, noKoiillii^ lo Uin loliillvn nIIiiuUoii of llio <iiNliirl)iiig

lltltl llintlll'llllcl lllllly Willt l'(W|M*Ol Id tllO mill. tr tlltl Htti'llOl 1(111 of lllll ilJH.

fiil'l)iti^ ImmI^ IM, oil llio ooiilml liotly M, Hiiil tlio iliNtili'luul liody i', (hy

wliioli ilcHigtiiil.iotin, I'of brovll)', wo hIiiiII lion>iti't<<i' iiittiimUt lliniii, ) woid

oi|iiiil, Mini iM'loil ill pitmllol liiioN, wlniliniM' nii^lil oUiorwimt bo iM luw nf

viii'iiilioii, (lici'o would 1)0 no iloviitlioii oiiimcil in llin ollipUu niolion of |>

iiltoiid H, Of of oiii'lt iibout Uio olJicr, Tim oiino wmild bo rili'iotl)f lliiilnf

M% 4ri4 ; ilio Hllritolion of ISI, no rirounmliincotl, bi>iiig ii( ovory iiihiikmiI

oxiioil^r iitiiilogoUN ill \in (tiliH'lH (o (oi'nmli'iiil K>''^^'ily) wliioli hcIn in iinnillcl

liiu>r<, Mini in n|nully iiitvunr' on ull bodirf), gi't<iil> uml Ninull. |Siit< iIiIh In

not (Ito oiiMo of nniuni. Wliitkn'«>r Ih iitiilcd in tlio nulwuquoiit mliolo to

(but lim(. oiUul, of tito diniui'bing plU't'ti of tho r<uti mid moon, \n, uiiiliiiiH

f»MiAMM//N, it|)|ili(<nblo k) ovory ciimt of |i«i'tui-l)iilion ; mul it nniHt bo now

our bin^iiioKH to ontor, mtniowbut inoro in dotiiil, into tbn gonorikl IioikIn of

tbo mibjoct tiboro nu>t«ly liintod iit.

(^(UO.) To obJjun obmr idoiiM of tbo niiunior in wbioh tbo (liHliirl)iii(r

foivo imulnooH il« vivhohn oIVooIh, wo ninnt iiNoordiin nt nny given nininciil,

nnd in uny ivliitivo niltwttionrt of Ibo tbivo bodioN, itn dit'ootion imd iiilni-

pity mn ooniimi'od witb tbo fimviliition of I' towio'dM S, in virtii(\ of which

Ittttor foivo idono I* wonid dosoribo »n olli|iNo about S rof^unh'd mh lixiMJ,

or r;»(boi' I* »nd S about tboir ooniinon oontiv of griivity in virtue of their

nutttnd gmvitntion to otu'b olbov. In tbo tr«<ii(inont of tbo |)r«b1eui of

(bivo bodio.<«, it iM otmvouiont, and tondN to oloarnoNN of npprobeiiNinii, to

n>gai\i ono of (bom nn lixod, and refer tbo niotittUH of tbo otbei's to it, as

<o 14 ivlativo ooutiv. In tbo case of two platiotM disturbing oaeli ollioi's

mv>tious, (bo »nu is nalumlly oluwou an tbi,H llxod oontroj but in tliutet'

MtoUito!* disturbing om>b otbor, or disturbed by tbo sun, tbo ecuilio iif

tboir primary is (ttk«>n as tboir point o{ rofonuioo, and tbo sun itself is

«t'gai>tod in tbo liglvt of » very «ustant and massive witollito revolviiij!

ftlnrnt tbe
i
nioiuy \\\ n trhfiir orliit, otpial and similar to tbat wbieh tho

primary doseril>es «»/»*>/«rf/»/ unwA tbo sun. Tbus tbo ^'<moralily of our

knguajjx' ivi pi>'servo<i, «ud wbon, tvferring to any partioular oentnd b ly,

wo sjvak \<f M\ extorior nnd t\x\ interitu* pbuu't, wo inoludo tlio eiises in

wbioli (bo foi luor is tbe sun and tbo lattor a satollito ; as, for osainple, in

tho laumr tboory. U i» » priuoipio in tlynaniies, tbal tbo ndativo motions

of H systom of Knlios tuhr »r aro no w.:y altorod by impressing on all of

(bon\ a v\>ninu>u u\otion or motions, or a eomtnon foivo or ftnres aeoeloni-

ting or rt>t«nling Uumu all ivpially in counuon «lirootiona, »". c in jiMnilloI

lines Supp>v<o. tborofon>. wo apply to nil tbo tinvo bodios. S, \\ .iiul >I,

alike. f>MWs equal to tbvv<o witb wbiob ^l !0»d 1* attraet S, but in opposito

dirw'tious. Tbou will (ho relative molious both of M and 1' about S Iv
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unit1l(.*r(i)l} but H, hning now ur^od by oijuhI nitd oitpdHito forccN U) awl

IVdiii I'litli M Hiiil I', wilt ntitiniii ni umL liiit un now uonHidor bow uitbcr

of till) oUior biidioN, iM J', HtiindH uirtii'tod by tbonu iiowly-introducod forc<)N,

ill nddil'ioti to thoNo wbioli boforti luittid ott it, it In clour Jiut now 1' will

b(i HiiiKiltrunoouNly mUnl on by Jour forcim ; ilrHtly, Ibu uttruvtioti of H in

llio dii'dution I'H; Mouondly, an ndditionnl forco, in tbo nunio direction,

u(|Uttl til iM nttnifltioii im H ; thirdly, tbu nttrnction of M in tbo diruotion

1' M ; und fourthly, a foruo |mrnll(d t<j M H, and nqunl to M'h tittruotion

on H. Of tlioHo, tbo two firitt, following tho Munio law of tbu invormi

Hquurn of tbu diNtanoo H I', nmy bo rognrdud an onu force, procimdy nn if

llio Hiiiii of tbo nmNHUH of H und I' woro oolloutcd in H; and in virtue of

llidir joint notion, 1' will dcNcribu an ulliimo ubftut H, oxcopt in ho fur om

timt rlliptio inotiou ia diHturbod by tbu other two foroen. 'J'buM wo hoo

tlittt ill tliin view of tbu nubjcut the roiaUvc. (,'iHf,urbing foruu noting on [*

w no longer tbu nioro Hinglo ntkm(;tion of M, but n force rcHulting from

tliu (MiiiipoNition of that iittniction with M'h uttruction on H trunrifcrrcd to

P ill a eontrury direotiun.

((H I.) liot OVA bo piirt of tbu rolutivo orbit of tbu diHturbod, a»;d M H

uf iLu diuturbing body, their pluiiuN iuterHucling in tliu lino of nodoH H Aii,
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Jind Imving to onch other tho iiiclinntion cxproHsod by the spherical angle
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rative attraction of 31 on S, M S will roproacnt in quantity and direetion

the new force applied to P, parallel to that lino, and N M will roprcHfiiit

on tho same scale the accclerative attraction of M on P. Conscquoiitly,

the disturbing force acting on P will bo the resultant of two forces applied

at P, represented respectively by N M and M S, which by tho lawn of

dynamica arc equivalent to u single force rcprcflentcd in qunntifi/ and

direction by N S, fnit having V for its point of application.

(612.) Tho line N S, is easily calculated by trigonometry, when tho

relative situations and real distances of tho bodies are known j mid the

force, expressed by that line ia directly comparable with tht* attractive

forces of S on P by tho following proportions, in which M, '^, roprt'sont

tho masses of those bodies which are supposed to bo known, and to which,

at equal distances, their attractions are proportional :
—

Disturbing force : M'a attraction on S : : N S : S M;
M's attraction on S : S's attniction on M : : M : S

;

S's attraction on M : S's attraction on P : : S P' : S M' : by com-

pounding which proportions we collect as follows :
—

Disturbing force : S's attraction on P : : M . N S . S P* : S . S M'.

A few numerical examples arc subjoined, exhibiting the results of this

calculation in particular cases, chosen so as to exemplify its applioation

under very various circumstances, throughout the planetary system. In

each case the numbers set down express tho proportion in which the central

force retaining the disturbed body in its olliptic orbit exceeds the <listiirh-

ing force, to tho nearest whole number. Tlie calculation is niadr for three

positions of the disturbing body—viz. at its greatest, its least, and its mean

distance from the disturbed.

Dlsturblni? Ixvly. Dliturbod 1>nily.

Tliitlci lit Iho
)(T<'l)tl'Xt lliNtlll\l-(>

: 1.
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lUUIIIl (llHlltllOO

i 1.
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520
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60502

520
fio:i7

21579

S!)

12S

6;i2(lS

20s:i;t

65111
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Ju|)ilcr Tho Kiirth

Tho Eiirlh

Jiijiitor Coros

Saturn Jupiter

(013.) If the orbit of tho disturbing body bo circular, R IM is invariable.

In this case, N S will continue to represent tho disturbing force on th''

tame invariahk scair, whatovof iniiy bo the configuration of the three

bodies with respect to each other. If tlio orbit of M bo but little elliptic,
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tho same will bo nearly tlio case. In what follows throughout this chapter,

except where the contrary is cxpreuBly nieutiuuod, wo shall neglect the

mccntrieity of tho dinturbing orbit.

(014.) If P bo nearer to M than S is, M N is greater than M P, and

N lies in M P prolonged, and therefore on tho opposite sido of tho plane

of P's orbit from that on which M is situated. The force N S thcreforo

urges P towards M's plane, and towards a point X, situated between S

and M, in tho lino S M. If tho distance M P bo equal to ]\I S as when
1' is situated, suppose, at D or E, M N is also equal to M P or M H, so

that N coiucides with P,und therefore X with H, tho disturbing forces being

in those cases directed towards tlio central body. But it' M P bo greater

than MH, M N is less than M P, and N lies between M and P, or on tho

same wido of tho plane of l^'s orbit that M is situated on. Tho force N
S, tlicrofore, applied at P, urges P towards tho contrary side of that plane

towards a point in tho lino M 8 produced, ho that X now shifts to tho

farther Bide of S. In all cases, the disturbing force is wholly cfiectivo iu

the pluuo M P 8, in which tho three bodies lie.

Fig. 77.

It is very important for the student to fix distinctly and bear constantly

ill ills mind these relations of the disturbing ngciicy considered as a sini/fi'

nvresnlvcd force, since their recollection will preserve him from ninny

mistakes in conceiving tho mutual actions of tho planets, I'ce. on each

other. For example, in tho figures here ref'orrod to, that of Art. Oil

corresponds to tho case of a nonror disturbed by a more distant b';dy, as

the earth by Ju»^!ter, or the nsoon by the Suti ; and that of tho prescni

artielo to tho converse case : as, for instance, of Mars disturbed by the

earth. Now, in this latter class of cases, whenever >.! P is greater than

#11
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M S, or S P, greater than 2 S M, N lies on the same side of the plane

of P'a orbit with M, so that N S, the disturbing force, contrary to what

might at first be supposed, always urges the disturbed planet out of the

plane of its orbit towards the opposite side to that on which the disturbing

planet lies. It will tend greatly to give clearness and dofinitcncss to his

ideas on the subject, if he will trace out on various suppositions as to the

relative magnitude of the disturbing and disturbed orbits (supposed to Ho

in one piano) the form of the oval about M considered as a fixed point, in

which the point N lies when P makes a complete revolution round S.

(615.) Although it is necessary fur obtaining in the first instance a

clear conception of the action of tho disturbing force, to consider it in this

way as a single force having a dtifinite direction in space and a determinate

intensity, yet as that direction is continually varying with tho position of

N S, both with respect to the radii S 1*, S M, tho distance P M, and the

direction of P's motion, it would be impossible, by so considering it, to

attain clear views of its dynamical effect after any considerable lapse of

time, and it therefore becomes necessary to resolve it into other equivalent

forces acting in such directions as shall admit of distinct and separate

consideration. Now this may bo done in several different modes. First,

we may resolve it into three forces nctinfi; in fixed directions in space

rectangular to one another, and by estimating its effect in each of these

throe directions separately, conclude the total or joint effect. This is the

mode of procedure which affords the readiest and most advantageous

handle to the problem of perturbations when taken up in all its generality,

and is accordingly that resorted to by geometers of the modern school in

all their profound researches on the subject. Another mode consists in

resolving it also into three rectangular components, not, however, in fixed

directions, but in variable ones, viz. in the directions of tho lines N Q,

Q L, and L S, of which L S is in the direction of the radius vector S P,

Q L in a direction perpendicular to it, and in the piano in which S P and

a tangent to P's orbit at P both lie ; and lastly, N Q in a direction per-

pendicular to tho plane in which P is at the instant moving about S.

The first of these resolved portions we may term the radial component

of the disturbing force, or simply the radial disturbing force; the second tho

(raiisrrrsal ; and the third tho orthogonal} When tho disturbed orbit is

one of small cxcentricity, the transversal component acts nearly in the

direction of tho tangent to P's orbit at P, and is therefore confounded with

that resolved component which we shall presently describe (art. G18) under

I Iviiia «..\/iii«;u lui tiio m;i;naiuii>

ponent of thn disturbing force is oftun felt.

I he want oi some appeiiation for (his com-
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the name of the tangential force. This is the mode of resolving the

disturbing force followed by Newton and bis immediate successors.

(GIG.) The immediate actions of these components of the disturbing

force arc evidently independent of each other, being rectangular in their

directions ; and they affect the movement of the disturbed body in modes

perfectly distinct and characteristic. Thus, the radial component, being

directed to or from the central body, has no tendency to disturb either

the plane of P's orbit, or the equable description of areas by P about S,

since the law of areas proportional to the times is not a character of the

force of gravity only, but holds good equally, whatever be the force which

retains a body in an orbit, provided only its direction is always towards a

fixed centre.' Inasmuch, however, as its law of variation is not conform-

able to the simple law of gravity, it alters the elliptic form of P's orbit,

by directly affecting both its curvature and velocity at every point. In

virtue, therefore, of the action of this disturbing force, the orbit deviates

^voiii the elliptic form by the approach or recess of P to or from S, so that

:'
. st of the perturbations produced by this part of the disturbing

''• 'lis wholly on the radius vector of the disturbed orbit,

(017.) The transversal disturbing force represented by QL, on the

other hand, has no direct action to draw P to or from S. Its whole effi-

ciency is directed to accelerate or retard P's motion in a direction at right

angles to S P. Now the area momentarily described by P about S, is,

(Kkvis paribus, directly as the velocity of P In a direction pcrpcndiculai

to S P. Whatever force, therefore, increases this transverse velocity of

P, accelerates the description of areas, and vice vcrsd. With the arcn

ASP is directly connected, by the nature of the ellipse, the angle ASP
described or to be described by P from a fixed line in the plane of the

orbit, 80 that any change in the rate of description of areas ultimately

resolves itself into a change in the amount of angular motion about S,

and gives rise to a departure from the elliptic laws. Hence arise what

are culled In the perturbational theory equations (i. e. changes or fluctua-

tions to and fi'o about an average quantity) of the mean motion of the

disturbed body.

(()18.) There is yet another mode of rosoiving the disturbing force into

rectangular components, which, though not so well adapted to the compu-

tation of results, in reducing to numerical calculation the motidns of the

disturbed body, is fitted to afford a clearer insight into the nature of the

modifications which the form, magnitude, and situation of its orbit un-

dergo in virtue of its action, and which we shall therefore employ in

preference. It consists in estimating the components of the disturbing

'' M

m
1

»!*'

r \

' Newton, i. I.
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force, whicli He in the plane of the orbit, not in the direction wo have

termed radial and transversal, i. e. in that of the radius vector P S and

perpendicular tt it, but in tho direction of a tangent to the orbit at P,

and in that of a oriual to tho curve, and at right angles to the tangent,

for which reason these components may be called tho tamjenflal and

normal disturbing forces. When the orbit of the d'sturbed body is cir-

cular, or nearly so, this mode of resolution coincides with or differs but

!'ttlo from the former, but, when tho ellipticity is considerable, these

directions may deviate from tho radial and transversal directions to any

extent. As in tho Newtonian mode of resolution, the effect of the one

cot.iponent falls w;.olly upon the approach and recess of the body P to

the central body S, and of the other wholly on the rate of description of

areas by P round S, so in this which wo are now considering, tho direct

effect of tho one component (the normal) fall? wholly on the curvature of the

orbit at the point of its action, increasing that curvature when the normal

force acts inwards, or towards the concavity of tho orbit, and diminishing

it when in the opposite direction ; while, on the other hand, the tangential

component is directly effective on the velocity of the disturbed body, in-

creasing or diminishing it according as its direction conspires with or

opposes its motion. It is evident enough that where the object is to trace

simply tho changes produced by the disturbing force, in anj/k and <Iistance

from tho central body, tho former mode of resolution must have the

advantage in perspicuity of view and applicability to calculation. It is

less obvious, but will abundantly appear in tho sc(iuel that the latter offers

jicculiar advantages in exhibiting to the eye and the reason the niDino'i-

tary influence of the disturbing force on the dcnunts of tho orbit itself

(519.) Neither of the last mentioned pairs of the resolved portions of

the disturbing force tends to draw P out of the plane of its orbit P S A.

But tho remaining or orthogonal portion N Q acts directly and solely to

produce that effect. In consequence, under the influence of this force, P

must quit that plane, and (the same cause continuing in action) must

describe a curve of douhh curvature as it is called, no two consecutive

portions of which lie in the same plane passing through S. The effect

of this is to produce a continual variation in those elements of the orbit

(tf P on which thr sidiatian of {If plaue in space depends ; /. c. on its

inclination to a fixed plane, and the position in such a plane of tho node

or line of iis intersection therewith. As this, among all tho various

effects of perturbation, is that which is at once tho most simple ia its

conception, and tho easiest to follow into its remoter consequences, we

Biiuil bi-gin with its explanation.

(G20.) Suppi^se that up to P ( \rt. Gil, GU,) tho body were describing
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an undisturbed orbit C P. Then at P it would bo moving in the direction

of a tangent P R to the ellipse P A, which prolonged will intersect the

plane of M's orbit somewhere in the line of nodes, as at R. Now, at P,

let the disturbing force parallel to N Q act momentarily on P ; then P
will be deflected in the direction of that force, and instead of the arc Vp,
which it would have described in the next instant if undisturbed, will

describe the arc P q lying in the state of things represented in Art.. 611,

below, and in Art. 614, above, Pp with reference to the plane PSA.
Thus, by this fiction of the disturbing force, the plane of P's orbit will

have shifted its position in space from P S p (an elementary portion of

the old orbit) to P S y, one of the new. Now the lines of nodes SAB
in the former is determined by prolonging Pp into the tangent P R,

intersecting the plane M " B in R, and joining S R. And in liko manner,

if we prolong P q into the tangent P r, meeting the same plane in r, and

join S r, this will be the new line of nodes. Thus we see that, under the

cireunistances expressed in the former figure, the momentary action of the

orthognnal disturbing force will have caused the lino of nodes to rcfro-

ijrwh' upon the plane of the orbit of the disturbing body, and under

those represented in the latter to advance. And it i-i evident that tho

action of the other resolved portions of the disturbing force will not in

the least interfere with this result, for neither of them tends either to

carry P out of its former plane of motion, or to prevent its quitting it,

Their influence would merely trn to transfer the points of intersection of

the tangents P^) or P j from R or r to R' or r', points nearer to or far-

ther frma S than R >•, but in the same lines.

(G21.) Supposing, now, M to lie to the left instead of the right side

of the line of nodes in fig. 1., P retaining its situation, and M P being

less than 31 S, so ihat X shall still lie between M and S. la tliig situation

of things (or conJt</uration, as it is termed of the three bodies 'vith

respect to each other,) N will lie hclow the plane ASP, and tho disturb-

ing force will tend to raise tho body P above the plane, the resolved

orthogonal portion N Q in this cose acting upwards. The disturbed arc

Vq .ill therefore lie above I* p, and when prolonged to meet the plane

M S B, will intersect it in a point in advance of R; so that in this con-

figuration the node will advance upon the plane of the orbit of M, pro-

vided always that the latter orbit remains fixed, or, at least, does not itself

shift its position in such a direction as to defeat thi^ result.

(622.) Generally speaking, the node of tho disturbed orbit will recede

iipon any plane wJiich toe may conshhr as fixed, whoiiover the action of

the ortliognnal disturbing force tend.s to bring tho disturbed body nearer

to that jjlane : and vice vend,. This will be evident on a mere inspection
•)i")

) v.-

1^ in
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of the annexed figure, in which C A represents a semicircle of the proje^

tion of the fixed plane as s-^en from S on the sphere of the heavens, and

C P A that of the plane of F's undisturbed orbit, the motion of P being

in the direction of the arrow, from C the ascending, to A the descend-

ing node. It is at once seen, by prolonging P j, P j' into arcs of great

circles, P r, P r, (forwards or backwards, as the case may be) to meet

C A, that the node will have retrograded through the arc A r, or C r,

whenever P q lies between C P A and C A, or when the perturbing force

carries P towards the fixed plane, but will have advanced through A r' or

C r' when P q' lies above C P A, or when the disturbing impulse has

lifted Jf above its old orbit or away from the fixed plane, and thh with-

out any reference to whether the undtsturled orhitual motion o V at the

moment is carrying it toicards the plane G A or from it, as in the two

cases represented in the figure.

(623.) Let us now consider the mutual disturbance of two bodies M
and P, in the various configurations in whicl they may be presented to

each other and to their common central body. And first, let us take the

case, as the simplest, where the disturbed orbit is exterior to that of the

disturbing body (as in fig. art. 614), and the distance between the orbits

greater than the scmiaxi^ of the smaller. First, let both planets lie on

the same side of the line of nodes. Then (as in art. 620) the direc-

tion of the whole disturbing force, and thorofore also that of its ortho-

gonal component, will be towards the opposite side of the plane of Fs

orbit from that on which M lies. Its eifect therefore will bo, to draw P

out of its plane in a di Jction//om the plane of M'a orbit, so that in this

state of things the node will advance on the latter plane, however P and

IM may be situated in these semicircumfercncos of their respective orbits.

Suppose, next, M transferred to the opposite side of the line of nodes,

then will the direction of its action on P, with respect to the plane of P'e

orbit, be reversed, and P in quitting that plane will now approach to

instead of receding from the plane of M's orbit, so that its node will now

recede on that plane.

(624.) Thus, while M and P revolve about S, and in the course of many

revolutions of each are presented to each othur and to S in all possible

configurations, the node of P's orbit will always advance on M's when
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botb bodies are on the same side of the line of nodes, and recede when

on the opposite. They will, therefore, on an average, advance and recede

during equal times (supposing the orbits nearly circular). And, there-

fore, if their advance were „ . each instant of its duration equally rapid

with their recess at each corresponding instant during that phase of the

movement, they would merely oscillate to and fro about a mean position,

without any permanent motion ^*n either direction. But this is not the

case. The rapidity of their recess in every position favourable to recess

is greater than that of their advance in the corresponding opposite posi-

tion. To show this, let us consider any two configurations in which M's

Fig. 79.

phases are diamctricAlly opposite, so that the triangles P S M, P S M',

shall lie in one plane, having any inclination to P's orbit, according to the

situation of P. Produce P S, and draw M m, M'm' perpendicular to it,

which will therefore be equal. Take M N : M S : : M S' : M P*, and

M' N' : M' S : : M' S"^ : M' P^ : then, if the orbits be nearly circles, and

tbercforo M S = M' S, N' M' will be less than M N ; and therefore

(since P M' is greater than P M) P N' : P M' in a greater ratio than

PN :PM; and consequently, by similar triangles, drawing N n, N'

»

perpendicular to P S, N' a' : M' m in a greater ratio than N n : ]\I m, and

tliercforo N' n' is greater than N n. Now the piano P M M' intersents

Ya orbit in P S, and being inclined to that orbit at the same angle

thrniigh its whole extent, if from !N and N' perpendiculars bo conceived

let fall on that orbit, these will be to each other in the proportion of N «,

N' n' ; and therefore the perpendicular from N' will be greater than that

from N. Now since by art. GM Iv S and N S represent in quantity and

direction the total disturbing forces of M' and M on P respectively, there-

fore these perpendiculars express (art. 616) the orthogonal disturbing

LVJ
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forces, the former of which tends (as above shown) to make the nodes

recede, and the latter to advance; and therefore the preponderance in

every such pair of situations of M is in favour of a retrograde motion.

(625.) Let us next consider the case where the distance between the

orbits is less than the semiazis of the interior, or in which the least di&>

tance of M from P is less than M S. Take any situation of P with

Fig. 80.

respect to the line of nodes A C. Then two points d and e, distant ')}•

less than 120°, can be tnken on the orbit of M equidistant from P with

S. Suppose M to occupy successively every possible situation in its orbit,

P retaining its place ;— then, if it were not for the existence of the arc

de, in which the relations of art. 624 are reversed, it would appear by

the reasoning of that article that the motion of the node is direct w' .n

M occupies any part of the semiorbit FM B, and retrograde when it is in

the opposite, but that the retrograde motion on the whole would predom-

inate. Much more then will it predominate when there exists an arc

f?Mc within which if M bo placed, its action will produce a retrograde

instead of a direct motion.

(626.) This supposes that the arc de lies wholly in the semicirclo

F(7B. But suppose it to lie, as in the annexed figure, partly within and

partly without that circle. The greater part d B necessarily lies within

Fig. 81.

it, and not only so, but within that portion, the point of M's orbit nearest

to P, in which, therefore, the retrograding force has its maximum, is sit-

uated. Although, therefore, in the portion B c, it is true, the retrograde

t«ndenoy otherwiao general over the whole of that semicirclo (Art. 624)
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will be reversed, yet the effect of this will be much more than counter-

balanced by the more energetic and more prolonged retrograde action over

dB; and, therefore, in this case also, on the average of every possible

situation of M, the motion of the node will be retrograde.

(627.) Let us lastly consider an interior planet disturbed by an exte-

rior. Take M D and ME (fig. of art. 611.) each equal to M S. Then

first, when P is between D and the node A, being nearer than S to M,

the disturbing force acts towards M's orbit on the side on which M lies,

and the node recedes. It also recedes when (M retaining the same situa-

tion) P is in any pcirt of the arc E C from E to the other node, because

in that situation the direction of the disturbing force, it is true, is re-

versed, but that portion of P's orbit being also reversely situaied with

respect to the plane of M's, P is still urged towards the latter plan^, but

on the side opposite to M. Thus, (M holding its place) whenever P is

anywhere in DA or EC, the node recedes. On the other hand, it ad-

vances whenever P is between A and E or between and D, because, in

these ar:s, only one of the two determining elements (viz. the direction

of the disturbing force with respect to the plane of P's orbit; and the

situation of the one plane with respect to the other as to above and be-

low) has undergone reversal. Now first, whenever M is anywhere but in

the line of nodes, the sum of the arcs D A and E C exceeds a semicircle,

and that the more, the nearer M is to a position at right angles to the

line of nodes. Secondly, the arcs favourable to the recess of the node

comprehend those situations in which the orthogonal disturbing force is

most powerful, and vice versd. This is evident, because as P approaches

D or E, this component decreases, and vanishes at those points (612.)

The movement of the node itself also vanishes when P comes to the

node, for although in this position the disturbing orthogonal force neither

vanishes nor changes its direction, yet, since at the instant of P's passing

the node (A) the recess of the node is changed into an advance, it must

necessarily at that point be stationary.' ^" 'ng to both these causes,

therefore, (that the mode recedes during a longer time than it advances,

and that a more energetic force acting in its recess causes it to recede

more rapidly,) the retrograde motion will preponderate on the whole in

each complete synodic revolution of P. And it is evident that the rea-

soning of this and the foregoing articles, is no way vitiated by a moderate

amount of excentricity in either orbit.

I W^
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It would seem, at first sifrht, as if a chnngo per taltum took place here, but the

continuity of the node's moiion will be apparent from an inspection of the annexed

iigure, where bad ia a portion of P's disturbed path near the node A, concave towards

the plane G A. The momentary place of the moving node is determined by the inter-
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(628.) It is therefore a general proposition, that on the averaj^ n^ <>ach

complete synodic revolution, the node of every disturbed planet recedes

upon the orbit of the disturbing one, or in other words, that in every pair

of orbits, the node of each recedes upon the other, and of course upon any

intermediate plane which we may regard as fixed. On a plane not inter-

mediate between them, however, the node of one orbit will advance, and

that of the other will recede. Suppose for instance, C A C to be a plane

Fig. 83.

intermediate between P P and M M the two orbits, li pp and mm^"
the new positions of the orbits, the node of P on M will have receded

from A to 5, that of M on P from A to 4, that of P and M on C C re-

spectively from A to 1 and from A to 2. But if F A F be a plane not

intermediate, the node of M on that plane has receded from A to 6, but

that of P will have advanced from A to 7. If the fixed plane have not

a common intersection with those of both orbits, it is equally easy to see

that the node of the disturbed orbit may either recede on both that plane

and the disturbing orbit, or advance on the one and recede on the other,

according to the iclative situation of the planes.

(629.) This is the case with the planetary orbits. They do not all

I
;

tS|

section of the tangent 6 e with A G, which as h passes through a to d, recedes from A

Fig. 82.

to a, rests there for an instant, and then advances again.
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intersect each other in a common node. Although perfectly true, there-

fore, that the node of any one planet would recede on the orbit of any and

each other by the individual action of that other, yet, when all act to-

gether, recess on one plane may be equivalent to advance on another, so

that the motion of the node of any one orbit on a given plane, arising from

their joint action, taking into account the different situations of all the

planes, becomes a curiously complicated phaenomenon whose law cannot

be very oasily expressed in words, though reducible to strict numerical

statement, being, in fact, a mere geometrical result of what is above

shown.

(630.) The nodes of all the planetary orbits on the true ecliptic, as a

matter of fact, are retrograde, though they are not all so on ? fixed plane,

such as we may conceive to exist in the planetary system, and to be a

plane of reference unaffected by their mutual disturbances. It is, how-

ever, to the ecliptic, that we are under the necessity of referring their

movements from our station in the system j and if we would transfer our

ideas to a fixed plane, it becomes necessary to take account of the varia-

tion of the ecliptic itself, produced by the joint action of all the planets.

(631.) Owing to the smallness of the masses of the planets, and their

great distances from each other, the revolutions of their nodes are exces-

sively slow, being in every case less than a single degree per century, and

in most cases not amounting to half that quantity. It is otherwise with

the moon, and that owing to two distinct reasons. First, that the disturb-

ing force itself arising from the sun's action, (as appears from the table

given in art. 612,) bears a much larger proportion to the earth's central

attraction on the moon than in the case of any planet disturbed by any

other. And secondly, because the synodic revolution of the moon,

within wliich the average is struck (and always on the side of recess), is

only 29 J days, a period much shorter tliim that of any of the planets,

and vastly so than that of several among them. All this is agreeable to

what has already been stated (art. 407, 408,) respecting the motion of the

moon's nodes, and it is hardly necessary to mention that, when calculated,

as it has been, d. priori, from an exact estimation of all the acting forces,

the result is found to coincide with perfect precision with that immediately

derived from observation, so that not a doubt can subsist as to this being

the real process by whicli so remarkable an effect is prod'iced.

(632.) So far as the physical condition of each planet is concerned, it

is evident that the position of their nodes can bo of little importance. It

is otherwise with the mutual inclinations of tlieir orbits with respect to

each other, and to the equator of each. A variation in the position of the

ecliptic, for instance, by which its pole should shift its distance from the
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pole of the equator, would disturb our seasons. Should the plane of the

earth's orbis, for instance, ever be so changed as to bring the ecliptic to

coincide with the equator, we should have perpetual spring over all the

world ; and on the other hand, should it coincide with a meridian, the

extremes of summer and winter would become intolerable. The inquiry,

then, of the variations of inclination of the planetary orbits inter se, is

one of much higher practical interest than those of their nodes.

(633.) Keferring to the figures of art. 610, et seq., it is evident that

the plane S Pj, in which the dist 'icd body moves during an instant of

time from its quitting P, is differently inclined to the orbit of M, or to a

fixed plane, from the original or undisturbed plane P 8p. The difference

of absolute position of these two planes in space is the angle between the

planes P S R and P S r, and is therefore calculable by spherical trigono-

metry, when the angle R S »• or the momentary recess of the node is

known, and also the inclination of the planes of the orbits to each other.

We perceive, then, that between the momentary change of inclination,

and the momentary recess of the node, there exists an intimate relation,

and that the research of the one is iu fact bound up in that of the other.

This may be, perhaps, made clearer, by considering the orbit of P to be

not merely an imaginary line, but an actual circle or elliptic hoop of some

rigid material, without inertia, on which, as on a wire, the body P may

slide as a bead. It is evident that the position of this hoop will be deter-

mined at any instant, by its inclination to the ground plane to which it

is referred, and by the place of its intersection therewith, or node. It

will also be determined by the momentary direction of P's motion, which

(having no inertia) it must obey j and any change by which P should, in

the next instant, alter its orbit, would be equivalent to a shifting, bodily,

of the whole hoop, changing at once its inclination and nodes.

(634.) One immediate conclusion from what has been pointed out

above, is that where the orbits, as in the case of the planetary system and

the moon, are slightly inclined to one another, the momentary variations

of the inclination are of an order much inferior in magnitude to those in

the place of the node. This is evident on a mere inspection of our figure,

the angle E, P »• being, by reason of the small inclination of the planes

S P R and R S r, necessarily piuch smaller than the angle R S r. In pro-

portion as the planes of the orbits are brought to coincidence, a very tri-

fling angular movement of Vp about P S as an axis will make a great

variation in the situation of the point r, where its prolongation intersects

the ground plane.

(635.) Referring to the figure of art. 622, we perceive that although

the motion of the node is retrograde whenever the momentary disturbed
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arc P Q lies between the pianos C A and C G A of the two orbits, and

viee vrmd, indifferently whether P be in the aet of receding from the

plane C A, as in the quadrant C G, or of approaching to it, as in G A,

yet the same identity as to the character of the change does not subsist

in respect of the inclination. The inclination of the disturbed orbit (t. e.

of its momentary element) P^ or Pg', is measured by the spherical angle

Pr H or P / H. Now in the quadrant C G, P r H is less, and P r' H
greater than P C H; but in G A, the converse. Hence this rule :—1st,

If the disturbing force urge P towards the plane of M's orbit, and the

undisturbed motion of P carry it also towards that piano ; and 2dly, if the

disturbing force urge P from that plane, while P's undisturbed motion also

carries it from it, in either case the inclination momentarily iucre&ses; but

if, 3dly, the disturbing force act to, and P's motion carry it frc'n— or if

the force act from, and the motion carry it to, that plane, the inclinatior

momentarily diminishes. Or (including all the cases under one alternaf i v-})

if the action of the disturbing force and the undisturbed motion of P with

reference to the plane of M's orbit be of the same character, -:lio inclina-

tion increases ; if of contrary characters, it diminishes.

(G36.) To pass from the momentary changes which take place in the

relations of nature to the accumulated effects produced in considerable

lapses of time by the continued action of the same causes, under circum-

stancos varied by these very effects, is the business of the integral calculus.

Without going into any calculations, however, it will be easy for us to

demonstrate from the principles above laid down, the leading features of

this part of the planetary theory, viz. the periodic nature of the change

of the inclinations of two orbits to each other, the re-establishment of their

original values, and the consequent oscillation of each plane about a certain

mean position. As in explaining the motion ' the nodes, we will com-

mence, as the simplest case, with that of an exl::rV v planet disturbed by

an interior one at less than half its distance from the central body. Let

A C A' be the great circle of the heavens into which M's orbit seen from

S is projected, extended into a straight line, and A(/GhA' the corre-

sponding projection of the orbit of P so seen. Let M occupy some fixed

situation, suppose in the semicircle A C, and let P describe a complete

revolution from A through g C h to A'. Then while it is between A and

g or in its first quadrant, its motion is from the plane of M's orbit, and

at the same time the orthogonal force acts from that plane : the inclina-

tion, therefore, (art. 63.5) increases. In the second quadrant the motion

of P is to, but the force continues to act from, the plane, and the inclina-

A similar alternation takes place in its coursetinn viCL'rtrUbca.

(^ II
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through the quadrants Gh and JiA. Thus the plane of P's orbit osoil-
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Fig. 84.

c' 8" rf

lates to and fro about its mean position twice in each revolution of P.

During this process if M held a fixed position at G, the forces being

symmetrically alike pn either side, the extent of these oscillations would be

exactly equal, and the inclination at the end of one revolution of P would

revert precisely to its original value. But if M be elsewhere, this will

not be the case, and in a single revolution of P, only a partial compensa-

tion will be operated, and an overplus on the side, suppose of diminution,

will remain orlstanding. But when M comes to M', a point equidistant

from G on the other side, this cflFect will be precisely reversed (supposing

the orbits circular). On the average of both situations, therefore, ihe

efiFect will be the same as if M were divided into two equal portions, one

placed at M and the other at M', which will annihilate the preponderance

in question and effect a perfect restoration. And on an average of all

possible situations of M, the effect will in like manner be the same as if

its mass were distributed over the whole circumference of its orbit, forming

a ring, each portion of which will exactly destroy the effect of that simi-

larly situated on the opposite side of the line of nodes.

(673.) The reasoning is precisely similar for the more complicated

cases of arts. (625) and (6*27.) Suppose that owing either to tlio

proximity of the two orbits, (in the case of an exterior disturbed pliinet)

or to the disturbed orbit being interior to the disturbing one, there were

a larger or less portion, d c, of P's orbit in which these rolations were

reversed. Let M be the position of W corresponding to d e, then taking

G M'=G M, there will be a similar portion d' e' bearing precisely the

same reversed relation to M', and therefore, the actions of W 51, will

equally neutralize each other in this as in the former state of things.

(638.) To operate a complete and rigorous oompensation, however, it

is necessary that M should be presented to P iu every possible coufigura-

tion, not only with respect to P itself, but to the line of uodoH, to the

position of which line the whole reasoning boars reference. In the case

of the moon for example, the disturbed body (the moon) revolves in

27''-822, the disturbing (the sun) in 865*256, and the lino of notles in

0793'''891, numbers in proportion to each other about na 1 to 1'5 iind 219

respectively. Now in 13 revolutions of P, and one of M, if the node

rcmuiucd fixed, P would have been presented to M so nearly ia every
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configuration as to operate an almost exact compensation. But in 1

revolution of M, or 13 of P, the node itself has shifted j^ or about j*,

of a revolution, in a direction opposite to the revolutions of M and P, so

that although P has been brought back to the same configuration with

respect to M, both are -^ of a revolution in advance of the same configu-

ration as respects the node. The compensation, therefore, will no!, be

exact, and to make it so, this process must be gone through 19 times, at

the end of which both the bodies will be restored to the same relative

position, not only with respect to each other, but to the node. The

fractional parts of entire revolutions, which in this explanation have been

neglected, are evidently no farther influential than as rendering the com-

pensation thus operated in a revolution of the node slightly inexact, and

thus giving rise to a compound period of greater duration, at the end of

which a compensation almost mathematically rigorous, will have been

effected.

(639.) It is clear then, that if the orbits be circles, the lapse of a very

moderate number of revolutions of the bodies will very nearly, and that

of a revolution of the node almost exactly, bring about a perfect restora-

tion of the inclinations. If, however, we suppose the orbits excentric, it

is no less evident, owing to the want of symmetry in the distribution of

the forces, that a perfect compensation will not be effected either in one

or in any number of revolutions of P and M, independent of the motion

of the nodo itself, as there will always be some configuration more favour-

able to either an increase of inclination than its opposite is unfavourable.

Thus will arise a change of inclination which, were the nodes and apsides

of the orbits fixed, would be always progressive in one direction until

the planes were brought to coincidence. But, Ist, half a revolution of

the nodes would of itself reverse the direction of this progression by

making the position in question favour the opposite movenient of inclina-

tion; nud, 2dly, the planetary apsides are themselves in motion with

unequal velocities, and thus the configuration whoso influence destroys

the baliinco, is, itself, always shifting its place on the orbits. The varia-

tions of inclination dependent on the excentricities are therefore, like those

independent of them, periodical, ond being, moreover, of an order more

minute (by reason of the smollness of the excentricities) than the latter,

it is evident that the totil variation of the planetary inclinations must

fluctuate within very narrow liniitH. Geometers have accordingly demon-

strated by an accurate analysis of all the circumstancos, and an exact

estimation of the acting forces, that such is the cuso: and this Is what

is meant by asserting the stability of the planetary system as to the

mutual inclinations of its orbits. By the researches of Lagraugo (of
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whoso analytical conduct it is impossible here to give any idea,) tho

following elegant tbeorum has been demonstrated :
—

" If the, mass of every planet he multiplied by the square root of the

major axis of its orbit, and the product by the square of the tangent of

its inclination to a fixed plane, the sum of all these products will be con-

stantly the same under the influence of their mutual attraction." If tho

present situation of the plane of the ecliptic be taken for that fixed plane

(the ecliptic itself being variable like the other orbits), it is found that

this sum is actually very small : it must, therefore, always remain so.

This remarkable theorem alone, then, would guarantee the stability of the

orbits of the greater planets ; but from what has above been shown of the

tendency of each planet to work out a compensation on every other, it is

evident that the minor ones are not excluded from this beneficial arrange-

ment.

(640.) Meanwhile, there is no doubt that the plane of the ecliptic does

actually vary by the actions of the planets. The amount of this variation

is about 48" per century, and has long been recognized by astronomers,

by an increase of the latitudes of all the stars in certain situations, and

their diminution in the opposite regions. Its cfiect is to bring the ecliptic

by so much per annum nearer to coincidence with tho equator ; but from

what we have above seen, this diminution of the obliquity of the ecliptic

will not go on beyond certain very moderate limits, after which (although

in an immense period of ages, being a 'oinpound cycle resulting from the

joint action of all tho planets,) it will again increase, and thus nseillato

backward and forward about a mean position, the extent of its deviation

to one side and the other being less than 1° 21'.

(641.) One cflFect of this variation of tho plane of tho ecliptic,— that

which causes its nodes on a fixed piano to change,— is mixed up with tho

precession of the equinoxes, and undistinguishablo from it, except in

theory. This last-mentioned phoonomenon is, howover, due to another

cause, analogous, it is true, in a general point of view, to those above

cou.^idcrod, but singularly modified by tho circumstances under which it

is produced. Wo shall endeavour to render these modifications intelli-

gible, as far as they can bo made so without tho intervention of analytical

formula).

(642.) The precession of the equinoxes, as wo have shown in art. 312,

consists in a continual rctrogradation of tho node of tho earth's equator on

tho ecliptic ; and is, therefore, obviously an effoct so fur analogous to tho

general phcenomenon of tho rctrogradation of the nodes of tho or])it8 on

each other. The immense distance of tho planets, howover, compared

with tho size of tho earth, and tho smallncss of their masses compared to
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that of the sun, puts their action out of the question in the inquiry of ita

cause, and we must, therefore, look to the massive though distant sun,

and to our near though minute neighbour, the moon, for its explanation.

This will, accordingly, be found in their disturbing action on the redun-

dant matter accumulated on the equator of the earth, by which its figure

is rendered spheroidal, combined with the earth's rotation on its axis. It

is to the sagacity of Newton that we owe the discovery of this singular

mode of action.

(643.) Suppose in our figtire (art. 611,) that instead of one body, P,

revolving round S, there were a succession of particles not coherent, but

forming a kind of fluid ring, free to change its form by any force applied.

Then, while this ring revolved round S in its own plane, under the dis-

turbing influence of the distant body M, (which now represents the moon

or the sun, as P does one of the particles of the earth's equator,) two

things would happen : 1st, its figure would be bent out of a plane into an

uudulutcd form, those parts of it within the arcs D A and E C being ren-

dered more inclined to the plane of M's orbit, and those within the arcs

AE, CD, less so than they would otherwise be; 2dly, the nodes of this

ring, regarded as a whole, without respect to its change of figure, would

retreat upon thut plane.

(G44.) But suppose this ring, instead of consisting of discrete mole-

cules free to move independently, to be rigid and incapable of such flexure,

like the hoop wo have supposed in art. 633, but having inertia, then it is

evident that the cfibrt of those parts of it which tend to become more

incliued will act through the medium of the ring itself (as a mechanical

engine or lever) to counteract the effort of those which have at the same

inslant a contrary tendency. In so far onlj'^, then, as there exists an excess

on the one or the other side will the inclination change, an average being

struck at every moment of the ring's motion; just as was shown to

happen in the view we have taken of the inclinations, in every complete

revolution of a single disturbed body, under the influence of a fixed dis-

turbing one.

(04.'i.) Meanwhile, however, the nodes of the rigid ring will retrograde,

the general or average tendency of the nodes of evory molecule being to

do so. Here, as in the other case, a struggle will take place by the coun-

teracting efforts of the molecules contrarily disposed, propng!\tcd tlirough

the solid substance of the ring ; and thus at every instant of time, an

average will bo struck, which being identical in its nature with that

effected in the complete revolution of a single disturbed body, will, in

every onse, be in favour of a recess of the node, save only when the diih
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turbing body, be it sun or moon, is situated in the plane of the earth's

equator.

(646.) This reasoning is evidently independent of any consideration

of the cause which maintains the rotation of the ring ; whether the par-

ticles be small satellites retained in circular orbits under the equilibrated

action of attractire and centrifugal forces, or whether they be small masses

conceived as attached to a set of imaginary spokes, as of a wheel, center-

ing in S, and free only to shift their planes by a motion of those spokes

perpendicular to the plane of the wheel. This makes no difference in

the general effect j though the different velocities of rotation, which may

be impressed on suci a system, may and will have a very great influence

both on the absolute and relative magnitudes of the two effects in ques-

tion— the motion of the nodes and change of inclination. This will be

easily understood, if we suppose the ring without a rotatory motion, •.n which

extreme case it is obvious that so long as M remained fixed there would

take place no recess of nodes at all, but only a tendency of the ring to tilt

its plane round a diameter perpendicular to the position of M, bringing it

towards the line S M.

(647.) The motion of such a ring, then, as we have been considering,

would imitate, so far as the recess of the nodes goes, the precession of the

equinoxes, only that its nodes would retrograde far more rapidly than tie

observed precession, which is excessively slow. But now conceive this

ring to be loaded with a spherical mass enormously heavier than itself,

placed concentrically within it, and cohering firmly to it, but indifferent,

or very nearly so, to any such cause of motion ; and suppose, moreover,

that, instead of one such ring there are a vast multitude heaped together

around the equator of such a globe, so as to form an elliptical protube-

rance, enveloping it like a shell on all sides, but whose mass, taken toge-

ther, should form but a very minute fniotion of the whole spheroid. We
have now before us a tolerable representation of the case of nature j' and

it is e> Ident that the rings, having to drag round with them in their nodal

' That a perfect sphere would be so inert and indifferent as to a revolution of the

nodes of its eqiintor under the influence cf n distant attracting body appears from tliig,

— that the direction of the resultn..t attraction of such a body, or of that single force

which, opposed, would neutralize and destroy its whole action, is necessarily in n line

pasbing through the centre of the sphere, and, therefore, can have no tendency to turn

the sphere one way or other. It may bo oUjccicd by the reader, lliut the whole sphere

may be conceived as consisting of rings pnrnlk'l to its equator, of every possible dia-

meter, and that, therefore, its nodes shotild retrograde even wiiliou' i protuberant

equator. The inference is incorrect, but our limits will not allow us to go into an ex-

position of the fallacy. V(s should, however, couiion him, generniiy, that no dyna-

mical subject is open to more mistakes of this kind, which nothing but the closest

nttention, in every varied point of view, will detect.
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revolution this great inert mass, will have their velocity of retrogradati m
proportionally diminished. Thus, then, it is easy to conceive how a luo-

tion similar to the precession of the equinoxes, and, like it, characterized

by extreme slowness, will arise from the causes in action. ;

(t48.) Now a recess of the node of the earth's equator, upon a given

plane, corresponds to a conical motion of its axis round a perpendicular to

that plane. But in the case before us, that plane is not the ecliptic, but

the moon's orbit for the time being ; and it may be asked how we are to

reconcilo this with what is stated in art. 317 respecting the nature of the

motion in question. To this we reply, that the nodes of the lunar orbit,

being in a state of continual and rapid retrogradation, while its inclination

is preserved nearly invariable, the point in the sphere of the heavens round

which the pole of the earth's equator revolves (with that extreme slow-

ness characteristic uf the precession) is itself in a state of continual circu-

lation round the pole of the ecliptic, with that much more rapid motion

which belongs to the lunar node. A glance at the annexed figure will

.11
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explain this better than words. P is tho pole of the ecliptic, A the pole

of the moon's orbit, moving round the small circle A B D in 19 yenrs

;

a the polo of tho earth's equn^"-. which at each moment of its progress

has a direction perpendicular to tho varying posi^'on of tho line A a, and

a rrlocifi/ depending on the varying intensity of - acting causes diir '/,:

tho period of tho nodes. This velocity however being extremely smr. :,

""'ion A comes to B, C, D, E, the lino A a will have taken up tho posi-

tions Bb, G (', D d, E c, and the earth's pile a will thus, in one tropical

revolution of tho node, have arrived at ?, having described not an exactly

circular arc a e, but a single undulation of a wave-shape or cpicycldidal

curve, ah cdc, with a velocity ultcrnatcly greater and less than its mean

;t'
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motion, and this ^ill be repeated in every sacrecrlitig revolution of the

node.

(649.) Wow this is precisely the kind of rcor.on which, ,',s wo have

seen in art. ."25, the pole of the earth's equator re' Uy hi'H rooad iho pole

of tli'^ eclipti',;, in consequence of t'^e joint cSFects ci" ^)r.c sior i /. nuta-

tion, which an thus ure-iogrcphica; ly repreaented. If "s/e supoiSvlit to the

elfect of luna) precession tL.it of the ^.olar, Mttleh alono would cause the

pole to describo a inrcle unii*>' mly about i', this will only affent the undu-

lations of our Tvavcd curve, b}' extending them in length, but will [ oduce

no cffeut on the depth of the wiiVCi- or the dxoursions oi tiio earth's axis

to and from the pol'^ of the eciiptio. lliuy we see that •ihe two phonomena

of nuti tion and precession are intvnatily oonuooted, ov rather both of

fhem e^iiontial coustituent parts of oue and the s.jue phenomenon. It is

hjsixH.^" nccessa -y to state that a rigorous analysis of this great problem, by

au ijAi'ct ostiuiation of all the acting forces and summation of their dy-

ni. ;jical efll'cts, leads to the precise value of the co-efficients of precession

r.ufi nutation, which observation assigns to them. The solar and lunar

portions of the precession of the equinoii}?, that is to say, those portions

%vhich are uniform, are to each other in tLe proportion of about 2 to 5.

(650.) In the nutation of the earth's axis we have an example (the

first of its kind which has occurred to us), of a periodical movement in

one part of the sj'stcra, giving rise to a motion having the same precise

period in another. The motion of the moon's nodes is here, we see,

represented, *hough under a very different form, yet in the same exact

periodic time, by a movement of a peculiar oscillatory kind impressed on

the solid mass of the earth. We must not let the opportunity pass of

generalizing the principle involved in this result, as it is one which we

shall find again and again exemplified in every part of physical astronomy,

nay, in every department of natural science. T' \ be stated as "the

principle of forced oscillations, or of forced vibratioLs," and thus gene-

rally announced :

—

If one part of any system connected cither hy material ties, or by the

mutual attractions of its members, he continually maintained by any

cause, whether inherent in th", constitution of the system or external to it,

in a btatc of regular periodic motion, that motion will he propagated

throughout the whole systems, and will giro .n«'C, in every member of it

and in every part of each member, to jr :Iio movements executed in

equal period, with that to which thry OW' .'
" origin, though not nec^Hr

jaril f nchronous with them in the • ' na and minima,^

' ibv.'; u uemonstraiion of this theorem f<.
' '<irced vibrations of systems connv.;.cd

by material tics of imperfect elasticity, in .'n t'se on Sound, Encyc. Metrop. art.

323. The demonstration 's easily extended uiiJ (< .>Uzed to take in other Eystcmi.
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The system may be favjurably or unfavourably constituted for such a

transfer of periodic movements, or favourably in some of its parts and

unfavourably in others ; and accordingly as it is the one or the other, the

derivative oscillation (as it may be termed) will be imperceptible in one

case, of appreciable magnitude in another, and even more perceptible in

its visible effects than the original cause in a third j of this last kind we have

aa instance in the moon's acceleration, to be hereafter noticed.

(651.) It so happens that our situation on the earth, and the delicacy

which our observations have attained, enable us to make it as it were an

instrument to feel these forced vibrations,— these derivative motions,

communicated from various quarters, especially from our near neighbour,

the moon, much in the same way as we detect, by the trembling of a

board beneath us, the secret transfer of motion by which the sound of an

organ-pipe is dispersed through the air, and carried down into the earth.

Accordingly, the monthly revolution of the moon, and the annual motion

of the sun, produce, each of them, small nutations in the earth's axis,

whose periods are respectively half a month and half a year, each of

which, in this view of the subject, is to be regarded as one portion of a

period consisting of two equal and similar parts. But the most remark-

able instance, by far, of this propagation of periods, and one of high

importance to mankind, is that of the tides, which are forced oscillations,

excited by the rotation of the earth in an ocean disturbed from its figure

by the varying attractions of the sun and moon, each revolving in its own

orbit, and propagating its own period into the joint phenomenon. The

explanation of the tides, however, belongs more properly to that part of

the goucral subject of perturbations which treats of the action of the

radial component of the disturbing force, and is therefore postponed to a

subsequent cl?opter.
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CHAPTER XIII.

THEORY OF THE AXES, PERIHELIA, AND EXCENTRICITIES.

VARIATION OP ELEMENTS IN GENERAL.— DISTINCTION BETWEEN PE-

RIODIC AND SECULAR VARIATIONS.— GEOMETRICAL EXPRESSION OF

TANGENTIAL AND NORMAL EOF .:ES. — VARIATION OF THE iMAJOU

AXIS PRODUCED ONLY BY THE TANGENTIAL FORCE.— LAGRANGES

THEOREM OP THE CONSERVATION OP THE MEAN DISTANCES AND

PERIODS.— THEORY OF THE PERIHELIA AND EXCENTRICITIES.—

GEOMETRICAL REPRESENTATION OF THEIR MOMENTARY VARIA-

TIONS.— ESTIMATION OF THE DISTURBING FORCES IN NEARLY

CIRCULAR ORBITS.— APPLICATION TO THE CASE OP THE MOON.

—

THEORY OF THE LUNAR APSIDES AND EXCENTRICITY.— EXPERI-

MENTAL ILLUSTRATION.— APPLICATION OF THE FOREGOING PRIN-

CIPLES TO THE PLANETARY THEORY.— COMPENSATION IN ORBITS

VERY NEARLY CIRCULAR.— EFFECTS OP ELLIPTICITY.— GENERAL

RESULTS.— Lagrange's theorem op the stability of the

EXCENTRICITIES.

(G52.) In the foregoing chapter we have suEBciontly explained the action

of the orthogonal component of the disturbing force, and traced it to its

results in a continual displacement of the plane of the disturbed orbit, in

virtue of which the nodes of that plane alternately ad /ance and recede

upon the plane of the disturbing body's orbit, with a general preponde-

rance on the side of advance, so as after the lapse of a long period to

cause the nodes to make a complete revolution and come round to their

former situation. At the same time the inclination of tho plane of the

disturbed motion continually changes, alternately increasing and diiuinisli-

ing; tho increase and diminution, however, compensating each other,

nearly in single revolutions of the disturbed and disturbing bodies, more

exactly in many, and with perfect accuracy in long periods, such as those

of a complete revolution of the nodes and apsidos. In the present and

following chapters we shall endeavour to trace tho effects of tb". r cr

components of tho disturbing force,— those wh-h act in the plar.o (for
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the time being) of the disturbed orbit, and which tend to derange the

elliptic form of the orbit, and the laws of elliptic motion in that plane.

The small inclination, generally speaking, of the orbits of the planets and

satellites to each other, permits us to separate these eflFects in theory one

from the other, and thereby greatly to simplify their consideration. Ac-

cordingly, in what follows, we shall throughout neglect the mutual incli-

nation of the orbits of the disturbed and disturbing bodies, and regard all

the forces as acting and all the motions as performed in one plane.

(653.) In considering the changes induced by the mutual action of two

bodies, in different aspects with rtspect to each other, on the magnitudes

and forms of their orbits, and in their positions therein, it will be proper

in the first instance to explain the conventions under which geometers

and astronomers have alike agreed to use the language and laws of the

elliptic system, and to continue to apply them to disturbed orbits, although

those orbits so disturbed are no longer, in mathematical strictness, ellipses,

or any known curves. This they do, partly on account of the convenience

of conception and calculation which attaches to this system, but much

more for this reason,— that it is found, and may be demonstrated from

the dynamical relations of the case, that the departure of each planet from

its ellipse, as determined at any epoch, is capable of being truh repre-

sented, by supposing the ellipse itself to be slowly variable, to change its

magnitude and excentricity, and to shift its position and the plane '.>

which it lies according to certain laws, while the planet all the time co.i

tinues to move in this ellipse, just as it would do if the ellipse remained

invariable and the disturbing forces had no existence. By this way of

considering the subject, the whole effect of the disturbing forces is regarded

as thrown upon the orbit, while the relations of the planet to that orbit

remain unchanged. This course of procedure, indeed, is the most natural,

and ia in some sort forced upon us by the extreme slowness with which

the variation of the elements, at least where the planets only are con-

cerned, develop themselves. For instance, the fraction exprc-'"" the

excentricity of the earth's orbit changes no more than O.OOOl i ts

amount in a century ; and the place of its perihelion, as referred to the

sphere of the heavens, by only 19' 39" in the same time. For several

years, therefore, it would be next to impossible to distinguish between au

ellipse so varied and one that had not varied at all : and in a single revo-

lution, the difference between the original ellipse and the curve really

rep?"- n
{ )3y tiiQ varying one, is so excessively minute, that, if accu-

ratc'.j i.cvwn on a tabic, six feet in diameter, the nicest examination with

ii;icrnscopes, continued along the whole outlines of the two curves, would

hardly detect any perceptible interval between them. Not to call a mo-

' I'
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tion so minutely conforming itself to ani elliptic curve, elliptic^ would be

affeclati-r. tv<i grunting the existence qf trivial departures alternately on

one hiuc '..' yi. iiio other; though on the other hand, to neglect a varia-

tion, V? " 'i ccntinues to accumulate from age to age, till it forces itself on

GUI' notice, would be wilful blindness.

(654.) Geometers, then, have agreed, in each single revolution, or for

any moderate interval of time, to regard the motion of each planet as

elliptic, and performed ncco'-^Jng to Kepler's laws, with a reserve in

favour of those \o.j smaii .«n<I trj^a.-iont fluctuations which take place

within that time, but at the saaie time to regard all the elements of each

ellipse as in a continual, tLough extremely slow, state of change; a;.d, in

tracing the eflFects of perturbation on the system, they take account prin-

cipally, or entirely, of this change of the elements, as that upon whicb any

material change iu the great features of the system will ultimately depend,

(655.) And here we encounter the distinction between what are tcmKfl

secular variations, and Ruch as are rapidly periodic, and are compensatod

in short interval i. In our exposition of the variation of the ineliuation

of a disturbed orbit (art. 636,) for instanco, we showed that, in each

single revolution of th j disturbed body, the plane of its motion underwent

fluctuations to and fro in its inclination to th? ;. -r the disturbing L.
'

:,

which nearly compensated each other; leaving, however, a portion ( ,

standing, which again is nearly compensated by the revolution of the dii

turbing body, yet still leaving outstanding and uncompensated a minute

portion of the change which requires a whole revolution of the node to

compensate and bring it back to an average or meaa value. Now, the

two first cotti-onsations which are operated by the planets going through

the succession of configurations with each other, and therefore in compara-

tiv'iv short 'eriods, ar called periodic variations ; and the deviations thus

compensated are calleu inequalities depending on configurations; while

the last, which is operated by a period of the node (one of the elements,)

has n' iiirg to do with t'a? configurations of the individual planets, requires

a very j.ng period of ti.no for its consummation, ard is, therefore, distin-

guished from the former b'' vlie term secular varinfion.

(656.) It is tru thaL, lo afibrd an exact representation of the motions

of a disturbed I
,
whether planet or satellite, both periodical and

secular variationt^ rt'ith heir corresponding inequalities, require to be

expressed ; and, indeed, the former even more than the latter ; seeing that

the secular inequalities are, in fact, nothing but what remains after the

mutual destruction of a much larger amount (as it very often is) of peri-

odical. Bnt these are in their nature transient and temporary: they

disappear in short periods, and leave no trace. The planet is temporarily
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drawn from its orbit (its slowly varying orbit,) but forthwitb returns to

it, to deviate presently as much the other way, while the varied orbit

accommodates and adjusts itself to the average of these excursions on

either side of it j and thus continues to present, for a succession of indefi-

nite ages, a kind of medium picture of all that the planet has been doing

in their lapse, in which the expression and the character is preserved ; but

the individual features arc merged and lost. These periodic inequalities,

however, are, as we have observed, by no means neglected, but it is more

convenient to take account of them by a separate process, independent

of the secular variations of the elements.

(G57.) In order to avoid complication, while endeavouring to give the

reader an insight into both kinds of variations, we shall henceforward

conceive all the orbits to ^ in one plane, and confine our attention to the

case of two only, that of ti.c disturbed and disturbing body, a view of the

subject whi(!h (as we have seen) comprehends the case of the moon dis-

turbed by the sun, since any one of the bodies may be regarded as fixed

at pleasure, provided we conceive all its motions transferred in a contrary

Fig. 86.

direction to each of the others. Let therefore A P B be the undisturbed

elliptic orbit of a planet Pj M a disturbing body, join M P, and supposing

M K=M S take J' Y : M K : : M K^ : M PI Then if S N be joined,

^^'S will represent the disturbing force of M or P, on the same scale that

SM represents M's attraction on S. Suppose Z P Y a tangent at P, SY
perpendicular to it, and N T, N L perpendicular respectively to S Y and

P S produced. Then will N T represent the tangential, T S the normal,

ML the transver,- 1, and LS the radial components of the disturbing

force. In circular orbits or orbits only slightly elliptic, the directiona

t If*
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PS L and SY are nearly coincident, and the former pair of forces will

differ but slightly from the latter. We shall here, however, take the

general case, and proceed to investigate in an elliptic orbit of any degree

of excentricity the momentary changes produced by the action of the dis.

turbing force in those elements on which the magnitude, situation, and

form of the orbit depend (t. e. the length and position of the major axis

and the excentricity,) in the same way as in the last chapter wc deter-

mined the momentary changes of the inclination and node similarly pro-

duced by the orthogonal force.

(658.) We shall begin with the momentary variation in the lenrfth of

the axis, an element of the first importance, as on it depends (art. 487)

the periodic time and mean angular motion of the planet, as well as the

average supply of light and heat it receives in a given time from the sun,

any permanent or constantly progressive change in which would alter

most materially the conditions of existence of living beings on its surface,

Now it is a property of elliptic motion performed under the influence of

gravity, and in conformity with Kepler's laws, that if the velocity with

which a planet moves at any point of its orbit be given, and also the

distance of that point from the sun, the major axis of the orbit is thereby

also given. It is no matter in what direction the planet may be moving

at that moment. This will influence the excentricity and the position of

its ellipse, but not its length. This property of elliptic motion has been

demonstrated by Newton, and is one of the most obvious and elementary

conclusions from his theory. Let us now consider a planet describing an

indefinitely small arc of its orbit about the sun, under the joint influence

of its attraction, and the disturbing power of another planet. This arc

will have some certain curvature and direction, and, therefore, may be

considered as an arc of a certain ellipse described about the sun as a

focus, for this plain reason,—that whatever be the curvature and direction

of the arc in question, an ellipse may always be assigned, whose focus

shall be in the sun, and which shall coincide with it throughout the whole

interval (supposed indefinitely small) between its extreme points. This

is a matter of pure geometry. It does not follow, however, that the

ellipse thus instantaneously determined will have the same elements as

that similarly determined from the arc described in either the previous or

the subsequent instant. If the disturbing force did not exist, this would

be the case : but, by its action, a variation of the element from instant to

instant is produced, and the ellipse so determined is in a continual state

of change. Now when the planet has reached the end of the small arc

under consideration, the question v'lether it will in the next instant

describe an arc of an ellipse having the same or a varied axis will depend,
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sun as a

not on the new direction impressed upon it by the acting forces,—for the

axis, as we have seen, is independent of that direction,—not on its change

of distance from the sun, while describing the former arc,— for the ele-

ments of that arc are accommodated to it, so that one and the same axis

must belong to its beginning and its end. The question, in short, whether

in the next arc it shall take up a new major axis or go on with the old

ODe will depend solely on this—whether its velocity has or has not under-

gone a change by the action of the disturbing force. For the central

force residing in the focus can impress on it no such change of velocity

as to be incompatible with the permanence of its ellipse, seeing that it is

by the action of that force that the velocity is maintained in that due

proportion to the distance which elliptic motion, as such, requires.

(659.) Thus we see that the momentary variation of the major axis

depends on nothing but the momentary deviation from the law of elliptic

velocity produced by the disturbing force, without the least regard t ) the

direction in which that extraneous velocity is impressed, or the distance

from the sun at which the planet may be situated, at the moment of its

impression. Nay, we may even go farther, for, as this holds good at every

instant of its motion, it will Follow that after the lapse of any time, how-

ever great, the total amount of change which the axis may have under-

gone will be determined only by the total deviation produced by the action

of the disturbing force in the velocity of the disturbed body from that

which it would have had in its undisturbed ellipse, at the same distance

from the centre, and that therefore the total amount of change produced

in the axis in any lapse of time may be estimated, if we know at every

instant the efficacy of the disturbing force to alter the velocity of the

body's motion, and that without any regard to the alterations which the

action of that force may have produced in the other elements of the

motion in the same time.

(660.) Now it is not the whole disturbing force which is effective in

changing P's velocity, but only its tangential component. The normal

component tends merely to alter the curvature of the orbit or to deflect it

into conformity with a circle of curvature of greater or lesser radius, as

the case may be, and in no way to alter the velocity. Hence it appears

that the variation of the length of the axis is due entirely to the tangen-

tialforce, and is quite independent on the normal. Now it is easily shown

that as the velocity increases, the axis increases (the distance remaining

unaltered') though not in the same exact proportion. Hence it follows

' If a be the semiaxis, r the radius vector, and v the velocity of P in any point of an

2 1 ...
ellipse, a is given by the relation «'= , the units of velocity and torce being pro-

perly assumed.
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that if the tangential disturbing force conspires with the motion of P, Its

momentary action increases the axis of the disturbed orbit, vrhatcvcr bo

the situation of P in its orbit, and vice versd.

(GGl.) Let A S B (fig. art. 657) be the major axis of the ellipse A P

B, and on the opposite side of A B take two points P' and M', similarly

situated with respect to the axis with P and M on their side. Then if at

P' and W bodies equal to P and M be placed, the forces exerted by W
on P' and S will be equal to those exerted by M on P and S, and there-

fore the tangential disturbing force of M' on P' exerted iu the direction

I" Z' (suppose) will equal that exerted by M on P in the direction P Z.

P' therefore (supposing it to revolve in the same direction round S as P)

will be retarded (or accelerated, as the case may be) hy predscJjj the same

force by which P is accelerated (or retarded), so that the variatiuu iu the

axis of the respective orbits of P and P' will be equal in amount, but con-

trary in character. Suppose now ^Ps orbit to bo circular. Tliou (^if the

periodic timcs:o/ M and P he not commensurate, so that a niodcralc

numher of revolutions may hrituj them back to the same precise rdutice

positions') it will necessarily happen, that in the course of a very great

number of revolutions of both bodies, P will have been i)rescntuJ to 31

on one side of the axis, at some one moment, in the same manner as at

some other moment on the other. Whatever variation may have been

effected in its axis in the one situation will have been reversed in that

symmetrically opposite, and the ultimate result, on a general avcivigc of

an infinite number of revolutions, will be a complete and exact compen-

sation of the variations iu one direction by those iu the direct iuu ()|ipusite.

(602.) Suppose, next, P's orbit to be circular. If now M's orbit were

so also, it is evident that in one complete synodic revolution, an exact

restoration of tlie axis to its original length would take place, bocaut-c the

tangential forces would be syminetrically equal and opposite during each

alternate quarter revolution. But let "M, during a synodic revulutinn,

have receded somewhat from S, then will its disturhing power hsive become

gradually weaker, so that, in a .synodic revolution, the tangential force in

eueh (juuilrant, though reversed in direction being inferior in power, an

exact conipensutiou will not have been ell'ected, but there will be kl't an

outstanding uncompensated portion, the excess of the stronger over tlio

feebler effects. But now suppose M to approjich by the same gradations

as it before receded. It is clear that this result will bo reversed; since

the uneonipensated stronger actions will all lie in the opposite direction.

Now sujqjoHo M's orbit to be elliptic. Then during its recess from S, or

in the half revolution from its perihelion to its apheliim, a continuid un-

t'ompcnsatcd varia*ion will go on nccumn) ig in one direction. IJut,
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from what has been said, it is clear that this will be destroyed, during M's

approach to S in the other half of its orbit, so that here again, ou the

average of a multitude of revolutions during which P has hcen prosented

to M in ever?/ situation for every distance of M from S, the restoration

will be effected.

(6G8.) If neither P's nor M's orbit be circular, and if moreover the

directions of their axes be different, this reasoning, drawn from the sym-

metry of their relations to each other, does not apply, and it becomes

necessary to take a more general view of the matter. Among the funda-

mental relations of dynamics, relations which presuppose no particular

law of force like that of gravitation, but which express in general terms

the results of the action of force on matter during time, to produce or

change velocity, is one usually cited as the " Principle of the conserva-

tion of the vis viva," which r>pplies directly to the case before us. This

principle (or rather this theorem) declares that if a body subjected at

every instant of its motion to the action of forces directed to fixed centres

(no matter how numerous), and having their intensity dependent only on

the distances from their respective centres of action, travel from one point

of space to another, the velocity which it has on its arrival at the latter

point will differ from that which it had on setting out from the former, by

a quiintity depending only on the different relative situations of these two

points in space, without the least reference to the form of tlio curve in

which it may have moved in passing from one point to the other, whether

that curve have been described freely under the simple influence of tho

central forces, or the body have been compelled to glide upon it, as a bead

upon a .smooth wire. Among the forces thus acting may be included any

constant forces, acting in parallel directions, which may be regarded as

directed to fixed centres infinitely distant. It follows from this theorem,

that, if the body return to the point P, from which it set out, its velocity

of arrival will bo the same with that of its departure ; a conclusion which

(for the purpose we have in view) sets us free from the necessity of enter-

ing into any consideration of the laws of the disturbing force, the change

which its action may have induced in the form of the orbit of I', or the

Huccossive steps by which velocity generated at one point of its interme-

diate jtiith is destroyed at anotlior, by tlie reversed action (if tlie tangen-

tial force. Now to apply this theorem to the case in question, let M bo

supposed to retain a fixed position during one whole revolution of P.

1' then is acted on, during that revolution, by three forces: 1st. l»y the

cciitral attraction of !^ directed always to S; 2nd. by that to 1\I, always

directed to .>! ; Ilrd. by u force efjual to ^I'.s attraction on S; Imt in the

direction M S, which therefore is a constant force, acting always in parallel
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directions. On completing its revolution, then, P's velocity, and therefore

the major axis of its orbit, will be found unaltered, at least neglecting

that excessively minute difference which will result from the non-arrival

after a revolution at the exact point of its departure by reason of the per-

turbations in the orbit produced in the interim by the disturbing force,

which for the present we may neglect.

(664.) Now suppose M to revolve, and it will appear, by a reasoning

precisely similar to that of art. 602, that whatever uncompensated varia-

tion of the velocity arises in successive revolutions of P during M's recess

from S will bo destroyed by contrary uncompensated variatii ns aii^'ing

during its approach. Or, more simply and generally thus : whatever M's

^*ituation may be, for every place which P can have, there must exist some

other place of P (as P'), in which the action of M shall be precisely

reversed. Now //' the j^riods he uicommatsunthle, in an iiulifinitc

number of revolutions of both bodies, for ever\- possible combinntidu of

si I nations (M, P) there will occur, at some time or other, the combination

(M, P) which neutralizes the effect of the other, when carried to the

general account; so that ultimately, and when very long periods of time

arc embraced, a complete compensation will be found to be worKed out.

(005.) This supposes, however, that in such long periods the orLit of

M is not so altered as to render the occurrence of the comp(fii-.i<ing situ-

ation (M, P') impossible. This would be tlio case if M's orl'it were to

dilate or contract indefinitely by a variation in its axis. Put the same

reasoning which applies to P, applies nl-n to ]M. P retaining a Jlml

situation, .AI's velocity, and therefore the axis of its orbit, would be ex-

actly restored at the end of a revolution of M ; so that for every position

P M there exists a compensating position P M'. Thus M's orbit is main-

tained of the same magnitude, and the possibility of the occurrence of

the compensating situation (M, P') is secured.

(600.) To demonstrate as a rigorous mathematical truth the complete

and absolute ultimate compensation of the variations in question, it would

be requisite >.> show that the minute outstanding changes duo to the non-

arrivals (if P and M at the same t.ntrt points at the end of eaeli revolu-

tion, cannot accumulate in the course of infinite ages in one direetion.

Now it will appear in the Bub.sequent part of this chapter, that the effect

of perturbation on the exocntricities and apsides of the orbits is to cause

the former to undergo only periodical variations, and the latter t" revolve

and take up in succession every possible situation. Ilcnep in the i-ow^c

of infinite ages, the points of arrival of P and M at fixid lines of diree-

tion, S P, 8 M, in sticcessive revolution,"*, though at one tinier they will

approach S, at another will recede from it, fluctuating to and fro about



VARIATION OF THE MAJOR AXIS. 3t)3

mean points from which they never greatly depart. And if the arrival

of cither of them at P, at a point nearer S, at the end of a complete

revolution, cause an excess of velocity, its arrival at a more distant point

will cause a deficiency, and thus, as the fluctuations of distance to and fro

ultimately balance each other, so will also the excesses and defects of

velocity, though in periods of enormous length, being no less than that

of a complete revolution of P's apsides for the one cause of inequality,

and of a complete restoration of its excentricity for the other.

(6G7.) The dynamical proposition on which this reasoning is based is

general, and applies equdly well to cases wherein the forces act in one

plane, or are directed to centres anywhere situated in space. Hence, if

we take into consideration the inclination of P's orbit to that of IM, the

same reasoning will apply. Only that in this case, upon a complete revo-

lution of P, the variation of inclination and the motion of the nodes of

P's orbit will prevent its returning to a point in the exact plane of its

original orbit, as that of the excentricity and perihelion prevent its arrival

at the same exact distance from S. But since it has been shown thiit the

inclination fluctuates round a mean state from which it never departs

much, and since the node revolves and makes a complete circuit, it is

obvious that in a complete period of the latter the points of arrival of P
at the same longitude will deviate as often and by the same quantities

above as below its original point of departure from exact coincidence;

and, therefore, that on the average of an infinite number of revolutions,

the effect of this cause of non-coinpensatirn will also bo destroyed.

(GGS.) It is evident, also, hat the dynamical proposition in question

being general, and applying equally t- any niriiljcr of fixed centres, as

well as to -.'.ny distribution of them in space, thr- conclusion would be pre-

cisely the snmo whatever bo the number of di>iturbin^ bodies, only that

the periods of compcnsacicn would booome more intricately involved.

We are, therefore, conducted to this mcst remarkable and important con-

clusion, viz. that the major axes of the planetary (and lunar) orbit.s, and,

conse(|uently, also their mean motions and periodic times, are subjt'ct to

none but periodical changes ; that the length of the year, for example, in

the lapse of infinite ages, has no prepondtTating tendency either to increase

or diuiiimtion,—that the planets will ui'ithcr recede idellnitely from the

sun, uiir full into it, but continue, so far as their mutual perturbations at

least arc concerned, to revolve for ever in orbits of very nearly the same

ilitneiisions as at present.

((»()•).) Tliis theorem (the Miujna CJiaria of our system), the discovery

of which is duo to Lagrange, is justly vegarded as tlie most important, as

a isiugle result, of any which have hitherto rewarded the researches of

' e
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mathematicians in this application of their science j and it is especially

worthy of remark, and follows evidently from the view here taken of it,

that it would not be true but for the influence of the perturbing forces on

other elements of the orbit, viz. the perihelion and exceutricity, and the

inclination and nodes ; since we have seen that the revolution of the ap-

sides and nodes, and the periodical increase and diminution of the cx-

contricities and inclinations, are both essential towards operating that final

and complete compensation which gives it a character of mathematical

exactness. "NVe have here an instance of a perturbation of one kind

operating on a perturbation of another to annihilate an effect which would

otherwise accumulate to the destruction of the system. It must, however,

bo boriic in mind, that it is the smallncss of the excentricitics of the more

influential planets, which gives this theorem its 2)ractical importance, and

distinguishes it from a mere barren speculative result. Within the limits

of ultimate restoration, it is this alone which keeps the periodical fluctua-

tions of the axis to and fro about a mean value within moderate and

reasonable limits. Although the earth might not fall into the sun, or re-

cede from it bej ond the present limits of our system, any considerable

increase or diminution of its mean distance, to the extent, for instance, of

a tenth of its actual amount, would not fail to subvert the conditions on

which the existence of the present race of animated beings depend.s.

Constituted as our system is, however, changes to anything like this ex-

tent are utterly precluded. The greatest departure from the moan value

of t]\2 axis of any planetary orbit yet rccogtii/ed by theory or oliservatinn

(that of the orbit of Saturn disturbed by Jupiter), does not amount to a

thousandth part of its length.' The effects of these fluctuations, how-

ever, arc very sensible, and manifest themselves in alternate accelerations

and retardations in the angular motions of the disturbed about the central

body, which cause it alternately to outrun and to lag behind its tlUptk

place in its orbit, giving rise to what are called equations in its motion,

some of the chief instances of which will be hereafter specified when wo

come to trace more particularly in detail the effects of the tangential force

in various configurations of the disturbed and disturbing bodies, and to

explain the con.se(juences of a near ajiproach to commensurability in tlicir

periodic times. An exact commensurability in this respect, such, for in-

ptance, as would bring both planets round to tho same configuration in two

or three revolutions of one of them, would tippear at first sight to destroy

one of the essential elements of our demonstration. IJut even sujiposing

' Greater deviations will probiilily be found to exist in \\w orliiis of tho sin;iil cMrn-

tropirul plunuis. Uut ilii^^e mo loo insigiiiliciinl uioinburs ot our sysium to neid special

iiotiCL" iu u work of this ii;iluro.
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such an exact adjustment to subsist at any epoch, it could not remain per-

manent, since by a remarkable property of perturbations of this class,

which geometers have demonstrated, but the reasons of which we cannot

stop to explain, any change produced on the axis of the disturbed planet's

orbit is necessarily accompanied by a change in the conlrary direction iu

that of the disturbing, so thct the periods would recede from commensu-

rability by the mere effect of their mutual action. Cases are not wanting

in the planetary system of a certain approach to commensurability, and in

one very remarkable case (that of Uranus and Neptune) of a considerably

near one, not near enough, however, in the smallest degree to affect the

valii'ity of the argument, but only to give rise to inequalities of very long

perioils, of which more presently.'

(G70.) The variation of the length of the axis of the disturbed orbit

is due solely to the action of the tangential disturbing force. It is other-

wise with that of its cxcentricity and of the position of its axis, or, which

is the same thing, the longitude of its perihelion. Both the normal and

tangential components of the disturbing force affect these elements. Wo
sliall, however, consider separately the influence of each, and, commencing,

i;fi

Fig. 87.

r'B

as the simplest case, with that of the tangential force;— let P be the

place of tlic disturbed planet in its elliptic orbit A P 15, whose axis at the

moment is A S B and focus S. Suppose Y P Z to be a tangent to this

orlat at P. Then, if wo suppose A B = *2 ", the other focus of tho

ellipse, ir, will bo found by making the angle Z P H = Y P S or Y P H
= 180°— Y P Z, or S P II = 180° — 2 Y P S, and taking P H -^ 2 a
~ S P. This is evident from tho nature of tho ellipse, in which lines

drawn from any point to the two foci make equal angles with the tangent,

'41 rrviilmions of Ncplnno nro nearly equal to 81 of Uranus, giving rise to on ine^

niialiiy, having 6805 years for itt* period.
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and have their sum equal to the major axis. Suppose, now, the tangen-

tial force to act on P and to increase its velocity. It will therefore increase

the axis, so that the new value assumed by a (viz. a') will be greater than

a. Cut the tangential force does not alter the angle of tangency, so that

to find the new position (H') of the upper focus, we must measure off

along the same line PH, a distance PH' (= 2 a, — S P) greater than

P H. Do this then, and join S H' and produce it. Then will A' B' be

the new position of the axis, and ^ S H' the now excentricity. Hence we

conclude, 1st, that the new position of the perihelion A' will deviate from

the old one A towards the same side of the axis A B on which P is when

the tangential force acts to increase the velocity, whether P be moving

from perihelion to aphelion, or the contrary. 2dly, That on the same sup-

position as to the action of the tangential force, the excentricity increases

when P is between the perihelion and the pc; !' -ndicular to the axis FHG
drawn through the upper focus, and diraini-hcs when between the aphelion

and the same perpendicular. 3dly, That for a given change of velocity,

i. e. for a given value of the tangential force, the momentary variation in

the place of the perihelion is a maximum when P is at F or G, from

which situation of P to the perihelion or aphelion, it decreases to nothing,

the perihelion being stationary when P is at A or B. 4thly, That the

variation of the excentricity due to this cause is complementary in its law

of increase and decrease to that of the perihelion, being a maximum for a

given tangential force when P is at A or B, and vanishing when at G or

F. And lastly, that where the tangential force acts to diminish the velo-

city, all these results are reversed. If the orbit be very nearly circular'

the points F, Cr, will be, so situated that, although not at opposite cxtrcmi

ties of a Jimnctcr, the times of describing A F, F B, B G, and G A will

be all equal, and each of course one quarter of the whole periodic tinio

of P.

(071.) Let us now consider the effects of the normal component of tho

disturbing force upon the same elements. The direct effect of this force

is to increase or diminish the curvature of the orbit at the point P of its

action, without pro-^ 'cing any change on tho velocity, so that the length

of the axis remains unaltered by its action. Now, an increase of curva-

ture at P is synonymous with a decrease in tue angle of tangency S P i'

when P is apm'oaehing towards S, and with an increase in that angle

when rc'.eding from S. Suppose the former case, and while P approaches

S (or is moving from aphelion to perihelion), let tho normal force act

inivards or towards the concavity of the ellipse. Then will the tangent

P Y by tho action of that force have taken up iho position P Y'. To find

' So nearly that tho cube of the excentricity inny be ncglecteil.

ttK i»Ji^ 'i #
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Fig. 88.

367

tho cnrrespondnig position H' taken up by the focus of the orbit so dis-

turbed, we must make the angle SPH'=1S0°— 2 SPY', or, which

coiiios to the same, draw P H' on the side of P H op])o.-jite to S, making

the angle II P H'=twico the angle of deflection Y P Y' and in P IP take

P ir= P H. Joining, then, S IP and producing it, A' S IP W will be

the new position of the axis. A' the new perihelion, and -\ S II' the new

cxcentricity. Hence we conclude, 1st, that the normal force acting

iniciirds, and P moving towarih the perihelion, the now direction S A'

of the perihelion is in advance (with reference to tho direction of P's

revolution) of the old— or the apsides advance— when Pis anywhere

situated between F and A (since when at F the point IP fulls upon II M
between H and M.) "When P is at F the apsides are stationary, but

when P is anywhere between M and F the apsides retrograde, IF in this

ea.se lying on the opposite side of the axis. 2dly, That the same direc-

tious of the normal force and of P's motion being supposed, the cxcentri-

city increases while P moves through the whole semicllipso from aphelion

to perihelion—the rate of its increase being a maximum when P is at F,

and nothing at the aphelion and perihelion. 3dly, That these effects are

reversed in the opposite half of the orbit, A G M, in which P passes from

perihelion to aphelion or recedes from S. 4thly, That they are also

reversed by a reversal of the direction of the normal force, outwards, in

pliicc (if inwards. 5thly, That hero also the variations of the excontricity

and perihelion are compLnientary to each other; the one variation being

most riipid when the other vanishes, and vice vcrsd. Othly, And lastly,

that the changes in the situation of the focus II produced by tho actions

of the tangential and normal components of the disturbing force are at

right angles to each other in every s^'.tuation of P, ;iiid therefore where

tho tangential force is moat efficacious (in proportion to its intensity) in

varying cither the one or the other of the elements in question, tho

normal is least so, and vice vcrsd.

!f
1
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(672.) To determine the momentary effect of the whole disturbing

force, then, we have only to resolve it into its tangential and normal

components, and estimating by these principles separately the effects of

either constituent on both elements, add or substract the results according

as they conspire or oppose each other. Or we may at once make the

angle H P H" equal to twice the angle of deflection produced by the

normal force, and lay off P H"=P H+ twice the variation of a produced

in the same moment of time by the tangential force, and H" will be the

new focus. The momentary velocity generated by the tangential force is

calculable from a knowledge of that force by the ordinary principles of

dynamics ; aud from this, the variation of ine axis is easily derived.'

The momentary velocity generated by the normal force in its own direc-

tion is in like manner caculable from a knowledge of that force, aad

dividing this by the linear velocity of P at that instant, we deduce the

angular velocity of the tangent about P, or the momentary variation of

the angle of tangency SPY, corresponding.

(673.) The following rSsum4 of these several results in a tabular form

includes every variety of case according as P is approaching to or receding

from S ; as it is situated in the arc FAG of its orbit alout the perihe-

lion, or in the remoter arc G M F about the aphelion, as the tangential

force accch'i-atcs or retards the disturbed body, or as the normal acts in-

tvards or outwards with reference to the concavity of the orbit.

EFFECTS OF THE TANGENTIAL DISTURBING FORCE,

Direction of P'b mo-
tion.

Situat'on of P in
orbit.

Action of Tangential
Force.

Efifect on Elements.

Approaching S.

Ditto.

Receding from S.

Ditto.

Inditi'erent.

Ditto.

Ditto.

Ditto.

Anywhere.
Ditto.

Ditto.

Ditto.

About Aphelion.
Ditto.

About Perihelion.

Ditto.

Accelerating P.

Retarding P.

Accelerating P.

Retarding P.

Accelerating P.

Retarding P.

Accelerating P.

Retarding P.

Apsides recede.

advance.

advance.

recede.

Excentr. decreases.

increases.

increases.

dc creeses.

— = 1)', and -7 = 1)" ;,
— = «»-

a r a r a' a
-t)"= («+«') (t)

—

v') or when infi.

nitesimal variations only are considered ——=2v {«'

—

v) or a'—a=2ah} («'— t)

from which it appears that the variation of the axis arising from a given variation of

velocity is independent of r, or is the same at whatever distance from S the change

takes placp, and tliat caterit paribus it is greater for a given ciiange of velocity (or for

B given tangeiitial force) in the direct ratio of the velocity itself.
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Direction of Vs mo-
tion.

bituation of P in
orbit.

Action of Normal
Force.

Effect on Elemcntfi.

Indifferent.

Ditto.

Ditto.

Ditto.

Approaching S.

Ditto.

Recetliug from S.

Ditto.

About Aphelion.
Ditto.

About Perihelion.

Ditto.

Anywhere.
Ditto.

Ditto.

Ditto.

Inwards.
Outwards.
Inwards.
Outwards.
Inwards.
Outwards.
Inwards.
Outwards.

Apsides recede.

advance.
advance.
recede.

Excentr, increases.

decreases.

decreases.

increases.

1

(674.) From the momentary changes in the elements of the disturbed

orbit corresponding to successive situations of P and M, to conclude the

total amount of change produced in any given time is the business of the

integral calculus, and lies far beyond the scope of the present work.

Without its aid, however, and by general consideration of the periodical

recurrence of configurations of the same character, we have been able to

demonstrate many of the most interesting conclusiot.s to which geometers

have been conducted, examples of which have already been given in the

reasoning by which the permanence of the axes, the periodicity of the

inclinations, and the revolutions of the nodes of the planetary orbits have

boon demonstrated. We shall now proceed to apply similar considerations

to the motion of the apsides, and the variations of the excentricities. To

this end we must first trace the chang'"^ induced on the disturbing forces

themselves with the varying positions of' tLe bodies, and here as in treat-

ing of the inclinations we shall suppc^e, unless the contrary is expressly

indicated, both orbits to be very nearly circular, without which limitation

the complication of the subject would become too embarrassing for the

roiiJer to follovr, and defeat the end of explanation.

(G75.) On this supposition the directions of S P and S Y, the perpen-

dicular ou the tangent at P, may bo regarded as coincident, and the

normal and radial disturbing forces become nearly identical in quantity,

also the tangential and transversal, by the near coincidence of tbe points

T and L (Gg. art. G87). So far then as the intensiti/ of the forces is con-

cerned, it will make very little difference { > which way the forces are re-

solved, nor will it at all materially affect orr conclusions as to the effects

of the normal and tangential forces, if in estimating their quantitative

values, we take advantage of the simplification introduced into their nu-

merical expression by the neglect of the tngle P S Y, i. c. by the substi-

tution fur them of the radial ar ^ .ersal components. The character

24
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Fig. 89.

of these effects depends (art. 670, 671,) on the direction in which the

forces act, which we shall suppose normal and tangential as before, and it

is only on the estimation of their quantitative effects that the error in-

duced by the neglect of this angle can fall. lu the lunar orbit this angln

never exceed.s 3° 10', and its influence on the quantitative estimation of

the acting forces may therefore be safely neglected in a first approxima-

tion. Now M N being found by the proportion M P'^ : M S' : : ]M S :

I\l N, N P (= M N— M P) is also known, and therefore N L = N P

;-^;i N P S = N P. sin (A S P-f S M P) and L S = P L— P S = N P.

n^.s N P S— P S = N P. cos (A S P-f S M P)— S P become known,

which express respectively the tangential and normal forces on the same

scale that S M represents M's attraction on S.' Suppose P to revolve in

the direction E A D B. Then, by drawing the figure in various situations

of P throughout the whole circle, the reader will easily satisfy himself—
1st. That the tangential force accelerates P, as it moves from E towards

A, and from D towards B, but retards it as it passes from A to D, and

from B to E. 2d. That the tangential force vanishes at the four points

A, D, E, B, and attains a maximum at some intermediate points,

3dly. That the normal force is directed outwards at the syzygies A, B,

and inwards at the points D, E, at which points respectively its outward

and inward intensities attain their maxima. Lastly, that this force va-

•MS = R;SP = r;MP=/; ASP = 0; AMP = M; MN=-^; NP =

5-^=(R-/j(l + j-f-y-]); whencewehaveNL = (R-/). sin(0+

(1+ j+^'); LS-(R-/). co8(e + M). (\-\rj+j\-r. When R and/,

owing to the great distance of M, are nearly equal, we have R —/= P V, y = 1

nearly, and the angle M may be neglected ; so that we have N P = 3 P V

nishes at p
points, whe

ture than tl

(676.)

these princi

expression

to the grea

moon's orbi

resarded as

dent with

ASP to

A S P. »I

3PV=3S
sin A S P =

= }SP(1
64° 14' froi

there be dra

looped oval,

A and B rc.=

rcetion the r

(077.) It

lunar theory

all the actiuj

moon from I

distance fron

its apogee th

of about 28

normal force

l»led to do 1



DISTURBING FORCES IN CIRCULAR ORBITS. 371

nishcs at points intermediate between A D, D B, B E, and E A, which

points, when M is considerably remote, are situated nearer to the quadra-

ture than the syzygies.

(C76.) In the lunar theory, to whicL we shall now proceed to apply

these principles, both the geometrical rej-icsentation and the algebraic

expression of the disturbing for 3 a ' * of pri. simplification. Owinjj

to the great distance of the sun ".,

moon's orbit never subtends an ai 1e <

regarded as parallel to A B. Ari

(lent with the line of quadratures,

A S P to radius S P, and N L = N .

ASP. Moreover, in this case (see the note on the last article) N P =
•J PV= 3 S P . cos A S P; and consequently NL = 3SP.cosASP.
sin A S P = .5 S P. sin 2 A S P, and L S = S P (3 . cos AS P^--l)

= i S P (1 +3 . cos 2 A S P) which vanishes when cos A S P^ = i, or at

lU° 14' from the syzygy. Suppose through every point of P's orbit

there be drawn S Q = 3 S P. cos A S P^, then will Q trace out a certain

looped oval, as in the figure, cutting the orbit in four points 64"^ 14' from

A and B respectively, and P Q will always represent in quantity and di-

rection the normal force acting at P.

Q crntre the radius of the

*hap about 8', N P may be

con a straight line, coinci-

' P becomes the cosine of

ASP; LP = NP. cos

'i

Fig. 90.

(077.) It is important to remark here, because upon this the whole

lunar theory and especially that of the motion of the apsides hinges, that

all the acting disturbing forces, at equal angles of elongation A S P of the

moon from the sun, are csetcris paribus proportional to S P, the moon's

distance from the earth, and are therefore greater when the moon is near

its apogee than when near its perigee ; the extreme pi'oportion being that •

of about 28 : 25. This premised, let us first consider the eflFect of the

normal force in displacing the lunar apsides. This we shall best be ena-

Wed to do by examining separately those cases in which the effects are

-f-t
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372 OUTLINES OF ASTRONOMY.

most strongly contrasted ; viz. when the major axis of the moon's orbit is

directed towards the sun, and when at right angles to that direction.

First, then, let the line of apsides be directed to the sun as in the an-

nexed figure, where A is the perigee, and take the arcs Aa,Ab,Bc,Bd

+ + M

each=64° 14'. Then while P is between a and b tho normal force act-

ing outwards, and the moon being near its perigee, by art. 671, the

apsides will recede, but when between c and d, the force there acting out-

wards, but the moon being near its apogee, they will advance. The ra-

pidity of these movements will be respectively at its maxima at A and J),

not only because the disturbing forces are then most intense, but also

because (see art. 671) they act most advantageously at those points to

displace the axis. Proceeding from A and B towards the neutral points

ahc(7y the rapidity of their recess and advance diminishes, and is notliing

(or the apsides are stationary) when P is at either of those points. From

h to D, or rather to a point some little beyond D (art. 671) the force acts

inwards, and the moon is still near perigee, so that in this arc of the orbit

the apsides advance. But the rate of advance is feeble, because in the

early part of that arc the normal force is small, and as P approaches D

and the force gains power, it acts disadvantageously to move the axis, its

cfTcct vanishing altogether when it arrives beyond D at the extremity of

the perpendicular to the upper focus of the lunar ellipse. Thence up to

c this feeble advance is reversed and converted into a recess, the force still

acting inwards, but the moon now being near its apogee. And so also

for the arcs (?E, Ea. In the figure these changes are indicated by + +
for rapid advance, for rapid recess, -f and— for feeble advance and

.recess, and for the stationary points. Now if the forces were equal on

the sides of -f and— it is evident that there would be an exact counter-

balance of advance and recess on the average of a whole revolution. Hut

this is not the case. The force in apogee is greater than that in perigee

on an avcn



MOTION OP THE LUNAR APSIDES. 873

in the proportion of 28 : 25, while iu the quadratures about D and E
they are equal. Therefore, while the feeble movements + and— in the

neighbourhood of these points destroy each other almost exactly, there

will necessarily remain a considerable balance in favour of advance, in

this situation of the line of apsides.

(678.) Next, suppose the apogee to lie at A, and the perigee at B. In

this case it is evident that, so far as the direction of the motions of the

apsides is concerned, all the conclusions of the foregoing reasoning will

be reversed by the substitution of the word perigee for apogee, and vice

versd ; and all the signs in the figure referred to will be changed. But

now the most powerful forces act on the side of A, that is to say, still on

the side of advance, this condition also being reversed. In either situa-

tion of the orbit, then, the apsides advance.

(679.) (Case 3.) Suppose, now, the major axis to have the situation

D E, and the perigee to be on the side of D. Here, in the arc 6 c of P's

motion the normal force acts inwards, and the moon is near perigee, con-

sequently the apsides advance, but with a moderato rapidity, the maxi-

mum of the inward normal force being only half that of the outward,

la the arcs A b and c B the moon is still near perigee, and the force acts

outwards, but though powerfully towards A and B, yet at a constantly

increasing disadvantage (art. G71.) Therefore in these arcs the apsides

recede, but moderately. In a A and B d (being towards apogee) they

again advance, still with a moderate velocity. Lastly, throughout the arc

da, being about apogee with an inward force, they recede. Here as

bofore, if tlie perigee and apogee forces were equal, the advance and recess

would counterbalance ; but as in fact the apogee forces preponderate, there

will be a balance on the entire revolution in favour of recess. The same

reasoning of course holds good if the perigee be towards E. But now,

between these cases and those in the foregoing articles, there is this dif-

ference, viz. that in this the dominant efifcct results from the inward action

uf the normal force in quadratures, while in the others it results from its

outward, and doubly powerful action in syzygics. The recess of the ap-

sides in their quadratures arising from the action of the normal force will

therefore be less than their advance in their syzygies ; and not only on

this account, but also because of the much less extent of the arcs be and

(^a on which the balance is mainly struck in this case, than of ab and

cd, the corresponding most influential arcs in the other.

(680.) In intermediate situations of the line of apsides, the effect will

bo intormediato, and there will of course be a situation of them in which

on an average of a whole revolution cy are stationary. This situation

it is easy to see will bo nearer to the nuu of quadratures than of syzygies,

f
4 i
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and the preponderance of advance will be maintained over a much more

considerable arc than that of recess, among the possible situations which

they can hold. On every account, therefore, the action of the normal

force causes the lunar apsides to progress in a complete revolution of M
or in a synodical year, during which the motion of the sun round the

earth (as we consider the earth at rest) brings the line of syzygies into all

situations with respect to that of apsides.

(681.) Let us next consider the action of the tangential force. And
as before (Case 1.), supposing the perigree of the moon at A, and the

direction of her revolution to be A D B E, the tangential force retards

her motion through the quadrant A D, in which she recedes from S, there-

fore by art. 670 the apsides recede. Through D B the force accelerates,

while the moon still recedes, therefore they advance. Through B E the

force retards, and the moon approaches, therefore they continue to advance,

and finally throughout the quadrant E A the force accelerates, and the

moon approaches, therefore they recede. In virtue therefore of this force,

the apsides recede, during the description of the arc E A D, and advance

during DBS, but the force being in this case as in that of the normal

force more powertul at apogee, the latter will preponderate, and the apsides

will advance on an average of a whole revolution.

(682.) (Case 2.) The perigee being towards B, we have to substitute

in the foregoing reasoning approach to S, for recess from it, ar'^ vice versd,

the accelerations and retardations remaining as before. Therefo ''o re-

sults, as far as direction is concerned, will be reversed in each .ant,

the apsides advance during E A D and recede during D B E. Ik at the

situation of the apogee being also reversed, the predominance remains on

the side of E A D, that is, of advance.

(683.) (Case 3.) Apsides in quadratures, perigee near D.— Over qua-

drant A J), approach and retardation, therefore advance of apsides. Over

D B recess and acceleration, therefore again advance; over B E recess

and retardation with recess of apsides, and lastly over E A approach and

acceleration, producing their continued recess. Total result: advance

during the half revolution A D B, and recess during B E A, the acting

forces being more powerful in the latter, whence of course a preponderant

recess. The same result when the perigee is at E.

(684.) So far the analogy of reasoning between the action of the tan-

gential and normal forces is perfect. But from this point they diverge.

It is not here as before. The recess of the apsides in quadratures does

not now arise from the predominance of feeble over feebler forces, while

that in syzygies results from that of powerful over powerful ones. The

maximum accelerating action of the tangential furce is equal to its masi-
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mum retarding, while the inward action of the normal at its maximum is

only half the maximum of its outward. Neither is there that difference

in the extent of the arcs over which the balance is struck in this, as in

the other case, the action of the tangential force being inward and outward

alternately over equal arcs, each a complete quadrant. Whereas, there-

fore, in tracing the action of the normal force, we found reason to con-

clude it much more effective to produce progress of the apsides in their

sjzygy, than in their quadrature situations, we can draw no such conclu-

sion in that of the tangential forces : there being, as regards that force, a

complete symmetry, in the four quadrants, while in regard of the normal

force the symmetry is only a half-symmetry having relation to two semi-

circles.

(685.) Taking the average of many revolutions of the sun about the

earth, in which it shall present itself in every possible variety of situations

to the line of apsides, we see that the effect of the normal force is to pro-

duce a rapid advance in the syzygy of the apsides, and a less rapid recess

ia their quadrature, and on the whole, therefore, a moderately rapid gene-

ral advance, while that of the tangential is to produce an equally rapid

advance in syzygy, and recess in quadrature. Directly, therefore, the

tangential force would appear to have no ultimate influence in causing

either increase or diminution in the meaii, motion of the apsides resulting

from the action of the normal force. It does so, however, indirectly,

conspiring in that respect with, and greatly increasing, an indirect

action of the normal force in a manner which we shall now nrocecd to

explain.

(686.) The sun moving uniformly, or nearly so, in the same direction

as P, the line of apsides when in or near the syzygy, in advancing follows

the sun, and therefore remains materially longer in the neighbourhood of

syzygy than if it rested. On the other hand, when the apsides are in

quadrature they recede, and, moving therefore contrary to the sun's

motion, remain a shorter time in that neiglibourhood, than if they rested.

Thus the advance, already preponderant, is nmtle to preponderate more

by its longer continuance, and the recess, already deficient, is rendered

still more so by the shortening of its duration.' Whatever cause, then,

increases directly the rapidity of both advance and recess, thovijh it may
ih hath p<ptally, aids in this indirect process, and it is thus that the tan-

gential force becomes effective through the medium of the progress already

produced, in doing and aiding the normal force to do that which alone it

would bo unable to effect. Tlius we have perturbation exaggerating

perturbation, and thus wo see what is meant by geometers, wlicn they

•Newton, Princ. i. 66. Cor. 8.
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deolare that a considerable part of the motion of the lunar apsides is due

to the square of the disturbing force, or, in other words, arises out of a

second approximation in which the influence of the first in altering the

data of the problem is taken into account.

(687.) Tbe> curious and complicated effect of perturbation, described in

the last article, has given more trouble to geometers than any other part

of the lunar theory. Newton himself had succeeded in tracing that part

of the motion of the apogee which is due to the direct action of the radial

force; but finding the amount only half what observation assigns, he

appears to have abandoned the subject in despair. Nor, when resumed

by his successors, did the inquiry, for a very long period, assume a more

promising aspect. On the contrary, Newton's result appeared to be even

minutely verified, and the elaborate investigations which were lavished

upon the subject without success, began to excite strong doubts whether

this feature of the lunar motions could be explained at all by the New-

tonian law of gravitation. The doubt was removed, however, almost in

the instant of its origin, by the same geometer, Clairaut, who first gave it

currency, and who gloriously repaired the error of his momentary hesita-

tion, by demonstrating the exact coincidence between theory and observa-

tion, when the effect of the tangential force is properly taken into the

account. The lunar apogee circulates, in 3232''-575348, or about 9}

years.

(688.) Let us now proceed to investigate the influence of the disturbing

forces 80 resolved on the excentricity of the lunar orbit, and the foregoing

articles having su£Bciently familiarized the reader with our mode of fol-

Fig. 92.

M
t

lowing out the changes in different situations of the orbit, wc shall take

at once a more general situation, and suppose the line of apsides in any

position with respect to the sun, such as Z Y, the perigee being at Z, ii

point between the lower syzygy and the quadrature next following it, the

direction of P's motion as all along supposed being A D B E. Then
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(oommencing with the normal force) the momentary change of ezcentri-

city will vanish at a, b, c, d, by the vanishing of that force, and at Z and.

Y by the effect of situation in the orbit annulling its action (art. 671).

In the arcs Z b and Y d therefore the change of excentricity will be small,

the acting force nowhere attaining either a great magnitude or an advan-

tageous situation within their limits. And the force within these two

arcs having the same character as to inward and outward, but being oppo-

sitely influential by reason of the approach of P to S in one of them and

its recess in the other, it is evident that, so far as these arcs arc concerned,

a very near compensation of effects will take place, and though the apo-

geal arc Y d will be somewhat more influential, this will tell for little

upon the average of a revolution.

(689.) The arcs bJ) c and dlEi aaxe each much less than a quadrant

in extent, and the force acting inwards throughout them (which at ita

maximum in D and E is only half the outward force at A, B) degrades

very rapidly in intensity towards either syzygy (see art. 676). Henoe

whether Z be between b c or b A, the effects of the force in these arcs

will not produce very extensive changes on the excentricity, and the

changes which it does produce will (for the reason already given) be op-

posed to each other. Although, then, the arc ad he farther from perigee

than b c, and therefore the force in it is greater, yet the predominance of

effect here will not be very marked, and will moreover be partially neu-

tralized by the small predominance of an opposite character inYd over

Z b. On the other hand, the arcs a Z, c Y arc both larger in extent than

either of the others, and the seats of action of forces doubly powerful.

Their influence, therefore, will be of most importance, and their prepon-

derance one over the other (being opposite in their tendencies), will decide

the question whether, on an average of the revolution, the excentricity

shall increase or diminish. It is clear that the decision must be in favour

of c Y, the apogeal arc, and, since in this the force is outwards and the

moon receding from the earth, an increase of the excentricity will arise

from its influence. A similar reasoning will, evidently, lead to the same

conclusion were the apogee and perigee to change places, for the directions

of P's motion as to approach and recess to S will be indeed reversed, but

at the same time the dominant forces will have changed sides, and the

arc a A Z will now give the character to the result. But when Z lies

between A and E, as the reader may easily satisfy himself, the case will

be altogether different, and the reverse conclusion will obtain. Ilcnce the

changes of excentricity emergent on the average of single revolutions

from the action of the normal force will be as represented by the signs

+ and — in the figure above annexed.
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(690.) Let us next consider the effect of the tangential force. This

retards P in the quadrants A D, B E, and accelerates it in the alternate

M

ones. In the whole quadrant A D, therefore, the effect is of one charac-

ter, the perigee being less than 90° from every point in it, and in the

whole quadrant B E it is of the opposite, the apogee being so situated

(art. 670). Moreover, in the middle of each quadrant, the tangential

force is at its maximum. Now, in the other quadrants, E A and D B,

the change from perigeal to apogeal vicinity takes place, and the tangen-

tial force, however powerful, has its effect annulled by situation (art. 670),

and this happens more or less nearly about the points where the force ia a

maximum. These quadrants, then, are far less influential on the total

result, so that the character of that result will be decided by the predo-

minance of one or other of the former quadrants, and will lean to that

which has the apogee in it. Now in the quadrant B E the force retards

the moon, and the moon is in apogee. Therefore the exccntricity in-

creases. In this situation therefore of the apogee, such is the average

result of a complete revolution of the moon. Here again also, if the

perigee and apogee change places, so will also the character of all the par-

tial influences, arc for arc. But the quadrant A D will now preponderate

instead of D E, so that under this double reversal of conditions the result

will bo identical. Lastly, if the line of apsides be in A E, B D, it may

be shown in liiie manner that the exccntricity will diminish on the average

of a revolution.

(691.) Thus it appears, that in varying the exccntricity, precisely as in

moving tho line of apsides, the direct effect of the taugential force con-

spires with that of the normal, and tends to increase the extent of the

deviations to and fro on either side of a mean value which the varying

situation of the sun with respect to the line of apsides gives rise to. having

for their period of restoration a synodical revolution of tho sun and apse.

Supp«..sing the sun and apsis to start together, the sun of course will

outrun the apsis (whose period is nine years,) and in the lapse of about
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(l+^z) P^'^ ^^ ^ year will have gained on it 90°, during all which inter-

val the apse will have been in the quadrant A E of our figure, and the

excentricitj continually decreasing. The decrease will then cease, but

the excentricity itself will be a minimum, the sun being now at right

angles to the line of apsides. Thence it will increase to a maximum
vhen the sun has gained another 90°, and again attained the line of

apsides, and so on alternately. The actual effect on the numerical value

of the lunar excentricity is very considerable, the greatest and least excen-

tricities being in the ratio of 3 to 2.'

(692.) The motion of the apsides of the lunar orbit may be illustrated

by a very pretty mechanical experiment, which is otherwise instructive in

giving an idea of the mode in which orbitual motion is carried on under

the action of central forces variable according to the situation of the

revolving body. Let a leaden weight be suspended by a brass or iron

wire to a hook in the under side of a firm beam, so as to allow of its free

motion on all sides of the vertical, and so that when in a state of rest it

shall just clear the floor of the room, or a table placed ten or twelve feet

beneath the hook. The point of support should be well secured from

wagging to and fro by the oscillation of the weight, which should be

sufficient to keep the wire as tightly stretched as it will bear, with the

certainty of not breaking. Now, let a very small motion be communi-

cated to the weight, not by merely withdrawing it from the vertical and

letting it fall, but by giving it a slight impulse sideway.s. It will be seen

to describe a regular ellipse about the point of rest as its centre. If the

weight be heavy, and carry attached to it a pencil, whose point lies

exactly in the direction of the string, the ellipse may be transferred to

paper lightly stretched and gently pressed against it. In these circum-

Btances, the situation of the major and minor axes of the ellipse will

remain for a long time very nearly the same, though the resistance of the

air and the stiffness of the wire will gradually diminish its dimensions and

excentricity. But if the impulse communicated to the weight be con-

siderable, so as to carry it out to a great angle (15° or 20° from the

vertical,) this permanence of situation of the ellipse will no longer subsist.

Its axis will be seen to shift its position at every revolution of the weight,

advancing in the same direction with the weight's motion, by an uniform

and regular progression, which at length will entirely reverse its situation,

bringing the direction of the longest excursions to coincide with that in

which the shortest were previously made ; and so on, round the whole

circle
; and, in a word, imitating to the eye, very completely, the motion

of the apsides of the moon's orbit.

i'
?

m

* Airy, Gravitation, p. 106.
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(693.) Now, if we inquire into the cause of this progression of the

apsides, it will not be difficult of detection. When a weight is suspended

by a wire, and drawn aside from the vertical, it is urged to the lowest

point (or rather in a direction at every instant perpendicular to the wire)

by a force which varies as the sine of the deviation of the wire from the

perpendicular. Now, the sines of very small arcs are nearly in the pro-

portion of the arcs themselves; and the more nearly, as the arcs are

smaller. If, therefore, the deviations from the vertical be so small that

we may neglect the curvature of the spherical surface in which the weight

moves, and regard the curve described as coincident with its projection on

a horizontal plane, it will be then moving under the same circumstances

as if it were a revolving body attracted to a centre by a force varying

directly as the distance ; and, in this case, the curve described would be

an ellipse, having its centre of attraction not in the focus, but in the

centre', and the apsides of this ellipse would remain fixed. But if the

excursions of the weight from the vertical be considerable, the force urging

it towards the centre will deviate in its law from the simple ratio of the

distances ; being as the sine, while the distances are as the arc. Now the

sine, though it continues to increase as the arc increases, yet does not in-

crease so fast. So soon as the arc has any sensible extent, the sine begins

to fall somewhat short of the magnitude which an exact numerical propor-

tionality would require ; and therefore the force urging the weight towards

Fig. 94,

its centre or point of rest at great distances falls, in like proportion, some-

what short of that which would keep the body in its precise elliptic orbit.

It will no longer, therefore, have, at those greater distances, the same

command over the weight, in proportion to its speed, which would enable

it to deflect it from its rectilinear tangential course into an ellipse. The

true path which it describes will be ?ess curved in the remoter parts than

is consistent with the elliptic figure, as in the annexed cut ; and, therefore,

it will not so soon have its motion brought to be again at right angles to

' Newton, Princip. i. 47.
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the radius. It will require a longer continued action of the central force

to do this; and before it is accomplished, more than a quadrant of its

revolution must be passed over in angular motion round the centre. But

this is only stating at length, and in a more circuitous manner, that fact

which is more briefly and summarily expressed by saying that the apsides

of its orbit are progressive. Nothing beyond a familiar illustration is of

course intended in what is above said. The case is not an exact parallel

with that of the lunar orbit, the disturbing force being simply radial,

whereas in the lunar orbit a transversal force is also concerned, and even

were it otherwise, only a confused and indistinct view of aspidal motion

can be obtained from this kind of consideration of the curvature of the

disturbed path. If we would obtain a clear one, the two foci of the in-

stantaneous ellipse must be found from the laws of elliptic motion per-

formed under the influence of a force directly as the distance, and the

radial disturbing force being decomposed into its tangential and normal

components, the momentary influence of cither in altering their positions

and consequently the directions and lengths of the axis of the ellipse

must be ascertained. The student will find it neither a difficult nor an

uninstructive exercise to work out the case from these principles, which

we cannot afford the space to do.

(694.) The theory of the motion of the planetary apsides and the

variation of their excentricities is in one point of view much more simple,

but in another much more complicated than that of the lunar. It is

simpler, because owing to the exceeding minuteness of the changes ope-

rated in the course of a single revolution, the angular position of the

bodies with respect to the line of apsides is very little altered by the

motion of the apsides themselves. The line of apsides neither follows

up the motion of the disturbing body in hii state of advance, nor vice

vcrsd, in any degree capable of prolonging materially their advancing or

shortening materially their receding phase. Hence no second approxima-

tion of the kind explained (in art. 686), by which the motion of the lunar

apsides is so powerfully modified as to be actually doubled in amount, is

at all required in the planetary theory. On the other hand, the latter

theory is rendered more complicated than the former, at least in the cases

of planets whose periodic times are to each other in a ratio much less than

13 to 1, by the consideration that the disturbing body shifts its position

with respect to the line of apsides by a much greater angular quantity in

a revolution of the disturbed body than in the case of the moon. In that

case we were at liberty to suppose (for the sake of explanation), without

any very egregious error, that the sun held nearly a fixed position during

a single lunation. But in the case of planets whose times of revolution

i
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are in a much lower ratio thia cannot be permitted. In the case of Jupiter

disturbed by Saturn for example, in one sidereal revolution of Jupiter,

Saturn has advanced in its orbit with respr jt to the line of apsides of

Jupiter by more than 140*', a change of direction which entirely alters

the conditions under which the disturbing forces act. And in the case

of an exterior disturbed by an interior planet, the situation of the latter

with respect to the line of the apsides varies even more rapidly than the

situation of the exterior or disturbed planet with respect to the central

body. To such oases then the reasoning which we have applied to the

lunar pcrturbatisns becomes totally inapplicable ; and when we take into

consideration also the excentricity of the orbit of the disturbing body,

which in the most important cases is exceedingly influential, the subject

becomes far too complicated for verbal explanation, and can only be suc-

cessfully followed out with the help of algebraic expression and the appli-

cation of the integral calculus. To Mercury, Venus, and the earth indeed,

as disturbed by Jupiter, and planets superior to Jupiter, this objection to

the reasoning in question does not apply; and in each of these cases

therefore we are entitled to conclude that the apsides are kept in a state

of progression by the action of all the larger planets of our system.

Under certain conditions of distance, excentricity, and relative situation

of the axes of the orbits of the disturbed and disturbing planets, it is

perfectly possible that the reverse may happen, an instance of which is

afforded by Venus, whose apsides recede under the combined action of the

earth and Mercury more rapidly than they advance under the joint actions

of all the other planets. Nay, it is even possible under certain conditions

that the line of apsides of the disturbed planet, instead of revolving always

in one direction, may librate to and fro within assignable limits, and in a

definite and regularly recurring period of time.

(695.) Under any conditions, however, as to these particulars, the

view we have above taken of the subject enables us to assign at every

instant, and in every configuration of the two planets, the momentary

effect of each upon the perihelion and excentricity of the other. In the

simplest case, that in which the two orbits are so nearly circular, that

the relative situation of their perihelia shall produce no appreciable differ-

ence in the intensities of the disturbing forces, it is very easy to show

that whatever temporary oscillations to and fro in the positions of the line

of apsides, and whatever temporary increase or diminution in the excen-

tricity of either planet may take place, the final effect on the average of

a great mullitude of revolutions, presenting them to each other in all

possible configurations, must be nil, for both elements.

(696.) To show this, all that is necessary is to cast our eyes on the
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synoptic table in art. 673. If M, the disturbing body, be supposed to be

successively placed in two diametrically opposite situations in its orbit; the

aphelion of P will stand related to M in one of these situations precisely

as its perihelion in the other. Now the orbits being so nearly circles as

supposed, the distribution of the disturbing forces, whether normal or

tangential, is symmetrical relative to their common diameter passing

through M, or to the line of syzygies. Hence it follows that the half of

P's orbit " about perihelion" (art. 673) will stand related to all the acting

forces in the one situation of M, precisely as the half "about aphelion"

docs in the other : and also, that the half of the orbit in which P " ap-

proaches S," stands related to them in the one situation precisely as the

half in which it " recedes from S " in the other. Whether as regards,

therefore, the normal or tangential force, the conditions of advance or

recess of apsides, and of increase or diminution of excentricities, are

reversed in the two supposed cases. Hence it appears that whatever

situation be assigned to M, and whatever influence it may exert on P in

that situation, that influence will be annihilated in situations of M and

P, diametrically opposite to those supposed, and thus, on a general

average, the effect on both apsides and excentricities is reduced to

nothing.

(697.) If the orbits, however, be excentric, the symmetry above in-

sisted on in the distribution of the forces does not exist. But, in the first

place, it is evident that if the excentricities be moderate, (as in the planet-

ary orbits,) by far the larger part of the effects of the disturbing forces

destroys itself in the manner described in the last article, and that it is

only a residual portion, viz. that which arises from the greater proximity

of the orbits at one place than at another, which can tend to produce per-

manent or secular effects. The precise estimation of these effects is too

complicated an affair for us to enter upon ; but we may at least give some

idea of the process by which they are produced, and the order in which

they arise. In so doing, it is necessary to distinguish between the effects

of the normal and tangential forces. The effects of the former are greatest

at the point of conjunction of the planets, because the normal force itself

is there always at its maximum ; and although, where the conjunction

takes place at 90" from the line of apsides, its effect to move the apsides

is nullified by situation, and when in that line its effect on the excentri-

cities is similarly nullified, yet, in the situations rectangular to these, it

acts to its greatest advantage. On the other hand, the tangential force

vanishes at conjunction, whatever be the place of conjunction with respect

to the line of apsides, and where it is at its maximum its effect Is still

liable to be annulled by situation. Thus it appears that the normal
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force is most iuflucntial, and mainly determines the character of the ge-

neral effect. It is, therefore, at conjunction that the most influential

effect is produced, and therefore, on the long average, those conjunctions

which happen about the place where the orbits are nearest will determine

the general character of the effect. Now, the nearest points of approach

of two ellipses, which have a common focus, may be variously situated

with respect to the perihelion of either. It may be at the perihelion or

the aphelion of the disturbed orbit, or in any intermediate position. Sup-

pose it to bo at the perihelion. Then, if the disturbed orbit be inkrior

to the disturbing, the force acts outwards, and therefore the apsides re-

cede : if exterior, the force acts inwards, and they advance. In neither

case does the exccntricity change. If the conjunction take place at the

aphelion of the disturbed orbit, the effects will be reversed : if interme-

diate, the apsides will be less, and the excentricity more affected.

(698.) Supposing only two planets, this process would go on till the

apsides and excentricities hud so far changed as to alter the point of

nearest approach of the orbits, so as cither to accelerate or rctiird and

perhaps reverse the motion of the apsides, and give to the variation of the

excentricity a corresponding periodical character. But tlcre are many

planets, all disturbing one another. And this gives rise to variations in

the points of nearest approach of all the orbits, taken two and two toge-

ther, of a very complex nature.

(GOO.) It cannot fail to have been remarkc<l, by any one who has fol-

lowed attentively the above reasonings, that a dose analogy subsists between

two sets of relations; viz. that between the inclinations and nodes on the

one hand, and between thn excentricity and apsides on tho other. In fact,

the strict geometrical theories of the two cases present a close analogy,

and lead to final re.sults of the very same nature. What tho variation of

excentricity is to the motion of the perihelion, the change of inclination

is to the motion of the node. In cither case the period of the one is also

the period of the other; and while the perihelia describe considerable

angles by an oscillatory motion to and fro, or circulate in immense periods

(if tintc round tho entire circle, the excentricities increase and decrease by

comparatively pniall changes, and are at length restored to their original

magnitudes. In the lunar orbit, as the rapid rotation of the nodes pre-

vents tho change of inclination from accumulating to any material

amount, so tho still moro rapid revolution of its apogee effects a npeedy

compensation in the fluctuations of its excentricity, and never suffers them

to go to any material extent ; while the same causes, by presenting in,

qvirf]- mirrrssioii tlie lunar orbit in every possible situation to all the dis-

turbing forces, whether of the sun, the planets, or the protuberant matter
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at tfcj eartii'o equator, prevent any secular accumuktion of small changes,

by which, in the lapse of ages, its ellipticity might be materially increased

or diminished. Accordingly, observation shows the mean exoentricity of

the moon's orbit to be the same now as in the earliest ages of astronomy.

(700.) The movements of the perihelia, and variations of excentricity

of the planetary orbits, are interlaced and complicated together in the

same manner and nearly by the same laws as the variations of their nodes

and inclinations. Each acts upon every other, and every such mutual

action generates its own peculiar period of circulation or compensation

;

and every such period, in pursuance of the principles of art. 650, is

thence propagated throughout the system. Thus arise cycles upon cycles,

of whose compound duration some notion may be formed, when we con-

sider what is the length of one such period in th~ ''ise of the two prin-

cipal planets— Jupiter and Saturn. Neglecting the action of the rest,

the effect of their mutual attraction would be to produce a secular varia-

tion in the excentricity of Saturn's orbit, from 0-08409, its maximum,

to 001345, its minimum value: while that of Jupiter would vary be-

tween the narrow limits, 0-06036 and 0-02606 : the greatest excentricity

of Jupiter corresponding to the least of Saturn, and vice versd. The

period in which these changes are gone through, would be 70414 years.

After this example, it will be easily conceived that many millions of years

will require to elapse before a complete fulfilment of the joint cycle which

fihall restore the whole system to its original state as far as the oxcontri-

cities of its orbits are concerned.

(701.) The place of the perihelion of a planet's orbit is of little con-

sequence to its well-being; but its excentricity is most important, as upon

this (the axes of the orbits being permanent) depends the mean tempera-

ture of its surface, and the extreme variations to which its seasons may
be liable. For it maybe easily shown that the mean annual amount

of liglit and heat received by a planet from the sun is, cocfrriK parihuf,

as the minor axis of the ellipse described by it. Any variation, there-

fore, in the excentricity, by changing the minor axis, will alter the mean

temperature of the surface. How such a change will also influence the

extremes of temperature appears from art. 868. Now it may naturally

he inquired whether (in the vast cycle above spoken of, in which, at some

period or other, conspiring changes may accumulate on the orbit of one

planet from several quarters,) it may not happen that the excentricity of

any one planet— as the earth— may become exorbitantly great, so as to

subvert those relations which render it habitable to man, or to give rise to

great changes, at least, in the physical comfort of his state. To this the

researehcs of geometers have enabled us to answer in the negative. A
25
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relation has been demonstrated by Lagrange between the masses, axes of

the orbits, and excentricities of each planet, similar to what we have al-

ready stated with respect to their inclinations, viz. t?uit if the mas$ of

eachplanet be multiplied by the square root of the axis of its orbit, and

the product by the square of its eoccentricity, the sum of all such products

throughout the system is invariable ; and as, in point of fact, this sum is

extremely small, so it will always remain. Now, since the axes of the

orbits are liable to no secular changes, this is equivalent to saying that no

one orbit shall increase its excentrioity, unless at the expense of a commoa

fund, the whole amount of which is, and must for ever remain, extremely

minute.'

' There is nothing in this relation, however, taken per te, to secure the Bmaller pla-

neta—Mercury, Mars, Juno, Ceres, &c-—from a catastrophe, could they accuraulaie

on themselves, or any one of them, the whole amount of this exeentrieityfund. But

that can never be : Jupiter and Saturn will always retain the lion's share of it. A
similar remark applies to the iiulinationfund of art. 639. These fund$, be it observed,

can never get into debt. Every term of them is essentially positive.
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CHAPTER XIV.

OF THE INEQUALITIES INDEPENDENT OP THE EXCENTRICITIES.—^THE

moon's VARIATION AND PAEALLACTIO INEQUALITY.—ANALOGOUS
PLANETARY INEQUALITIES.—THREE OASES OF PLANETARY PERTUR-

BATION DISTINGUISHED.— OP INEQUALITIES DEPENDENT ON THE
EXCENTRICITIES.—LONG INEQUALITY OP JUPITER AND SATURN.

—

LAW OP RECIPROCITY BETWEEN THE PERIODICAL VARIATIONS OP

THE ELEMENTS OP BOTH PLANETS.—LONG INEQUALITY OP THE EARTH
AND VENUS.—VARIATION OP THE EPOCH.—INEQUALITIES INCIDENT

ON THE EPOCH AFFECTING THE MEAN MOTION.—INTERPRETATION OF

THE CONSTANT PART OP THESE INEQUALITIES.—ANNUAL EQUATION

OF THE MOON.— HER SECULAR ACCELERATION.—LUNAR INEQUALI-

TIES DUE TO THE ACTION OP VENUS.— EFFECT OP THE SPHEROIDAL

FIGURE OF THE EARTH AND OTHER PLANETS ON THE MOTIONS OP

THEIR SATELLITES.—OP THE TIDES.—MASSES OF DISTURBING BODIES

DEDUCIBLE FROM THE PERTURBATIONS THEY PRODUCE.— MASS OP

THE MOON, AND OP JUPITER's SATELLITES, HOW ASCERTAINED.

—

PERTURBATIONS OP URANUS RESULTIFO IN THE DISCOVERY OP

NEPTUNE.

(702.) To calculate the actual place of a planet or the moon, in longi-

tude and latjtude at any assigned time, it is not enough to know the

chnngcs produced by perturbation in the elements of its orbit, still less to

know the secular changes so produced, which are only the outstanding or

uncompensated portions of much greater changes induced in short periods

of configuration. We must be enabled to estimate the actual effect on its

longitude of those periodical accelerations and retardations in the rate of

its mean angular motion, and on its latitude of those deviations above and

below the moan plane of its orbit, which result from the continued action

of the perturbativo forces, not as compensated in long periods, but as in

the act of their generation and destruction in short ones. In this chapter

we purpose to give an account of some of the most prominent of the

equations or inequalities thence arising, several of which are of high hia-

torical interest, as having become known by observation previous to the

"'
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discovery of their theoretical causes, and as having, by their successive

explanations from the theory of gravitation, removed what were in some

instances regarded as formidable objections against that theory, and afforded

in all most satisfactory and triumphant verifications of it.

(703.) We shall begin with those which compensate themselves in a

synodic revolution of the disturbed and disturbing body, and which are

independent of any permanent excentricity of either orbit, going through

their changes and effecting their compensation in orbits slightly elliptic,

almost precisely as if they were circular. These inequalities result, in

fact, from a circulation of the true upper focus of the disturbed ellipse

about its mean place in a curve whose form and magnitude the principles

laid down in the last chapter enable us to assign in any proposed case.

If the disturbed orbit be circular, this mean place coincides with its cen*

tre : if elliptic, with the situation of its upper focus, as determined from

the principles laid down in the last chapter.

(704.) To understand the nature of this circulation, we must consider

the joint action of the two elements of the disturbing force. Suppose H
to be the place of the upper focus, corresponding to any situation P of the

Fig. 95.

disturbed body, and let P P' bo an infinitesimal element of its orbit, de-

scribed in an instant of time. Then supposing no disturbing force to act,

P P* will be a portion of an ellipse, having H for its focus, equally

whether the point P or P' be regarded. But now let the disturbing

forces act during the instant of describing P P'. Then the focus H will

shift its position to H' to find which point wo must recollect, Ist. What is

demonstrated (in art. 671), viz. that the cfibct of the normal force is to

vary the position of the line F H so as to make the angle II F H' equal

to double the variation of the angle of tangcncy duo to the action of that
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force, without altering the distance P H : so that in virtue of the normal

force alone, H would move to a point h, along the line H Q, drawn from

H to a point Q, 90° in advance of P, (because S H being exceedingly

(mall; the angle P H Q may be taken as a right angle when P S Q is so,)

H approaching Q if the normal force act (yatwards, but receding from Q
if inwards. And similarly the effect of the tangential force (art. 670) is

to vary the position of H in the direction H P or P H, according as the

force retards or accelerates P's motion. To find H' then from H draw

H P, H Q, to P and to a point of P's orbit QO** in advance of P. On
H Q take H h, the motion of the focus due to the normal force, and on

H P take H k the motion due to the tangential force ; complete the

parallelogram H H', and its diagonal H H' will be the element of the

true path of H in virtue of the joint action of both forces,

(705.) The most conspicuous case in the planetary system to which the

above reasoning is applicable, is that of the moon disturbed by the sun.

The inequality thus arising is known by the name of the moon's varia-

tion, and was discovered so early as about the year 975 by the Arabian

astronomer Aboul Wefa.' Its magnitude (or the extent of fluctuation to

and fro in the moon's longitude which it produces) is considerable, being

no less than 1° 4', and it is otherwise interesting as being the first ine-

quality produced by perturbation, which Newton succeeded in explaining

by the theory of gravity. A good general idea of its nature may be

formed by considering the direct action of the disturbing forces on the moon,

supposed to move in a circular orbit. In such an orbit undisturbed, the

velocity would be uniform j but the tangential force acting to accelerate

her motion through the quadrants preceding her conjunction and oppo-

sition, and to retard it through the alternate quadrants, it is evident that

the velocity will have two maxima and two minima, the former at the

syzygics, the latter at the quadratures. Hence at the syzygies the velocity

will exceed that which corresponds to a circular orbit, and at quadratures

will full short of it. The true orbit will therefore be less curved or more

flattened than a circle in syzygies, and more curved (t. «. protuberant be-

yond a circle) in quadratures. This would be the case even were the

normal force not to act. But the action of that force increases the effect

in question, for at the syzygies, and as far as 64° 14' on either side of

tbem, it acts outwards, or in counteraction of the earth's attraction, and

thereby prevents the orbit from being so much curved as it otherwise

would be ; while at quadratures, and for 25° 46' on either side of them,

it acts inwards, aiding the earth's attraction, and rendering that portion

'Sedillot, NouvelloB Recherches pour Bervir d rHiatoire de rAstronomie che» .ei
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of the orbit more curved <than it otherwise would be. Thus the joint

action of both forces distorts the orbit from a circle into a flattened or

elliptic form, having the longer axis in quadratures, and the shorter in

syzygies ; and in this orbit the moon moves faster than with her mean

velocity at syzygy (t. e. where she is nearest the earth) and slower at

quadratures where farthest. Her angular motion about the earth is there-

fore for both reasons greater in the former than in the latter situation.

Hence at syzygy her true longitude seen from the earth will be in the act

of gaining on her mean,—in quadratures of losing, and at some interme-

diate points (not very remote from the octants) will neither be gaining

nor losing. But at these points, having been gaining or losing through

the whole previous 90° the amount of gain or loss will have attained its

maximum. Consequently at the octants the true longitude will deviate

most from the mean in excess and defect, and the inequality in question

is therefore nil at syitygies and quadratures, and attains its maxima in

advance or retardation at the octants, which is agreeable to observation.

(706.) Let us, however, now see what account can be rendered of this

inequality by the simultaneous variations of the axis and excentricity as

above explained. The tangential force, as will be recollected, is nil at

syzygies and quadratures, and a maximum at the octants, accelerative in

the quadrants E A and D B, and retarding in A D and B E. In the two

former then the axis is in process of lengthening ; in the two latter, short-

ening. On the other hand the normal force vanishes at (a, 6, d, e) G4°

14' from the syzygies. It acts outwards over eAa,b'Bd, and inwards

over aDb and (£ E e. In virtue of the tangential force, then, the point

H moves towards P when P is in A D, B E, and from it when in D B,

E A, the motion being nil when at A, B, D, E, and most rapid when at

the octant D, at which points, therefore, (so far as this force is concerned,)

the focus H would have its mean situation. And in virtue of the normal

focus, the motion of H in the direction H Q will be at its maximum of

rapidity towards Q at A, or B, from Q at D or E, and nil, at o, b, d, c. It

will assist us in following out these indications to obtain a notion of the

form of the curve really described by H, if we trace separately the paths

which H would pursue in virtue of either motion separately, since its true

motion will necessarily result from the superposition of these partial mo-

tions, because at every instant they are at right angles to each other, and

therefore cannot interfere. First, then, it is evident, from what we have

said of the tangential force, that when P is at A, H is for an instant at

rest, but that as P removes from A towards D, H continually approaches

P along their line of junction II P, which is, therefore, at each instant a

tangent to the path of II. When P is in the octant, II is at its mean
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distance from P (equal to P S), and is then in the act of approaching P
most rapidly. From thence to the quadrature D the movement of H to-

wards P decreases in rapidity till the quadrature is attained, when H rests

for an instant, and then begins to reverse its motion, and travel from P
at the same rate of progress as before towards it. Thus it is clear that,

in virtue of the tangential force alone, H would describe a four-cusped

curve a, d, h, e, its direction of motion round S in this curve being oppo-

site to that of P, so that A and a, D and d, B and 5, E and e, shall be

corresponding points.

(707.) Next as regards the normal force. When the moon is at A the

motion of H is towards D, and is at its maximum of rapidity, but slackens

as P proceeds towards D and as Q proceeds towards B. To the curve

described, H Q will be .always a tangent, and since at the neutral point of

the normal force (or when P is 64° 14' from A, and Q 64° 14' from D),

the motion of H is for an instant nil and is then reversed, the curve will

have a cusp at I corresponding, and H will then begin to travel along the

arc I m, while P describes the corresponding arc from neutral point to

neutral point through D. Arrived at the neutral point between D and B,

the motion of H along Q H will be again arrested and reversed, giving

rise to another cusp at m, and so on. Thus, in virtue of the normal force

acting alone, the path of H would be the four-cusped, elongated curve

Imno, described with a motion round S the reverse of P's, and having
« J J. - e. :_i i: i- a d tv t? .^1n/./^a «<? T)
tl, l€/, [/, c lUJ pUlUliO UUIlC:<pUUUlE<U tU iV, XJf J-', -l^, J/1»V^J(5 Ul J. .

'I

(708.) Nothing is now easier than to superpose these motions. Sup-
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posing H„ Hj to be the points in either curve corresponding to P, we

have nothing to do but to set from off S,Sh equal and parallel to S H,

in the one curve and from A, A H equal and parallel to S Hj in the other.

Let this be dorje for every corresponding point in the two curves, and

there results a a oval curve abde, having for its semiaxis Sa=Sa, + Sa2;

and Srf=S(?,+Stfj. And this will be the true path of the upper focus,

the points a, d, b, e, corresponding to A, D, B, E, places of P. And from

this it follows, 1st, that at A, B, the sjzygies, the moon is in perigee in

her momentary ellipse, the lower focus being nearer than the upper.

2dly, That in quadratures D, E, the moon is in apogee in her tJien mo-

mentary ellipse, the upper focus being then nearer than the lower. 3dly,

Fig. 98.

That H revolves in the oval adbe the contrary way to P in its orbit,

making a complete revolution from syzygy to syzygy in one synodic revo-

lution of the moon.

(709.) Taking 1 for the moon's mean distance from the earth, suppose
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we represent Sa, or St?, (for they are equal) by 2a, Saj by 26, and Srfj by

2c, then will the semiaxes of the oval adbe,8a and S^ be respectively

2a+22) and 2a+2c, so that the ezcentrioities of the momentary ellipses

at A and D will be respectively a+b and a+c. The total amount of the

effect of the tangential force on the axts^ in passing from syzygy to qna-

rature, will evidently be equal to the length of the curvilinear arc O) di

(fig.
art. 708), which is necessarily less than Soti+St?, or 4a. There-

fore the total effect on the semiaxis or distance of the moon is less than

2a, and the excess and defect of the greatest and least values of this dis-

tance thug varied above and below the mean value S A= 1 (which call o)

will be less than a. The moon then is moving at A in the perigee of an

ellipse whose semiaxis is 1+a and excentricity a+b, so that its actual

distance from the earth there is l+o— a— b, which (because a is less

than a) is less than 1— b. Again, at D it is moving in apogee of an

ellipse whose semiaxis is 1— a and excentricity a+c, so that its distance

then from the earth is 1—o+a+c, which (a being greater than o) is

greater than 1+ c, the latter distance exceeding the former by 2a—2o+
5+c.

(710.) Let us next consider the corresponding changes induced upon

the angular velocity. Now it is a law of elliptic motion that at different

points of different ellipses, each differing very little from a circle, the an-

gular velocities are to each other as the square roots of the semiaxes

directly, and as the squares of the distances inversely. In this case the

eemiaxes at A and D are to each other as 1 +a to 1— a, or as 1 : 1— 2o,

BO that their square roots are to each other as 1 : 1— a. Again, the dis-

tances being to each other as 1+a

—

a— 6:1—o+a+c, the inverse

ratio of their squares (since a, a, b, c, are all very small quantities) is that

of 1—2a+2a+2c : l +2o—2a— 26, or as 1 : 1—4a—4a—26— 2c.

The angular velocities then are to each other in a ratio compounded of these

two proportions, that is in the ratio of

1 : l+3a—4a—26— 2c,

which is evidently that of a greater to a less quantity. It is obvious also^

from the constitution of the second term of this ratio, that the normal

force is far more influential in pioducing this result than the tangential.

(711.) In the foregoing reasoning the sun has been regarded as fixed.

Let us now suppose it in motion (in a circular orbit), then it is evident that

at equal angles of elongation (of P from M seen from S), equal disturb-

ing forces, both tangential and normol, will act : only the syzygies and

quadratures, as well as the neutral points of the normal force, instead of

beincr nnints fixfld in loncitude on the orbit of the moon, will advance on

that orbit with a uniform angular motion equal to the angular motion of

'^1

Ml
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the sun. The cuspidated curves a, d^ 6, c, and a^ <?, Jj e„ fig. art. 708, will,

therefore, no longer be re-entering curves ; but each will have its cusps

screwed round as it were in the direction of the sun's motion^ so as to in-

crease the angles between them in the ratio of the synodical to the side-

real revolution of the moon (art. 418). And if, in like manner, the mo-

tions in these two curves, thus separately described by H, be compounded,

the resulting curve, though still (loosely speaking) a species of oval, will

not return into itself, but will make successive spiroidal convolutions about

S, its farthest and nearest points being in the same ratio more than 90°

asunder. And to this movement that of the moon herself will conform,

describing a species of elliptic spiroid, having its least distances always in

the line of syzygies and its greatest in that of quadratures. It is evident,

also, that, owing to the longer continued action of both forces, i. e. owing

to the greater arc over which their intensities increase and decrease by

equal steps, the branches of each curve between the cusps will be longer,

and the cusps themselves will be more remote from S, and in the same

degree will the dimensions of the resulting oval be enlarged, and with

them the amount of the inequality in the moon's motion which they

represent.

(712.) Tq the above reasoning the sun's distance is supposed so great,

that the diuiurbing forces in the semi-orbit nearer to it shall not sensibly

diflFer from those in the more reniote. The sun, however, is actually

nearer to the moon in conjunction than in opposition by about one two-

hundredth part of its whole distance, and this suffices to give rise to a

very sensible inequality (called the parallactie inequality) in the lunar

motions, amounting to about 2' in its effect on the moon's longitude, and

having for its period one synodical revolution or one lunation. As this

inequality, though subordinate in the case of the moon to the great ine-

quality of the variation with which it stands in connexion, becomes a

prominent feature in the system of inequalities corresponding to it in the

planetary perturbations (by reason of the very great variations of their

distances from conjunction to opposition,) it will be necessary to indicate

what modifications this consideration will introduce into the forms of our

focus curves, and of their superposed oval. Recurring then to our figures

in art. 706, 707, and supposing the moon to set out from E, and the

upper focus, in each curve from c, it is evident that the intercuspidal arcs

e a, a d, in the one, and ep, pa I, Id, in the other, being described under

the influence of more powerful forces, will be greater than the arcs d h,

b e, and dm, mhn,ne corresponding in the other half revolution. The

two extremities of these curves then, the initial and terminal places of e

in each, will not meet, and the same conclusion will hold respecting those
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Fig. 99.
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of the compound oval in \rbich the focus reallj revolves, which \rill,

therefore, be as in the annexed figure. Thus, at the end of a complete

lunation, the focus will have shifted its place from e to /in a line parallel

to the line of quadratures. The next revolution, and the next, the same

thing would happen. Meanwhile, however, the sun has advanced in its

orbit, and the line of quadratures has changed its situation by an equal

angular motion. In consequence, the next terminal situation (g) of the

forces will not lie in the line e/ prolonged, but in a line parallel to the

new situation of the line of quadratures, and this process continuing, will

evidently give rise to a movement of circulation of the point e, round a

mean situation in an annual period ; and this, it is evident, is equivalent

to an annual circulation of the central point of the compound oval itself,

in a small orbit about its mean position S. Thus we see that no pcrma<

nent and indefinite increase of excentricity can arise from this cause

;

which would be the case, however, but for the annual motion of the sun.

(713.) Inequalities precisely similar in principle to the variation and

parallactic inequality of the moon, though greatly modified by the different

relations of the dimensions of the orbits, prevail in all cases where plunet

disturbs planet. To what extent this modification is carried will be evi-

dent, if we cast our eyes on the examples given in art. 612, where it will

be seen that the disturbing force in conjunction often exceeds that in

oppoaition in a very high ratio, (being in the case of Neptune disturbing

Uranus more than ten times as great.) The efiiect will be, that the orbit

described by the centre of the compound oval about S, will be much

greater relatively to the dimensions of that oval itself, than in the case of

the moon. Bearing in mind the nature and import of this modification,

we may proceed to inquire, apart from it, into the number and distribution

of the undulations in the contour of the oval itself, arising from the alter-

• i<*:
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nations of direction plus and minus of tlie disturbing forces in the course

of u synodic revolutio/< But first it should be mentioned that, in the

case of an exterior disturbed by an interior planet, the disturbing body's

Hiiuf,. ir motion exceeds that of th« '^"iturbed. Hence P, though advan-

cing lu *i» orbit, recedes relatively to the line of syzygies, or, which comes

to the same thing, the neutral points of either force overtake it in succes-

sion, and each, as it comes up to it, gives rise to a cusp in the corresponding

focus curve. The angles between the successive cusps will therefore be

to the angles between the corresponding neutral points for a fixed position

of M, in the same constant ratio of the synodic to the sidereal period of P,

which however is now a ratio of less inequality. These angles then will

be contracted in amplitude, and, for tlie same reason as before, the cxcur-

Bions of the focus will be diminished, and the more so the shorter the

synodic revolution.

(714.) Since the cusps of either curve recur, in successive synodic

revolutions in the same order, and at the same angular distances from

each other, and from the line of conjunction, the same will be true of all

the corresponding points in the curve resulting from their superposition.

In that curve, every cusp, of either constituent, will give rise to a con-

vexity, and every intercuspidal arc to tv relative concavity. It is evident

then that the compound curve or tncj path of the focus so resulting, but

for the cause above mentioned, would return into itself, whenever the

periodic times of the disturbing and disturbed bodies arc commensurate,

because in that case the synodic period will also be commensurate

with either, and the arc of longitude intercepted between the sidereal

Fig. 100.

place of L. '.V conjunction, and that next following it, will be an ali-

quot per i fif '>0° *r. all other cases it would be a non-reentering, more or

less unuukti"; : aaa more or k:* regular, spiroid, according to the number

of cusps ill eaoli of the constituent curves (that is to say, according to

the number of neutral points or changes of directiou from inwards to
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outwards, or from accelerating to retarding, ai. 1 vice versa, of the normal

and tangentiid forces,) in a complete synodic revolution, a&d their di«tri-

btttion over the circumference.

(715.) With regard to these changes, it is necessary to distinguish

three cases, in which the perturbations of planet by planet are very dis-

tinct in oharer'^cr. 1st. When the disturbing planet is exterior. In this

case the)- .
.

' r)ui neutral points of either force. Those of the tangen-

tial f-''.'rt oc?:ur d'v. uiie syzygies, and at the points of the disturbed orbit

(whidi wr ;-hall call points of equidistance), equidistant from the sum

ar^'l the disiurbing planet (at which points, as we have shown (art. 614),

i!: total disturbing force is always directed inwards towards the sun.)

Those of the normal force occur at points intermediate between these last

mentioned points, and the syzygies, which, if the disturbing planet be

vert/ distant, hold nearly the situation they do in the lunar theory, i. e.

considerably nearer the quadratures than the syzygies. In proportion as the

distance of the disturbing planet diminishes, two of these points, viz. those

nearest the syzygy, approach to each other, and to the syzygy, and in the

extreme case, when the dimensions of the orbits are equal, coincide with it.

(710.) The second case is that in which the disturbing planet is inte-

rior to the disturbed, but at a distance from the sun greater than half that

of the latter. In this case there are four neutral points of the tangential

force, and only two of the normal. Those of the tangential force occur

at the syzygies, and at the points of equidistance. The force retards the

disturbed body from conjunction to the first such points after conjunction,

accelerates it thence to the opposition, thence again retards it to the next

point of equidistance, and finally again accelerates it up to the conjunc-

tion. As the disturbing orbit contracts in dimension, the points of equi-

distance approach; their distance from syzygy from 60° (the extreme

case) diminishing to nothing, when they coincide with each other, and

with the conjunction. In the case of Saturn disturbed by Jupiter, that

''otance is only 23° 33'. The neutral points of the normal force lie

somewhat beyond the quadratures, on the side of the opposition, and do

not undergo any very material change of situation with the contraction

of the disturbing orbit.

(717.) The third case is that in which the diameter of the disturbing

interior orbit is less than half that of the disturbed. In this case there

are only two points of evanescence for either force. Those of the tan-

gential force are the sy/.^gies. The disturbed planet is accelerated through-

out the whole semi-revolution from conjunction to opposition, and retarded

from opposition to conjunction, the maxima of acceleration and retardation

occurring not far from quadrature. The neutral points of the norm il

i\
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force are situated nearly as in the last case ', that is to say, beyond the

quadratures towards the opposition. All these varieties the student will

easily trace out by simply drawing the figures, and resolving the forces in

a series of cases, beginning with a very large and ending with a very

small diameter of the disturbing orbit. It will greatly aid him in im-

pressing on his imagination the general relations of the subject, if be

construct, as he proceeds, for each case, the elegant and symmetrical ovals

t Fig. 101.

in which the points N and L (fg. art. 675,) always lie, for a fixed posi-

tion of M, and of which the annexed figure expresses the forms tbcy

respectively assume in the third case now under consideration. The

second only differs from this, in having the common vertex m, of both

ovals, outside of the disturbed orbit A P, while in the case of an exterior

disturbing planet, the oval m L assumes a four-lobed form ; its lobes

respectively touching the oval m N in its vertices, and cutting the orbit

A P in the points of equidistance and of tangency, (i. e. where M P S is

a right angle) as in this figure.

Fig. 102.
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(718.) It would be easy now, bearing these features in mind, to trace

in any proposed case the form of the spiroid curve, described, as above

explained, by the upper focus. It will suffice, however, for our present

purpose, to remark, 1st, That between every two successive conjunctions

of P and M, the same general form, the same subordinate undulations,

and the same terminal displacement of the upper focus, are continually

repeated. 2dly, That the motion of the focus in this curve is retrograde

whenever the disturbing planet is exterior, and that in consequence the

apsides of the momentary ellipse also recede, with a mean velocity such

as, but for that displacement, would bring them round at the each con-

junction to the same relative situation with respect to the line of syzygies.

3dly, That in consequence of this retrograde movement of the apse, the

disturbed planet, apart from that consideration, would bo twice in peri-

helio and twice in aphelio in its momentary ellipse in each synodic revo-

lution, just as in the case of the moon disturbed by the sun— and that in

consequence of this and of the undulating movement of the focus H it-

self, an inequality will arise, analogous, mutatis mutandis in each case, to

the moon's variation ; under which term we comprehend (not exactly in

conformity to its strict technical meaning in the lunar theory) not only

the principal inequality thus arising, but all its subordinate fluctuations.

And on this the parallactic inequality thus violently exaggerated is

superposed.

(719.) Wo come now to the class of inequalities which depend for

their existence on an appreciable amount of permanent excentricity in

the orbit of one or of both the disturbing and disturbed planets, in con-

sequence of which all their conjunctions do not take place at equal

distances either from the central body or from each other, and therefore

that symmetry in every synodic revolution on which depends the exact

restoration of both the axis and excentricity to their original values at the

completion of each such revolution no longer subsists. In passing from

conjunction to conjunction, then, there will no longer be effected a com-

plete restoration of the upper focus to the same relative situation, or of

the axis to the same length, which they respectively had at the outset.

At the same time it is not less evident that the differences in both re-

spects are only what remain outatanding, after the compensation of by far

the greater part of the deviations to and fro from a mean state, which

occur in the course of the revolution ; and that they amount to but small

fractions of the total excursions of the focus from its first position, or of

the incrcoae and dnnrftaso in thn Innfftli of tho ftxia effected by the direct

action of the tangential force,— so small, indeed, that, unless owing to

peculiar adjustments they bo enabled to accumulate again and again at
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Buccessive conjunctions in the same direction, they would be altogether

undeserving of any especial notice in a work of this nature. Such ad-

justments, however, would evidently exist if the periodic times of the

planets were exactly commensurable ; since in that case all the possible

conjunctions which could ever happen (the elements not being materially

changed) would take place ''t fixed points in longitude, the intermediate

points being never visited by a conjunction. Now, of the conjunctions

thus distributed, their relations to the lines of symmetry in the orbits

being all dissimilar, some one must be more influential than the rest on

each of the elements (not necessarily the same upon all). Consequently,

in a complete cycle of conjunctions, wherein each has been visited in its

turn, the influence of that one on the element to which it stands so espe-

cially related, will preponderate over the counteracting and compensating

influence of the rest, and thus, although in such a cycle as above specified

a further and much more exact compensation will have been eflectcd in

its value than in a single revolution, still that compensation wUl not be

complete, but a portion of the eflfect (be it to increase or to diminish the

excentricity or tiie axis, or to cause the apse to advance or to recede,)

will remain outstanding. In the next cycle of the same kind this will be

repeated, and the result will be of the same character, and so on, till at

length a sensible and ultimately a large amount of change shall have

taken place, and in fact until the axis (and with it the mean motion) shall

have so altered as to destroy the eommensurability of periods, and the ap-

sides have so shifted as to alter the place of the most influential conjunction.

(720.) Now, although it is true that the mean motions of no two

planets are exactly commensurate, yet cases are not wanting in which

there exists an approach to this adjustment. For instance, in the case of

Jupiter and Saturn, a cycle composed of five periods of Jupiter and two

of Saturn, although it does not exactly bring about the same configura-

tion, does so pretty nearly. Five periods of Jupiter are 21G63 diiys, and

two periods of Saturn, 21519 days. The diflFerence is only 14G days, in

which Jupiter describes, on an average, 12°, and Saturn about 5°; so

that after the lapse of the former interval they will only bo 7° from a

conjunction in the same parts of their orbits as before. If we calculate

the time which will exactly bring about, on the average, three conjunc-

tions of the two planets, we shall find it to be 21760 days, their synodical

period being 725.*}-4 days. In this interval Saturn will have doscribed

8° 6' in excess of two sidereal revolutions, and Jupiter the same angle in

excess of five. Every third conjunction, then, will take place 8° 6' iu

advance of the preceding, which is near enough to establish, not, it if

true, an identity with, but still a great approach to the case in (jucstion.
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The excess of action, for several such triple conjunctions (7 or 8) in suc-

cession, will lie the same way, and at each of them the elements of P's

orbit and its angular motion will be similarly influenced, so as to accu-

mulate the effect upon its longitude j thus giving rise to an irregularity

of considerable magnitude and very long period, which is well known to

astronomers by the name of the great inequality of Jupiter and Saturn.

(721.) The arc 8° 6' is contained 44| times in the whole circumference

of 360° ; and accordingly, if we trace round this particular conjunction,

we shall find it will return to the same point of the orbit in so many
times 21760 days, or in 2648 years. But the conjunction we are now
considering is only one out of three. The other two will happen at

pnints of the orbit about 123° and 246° distant, and these points also will

ance by the same arc of 8* 6' in 21760 days. Consequently the

period of 2648 years will bring them all round, and in that interval each

01 them will pass through that point of the two orbits from which wo

commenced : hence a conjunction (one or other of the three) will happen

at that point once in one third of this period, or in 883 years ; and this

is, therefore, the cycle in which the "great inequality" would undergo

its full compensation, did the elements of the orbits continue all that

time invariable. Their variation, however, is considerable in so long an

interval ; and, owing to this cause, the period itself is prolonged to about

918 years.

(722.) We have selected this inequality as the most remarkable in-

stance of this kind of action on ac( ount of its magnitude, the length of

its period, and its high historical interest. It had long been remarked

by astronomers, that on comparing together modern with ancient observa-

tions of Jupiter and Saturn, the mean motions of these planets did not

appear to be uniform. The period of Saturn, for instance, appeared to

have been lengthening throughout the whole of the seventeenth century,

and that of Jupiter shortening— that is to say, the one planet was con-

stantly logging behind, and the other getting in advance of its calculated

plnec. On the other hand, in the eighteenth century, a process precisely

the reverse seemed to be going on. It is true the whole retardations and

accelerations observed were not very great; but, as their influence went on

accumulating, they produced, at length, material diflerences between the

observed and calculated places of both these planets, which as they could

not then bo accounted for by any theory, excited a high degree of atten-

tion, and were even, at one time, too hastily regarded as almost subversive

of the Newtonian doctrine of gravity. For a long while this diffrence

baffled every endeavour to account fur it ; till at length Laplace pointed

20
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out its cause in the near commensurability of the mean motions, as above

shown, and succeeded in calculating its period and amount.

(723.) The inequality in question amounts, at its maximum, to an al-

ternate gain and loss of about 0° 49' in the longitude of Saturn, and a

corresponding loss and gain of about 0° 21' in that of Jupiter. That an

acceleration in the one planet must necessarily be accompanied by a re-

tardation in the other, might appear at first sight self-evident, if we con-

sider, that action and reaction being equal, and in contrary directions,

whatever momentum Jupiter communicates to Saturn in the directinn

P M, the same momentum must Saturn communicate to Jupiter in the

direction M P. The one, therefore, it might seem to be plausibly argued,

will be dragged forv^ard, whenever the other is pulled back in its orbit.

The inference is correct, so far as the general and final result goes; but

the reasoning by which it would, on the first glance, appear to be thus

summarily established is fallacious, or at least incomplete. It is perfectly

true that whatever momentum Jupiter communicates directly to Saturn,

Saturn communicates an equal momentum to Jupiter in an opposite linear

direction. But it is not with the absolute motions of the two planets in

space that we are now concerned, but with the relative motion of each

separately, with respect tc the sun regarded as at rest. The pcrturhaticr

forces (the forces which disturb these relative motions) do not act along

the line of junction of the planets (art. 614.) In the reasoning thus

objected to, the attraction of each on the sun has been left out of the

account', and it remains to be shown that these attractions neutralize and

destroy each other's effects in considerable periods of time, as bearing

upon the result in question. Suppose then that we for a moment abandon

the point of view, in which we have hitherto all along considered tho

subject, and regard the sun as free to move, and liable to bo displaced by

the attractions of the two planets. Then will the movements of all be

performed about the common centre of gravity, just as they would Lavp

been about the sun's centre regarded as immoveable, the sun all the wliilo

circulating in a small orbit (with a motion compounded of the two elliptic

motions it would have in virtue of their separate attractions) about the

same centre. Now in this case M still disturbs P, and P, M, but the

whole disturbing force now acts along their line of junction, and since it

remains true that whatever momentum M generates in P, P will gcnorutc

the same in M in a contrary direction ; it will also bo strictly true that, so

' We are here reading a sort of recantation. In the edition of l^SS the remnrkablo

ft'dult in question i« sought to be pslablislicd by this vicious reasoning. The niisiaite

is a very rmiurai one, and is so apt to haunt ihc ideas of beginners in this department

of physics, that it is worth while expressly to warn them against it.
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far as a disturbance of their elliptic motions about the common centre of

ijravity of the system is alone regarded, whatever disturbance of velocity

is generated in the one, a contrary disturbance of velocity (only in the

inverse ratio of the masses and modified, though never contradicted, by

the directions in which they are respectively moving), will be generated

in the other. Now when we are considering only inequalities of long

period comprehending many complete revolutions of both planets, and

which arise from changes in the axes of the orbits, affecting their mean

motions, it matters not whether we suppose these motions performed

about the ommon centre of gravity, or about the sun, which never de-

parts from that centre to any material extent (the mass of the sun being

such in comparison with that of the planets, that that centre always lies

within his surface.) The mean motion therefore, regarded as the average

angular velocity during a revolution, is the same whether estimated by

reference to the sun's centre, or to the centre of gravity, or, in other

words, the relative mean motion referred to the sun is identical with the

absolute mean motion referred to the centre of gravity.

(724.) This reasaning applies equally to every case of mutual disturb-

ance resulting in a long inequality such as may arise from a slow and

long-continued periodical increase and diminution of the axes, and geom-

eters have accordingly demonstrated as a consequence from it, that the

proportion in which such inequalities affect the longitudes of the two

phinets concerned, or the maxima of the excesses and defects of their

longitudes above and below their elliptic values, thence arising, in each,

are to each other in the inverse ratio of their masses multiplied by the

square roots of the major axes of their orbits, and this result is confirmed

by observation, and will be found verified in the instance immediately in

question as nearly as the uncertainty still sabsisting as to the masses of

the two planets will permit.

(7*25.) The inequality in question, as has been observed in general,

(art. 718,) would be much greater, were it not for the partial compensa-

tion which is operated in it in every triple conjunction of the planets.

Suppose PQR to be Saturn's orbit, and pqr Jupiter's; and suppose a

conjunction to take place at P^, on the line SA; a second at 123° dis-

tance, on the line S B ; a third at 240° distance, on S C ; and the next at

308°, on S D. This laflt-raentioned conjunction, taking place nearly itv

the situation of the first, will produce nearly a repetition of the first effect

in retarding or accelerating the planets ; but the other two, being in the

most remote situations possible from the first, will happen under entirely

different circumstances as to the position of the perihelia of the orbits.

Now, we have seen that a presentation of the one planet to the other in

' f
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Fig. 103.

conjunction, in a variety of situations, tends to produce compensation;

and, in fact, the greatest possible amount of compensation which can be

produced by only three conjunctions is when they are thus equally dis-

tributed round the centre. Hence we see that it is not the whole amount

of perturbation which is thus accumulated in each triple conjunction, but

only that small part which is left uncompensated by the intermediate

The reader, who possesses already some acquaintance with theones.

subject, will not be at a loss to perceive how this consideration is, in fact,

equivalent to that part of the geometrical investigation of this inequality

which leads us to seek its expression in t«rms of the third order, or in-

volving the cubes and products of three dimensions of the excentricities

and inclinations ; and how the continual accumulation of small quantities,

during long periods, corresponds to what geometers intend when they

speak of small terms receiving great accessions of magnitude by the intro*

duction of large coeflBcients in the process of integration.

(726.) Similar considerations apply to every case of approximate com-

mensurability which can take place among the mean motions of any two

planets. Such, for icstance, is that which obtains between the lucan

motion of the earth and Venus,—13 times the period of Venus being very

nearly equal to 8 times that of the earth. This gives rise to an extremely

near coincidence of every fifth conjunction, in the same parts of each orbit

(within jilxi^h part of a circumference,) and therefore to a correspondingly

extensive accumulation of the resulting uncompensated perturbation,

But, on the other hand, the part of the perturbation thus accumulated is

only that which remains outstanding after passing the equalizing ordeal

of five conjunctions equally distributed round the circle ; or, in the lan-

guage of geometers, is dependent on powers and products of the excen-

tricities and inclinations of the fifth order. It is, therefore, extremely

minute, and the whole resulting inequality, according to the elaborate

calculations of Mr. Airy, to whom it owes its detection, amounts to no
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more than a few seconds at its maximum, while its period is no less than

240 years. This example will serve to show to what minuteness these

inquiries have been carried to the planetary theory.

(727.) That variations of long period arising in the way above described

are necessarily accompanied by similarly periodical displacements of the

upper focus, equivalent in their eflfect to periodical fluctuations in the

magnitude of the excentricity, and in the position of the line of apsides,

is evident from what has been already said respecting the motion of the

upper focus under the influence of the disturbing forces. In the case of

circular orbits the mean place of H coincides with S the centre of the sun,

but if the orbits have any independent ellipticity, this coincidence will no

longer exist— and the mean place of the upper focus will come to be

inferred from the average of all the situations which it actually holds

during an entire revolution. Now the fixity of this point depends on the

equality of each of the branches of the cuspidated curves, and consequent

equality of excursion of the focus in each particular direction, in every

successive situation of the line of conjunction. But if there be some

one line of conjunction in which these excursions are greater in any one

particular direction than in another, the mean place of the focus will be

displaced, and if this process be repeated, that mean place will continue

to deviate more and more from its original position, and thus will arise a

circulation of the mean place of tlie focus for a revolution about another

mean situation, the average of all the former mean places during a com-

plete cycle of conjunctions. Supposing S to be the sun, the situation

tbe upper focus would have, had these inequalities no existence, and H K
the path of the upper focus, which it pursues about by reason of them,

then it is evident that in the course of a complete cycle of the inequality

in question, the excentricity will have fluctuated between the extreme

limits S J and S T and the direction of the longer axis between the

extreme position S H and S K, and that if we suppose ijhie to bo the

corresponding mean places of the focus, ij will be the extent of the fluctu-

ation of the mean excentricity, and the angle hsk, that of the longitude

of the perigee.

(7'28.) The periods then in which these fluctuations go through their

phases are necessarily equal in duration with that of the inequality in

longitude, with which they stand in connexion. But it by no means

follows that their maxima all coincide. The variation of the axis to which

that of the mean motion corresponds, depends on the tangential force only

whose maximum is not at conjunction or opposition, hnt at points remote

from cither, while the excentricity depends both on the normal and tan-

gential forces, the maximum of the former of which is at the conjunction
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Fig. 104.

That particular conjunction therefore, which is most influential on the

axis, is not so on the excentricity, so that it can by no means be concluded

that either the maximum value of the axis coincides with the maximum,

or the minimum of the excentricity, or with the greatest excursion to or

fro of the line of apsides from its mean situation, all that can be safely

asserted is, that as either the axis or the excentricity of the one orbit

varies, that of the other will vary in the opposite direction.

(729.) The primary elements of the lunar and planetary orbits, which

may be regarded as variable, are the longitude of the node, the inclina-

tion, the axis, excentricity, longitude of the perihelion, and epoch (art.

496). In the foregoing articles we have shown in what manner each of

tho first five of these elements is made to vary, by the direct action of

the perturbing forces. It remains to explain in what manner the last

comes to be afiected by them. And here it is necessary, in the first in-

stance, to remove some degree of obscurity which may be thought to hang

about the sense in which the term itself is to be understood in speaking of

an orbit, every other element of which is regarded as in a continual state

of variation. Supposing, then, that we were to reverse the process of

calculation described in arts. 499 and 500 by which a planet's heliocentric

longitude in an elliptic orbit is computed for a given time ; and setting

out with a heliocentric longitude ascertained by observation, all the other

elements being known, we were to calculate either what mean longitude

the planet had at a given epochal time, or, which would come to the

same thing, at what moment of time (thenceforward to be assumed as

au epoch) it had a given mean longitude. It is evident that by this

means the epoch, if not otherwise known, would become known, whether

we consider it as the moment of time corresponding to a convenient mean

hmgitude, or as the mean longitude corresponding to a convenient time.

The latter way of considering it has aoiuo advantages in respect of general

convenience, and astronomers are in agreement in employing, as an ele*
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ment under the title "Epoch of the mean longitude," the mean longitude

of the planet so computed for a fixed date ; as, for instance, the commence

ment of the year 1800, mean time at a given place. Supposing now all

elements of the orbit invariable, if we were to go through this reverse

process, and thus ascertain the epoch (so defined) from any number of

different perfectly correct heliocentric longitudes, it is clear we should

always come to the same result. One and the same "epoch" would come

out from all the calculations.

(730.) Considering then the "epoch" in this light, as merely a result

of this reversed process of calculation, and not as the direct result of au

observation instituted for the purpose at the precise epochal moment of

time, (which would be, generally speaking, impracticable,) it might be

conceived subject to variation in two distinct ways, viz. dependently and

independently. Dependently it must vary, as a necessary consequence of

the variation of the other elements ; because, if setting out from one and

the same observed heliocentric longitude of the planet, we calculate back

to the epoch with two different sets of intermediate elements, the one set

consisting of those which it had immediately before its arrival at that

longitude, the other that which it takes up immediately after (i. e. with

an unvaried and varied system), we cannot (unless by singular accident of

mutual counteraction) arrive at the same result; and the difference of the

results is evidently the variation of the epoch. On the other hand, how-

ever, it cannot vary independently j for since this is the only mode in

which the unvaried and varied epochs can become known, and as both

result from direct processes of calculation involving only given data, the

results can only differ by reason of the difference of those data. Or we

may argue thus. The change in the path of the planet, and its place in

that path so changed, at any future time (supposing it to undergo no fur-

ther variation), are entirely owing to the change in its velocity and direc-

tion, produced by the disturbing forces at the point of disturbance ; now

these latter changes (as we have above seen) are completely repres'^nted by

the momentary change in the situation of the upper focus, taken in com-

bination with the momentary variation in the plane of the orbit; and these

therefore express the total effect of the disturbing forces. There is, there-

fore, no direct and specific action on the epoch as an independent variable.

It is simply left to accommodate itself to the altered state of things in the

mode already indicated.

(731.) Nevertheless, should the effects of perturbation by inducing

ehanges on these other elements affect the mean longitude of the planet

•lu uiiV uLiici vvaV biiaii uivu uu i^uiintucicu uo piULfcijV tuaxvu uwuuiio ut, %j\

the varied periodic time due to a change of axis, such effects must be re-

U
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garded as incident on the epoch. This is the case with a very curious

class of perturbations which we are now to consider, and which have their

origin in an alteration of the average distance at which the disturbed body

is found at every instant of a complete revolution, distinct from, and not

brought about by the variation of the major semi-axis, or momentary

" mean distance" which is an imaginary magnitude, to be carefully distin-

guished from the averge of the actual distances now contemplated. Per-

turbations of this class (like the moon's variation, with which they are

intimately connected) are independent on the excentricity of the disturbed

orbit ) for which reason we shall simplify our treatment of this part of the

subject, by supposing that orbit to have no permanent excentricity, the

upper focus in its successive displacements merely revolving about a miian

position coincident with the lower. We shall also suppose M very dis-

tant, as in the lunar theory.

(732.) Referring to what is said in arts. 706 and 707, and to the figures

accompanying those articles, and considering first the effect of the tangential

force, we see that besides the effect of that force in changing the length

of the axis, and consequently the periodic time, it causes the upper focus

H to describe, in each revolution of P, a four-cusped curve, a, 6, d, e,

about S, all whose intercuspidal arcs are similar and equnl. This supposes

M fixed, and at an invariable distance,—suppositions which simplify the

relations of the subject, and (as we shall afterwards show) do not affect

the general nature of the conclusions to be drawn. In virtue, then, of

the excentricity thus given rise to, P will be at the perigee of its momen-

tary ellipse at syzygies and in its apogee at quadratures. Apart, therefore,

from the change arising from the variation of axis, the distance of P
from S will be less at syzygies, and greater at quadratures, than in the

original circle. But the average of all the distances during a whole revo-

lution will be unaltered j because the distances of a, d, h, e, from S being

equal, and the arcs symmetrical, the approach in and about perigee will

be ecjual to the recess in and about the apogee. And, in like manner, the

effect of the changes going on in the length of the axis itself, on the

average in question, is nil, because the alternate increases and decreases

of that length balance each other in a complete revolution. Thus we see

that the tangential force is excluded from all influence in producing the

class of perturbations now under consideration.

(733.) It is otherwise with respect to the normal force. In virtue of

the action of that force the upper focus describes, in each revolution of P,

tho four-cusped curve (^fg. art. 707), whose intercuspidal arcs are alter-

nately of very unequal extent, arising, as we have seen, from tho longer

duration and greater energy of the outward than of the inward action of

centre is ms
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the disturbing force. Although, therefore, in perigee at syzygies and in

apogee at quadratures, the apogeal recess is much greater than the perigeal

approach, inasmuch as S c? greatly exceeds S a. On the average of a

whole revolution, then, the recesses will preponderate, and the average

distance will therefore be greater in the disturbed than in the undisturbed

orbit. And it is manifest that this conclusion is quite independent of any

change in the length of the axis, which the normal force has no power to

produce.

(734.) But neither does the normal force operate any change of linear

velocity in the disturbed body. When carried out, therefore, by the

effect of that force to a greater distance from S, the angular velocity of its

motion round S will be diminished : and contrariwise when brought nearer.

The average of all the momentary angular motions, therefore, will de-

crease with the increase in that of the momentary distances; and in a

higher ratio, since the angular velocity, under an equable description of

areas, is inversely as the square of the distance, and the disturbing force,

being (in the case supposed) directed to or from the centre, does not dis-

turb that equable description (art. 616). Consequently, on the average

of a whole revolution, the angular motion 'S slower, and therefore the time

of completing a revolution, and returning to the same longitude, longer

than in the undisturbed orbit, and that independent of and without any

reference to the length of the momentary axis, and the " periodic time
"

or "mean motion" dependent thereon. We leave to the reader to follow

out (as is easy to do) the same train of reasoning in the cases of planetary

perturbation, when M is not very remote, and when it is interior to the

disturbed orbit. In the latter case the preponderant effect changes from

a retardation of angular velocity to an acceleration, and the dilatation of

the average dimensions of P's orbit to a contraction.

(735.) The above is an accurate analysis, according to strict dynamical

principles, of an effect whicL, speaking roughly, may be assimilated to an

alteration of M's gravitation towards S by the mean preponderant amount

of the outward and inward action of the normal forces constantly exerted

— nearly as would be the case if the mass of the disturbing body were

formed into a ring of uniform thickness, concentric with S, and of such

diameter as to exert an action on P everywhere equal to such mean pre-

ponderant force, and in the same direction as to inwards or outwards. For

it is clear that the action of such a ring on P, will be the difference of its

attractidns on the two points P and S, of which the latter occupies its

centre, the former is excentric. Now the attraction of a ring on its

centre is manifestly equal in all directions, and thercforo, estiniuied in

an)' one direction, is zero. On the other hand, on a point P out of its
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centre, if within the ring, the resulting attraction will always be outwards,

towards the nearest point of the ring, or directly from the centre.' But

if P lie without the ring, the resulting force will act always inwards,

urging P towards its centre. Hence it appears that the mean effect of

the radial force of the ring will be different in its direction, according as

the orbit of the disturbing body is exterior or interior to that of the dis-

turbed. In the former case it will act in diminution, in the latter in

augmentation of the central gravity.

(736.) Regarding, still, only the mean effect, as produced in a great

number of revolutions of both bodies, it is evident that such an increase

of central force will be accompanied with a diminution of periodic time

and distance of a body revolving with a stated velocity, and vice versii.

This, as we have shown, is the first and most obvious effect of the radial

part of the disturbing force, when exactly analyzed. It alters permanently,

and by a certain mean amount, the distances and times of revolution of

all the bodies composing the planetary system, from what they would be,

did each planet circulate about the sun uninfluenced by the attraction of

the rest ; the angular motion of the interior bodies of the system being

thus rendered less, and those of the exterior greater, than on that suppo-

sition. The latter effect, indeed, might be at once concluded from this

obvious consideration,— that all the planets revolving interiorly to any

' As this is a proposition which the equilibrium of Saturn's ring renders not merely

speculative or illustrative, it will be well to demonstrate it ; which may be done very

simply, and without the aid of any calculus. Conceive a spherical shell, and a point

within it : every line passing through the point, and terminating both ways in the shell,

will, of course, be equally inclined to its surface at either end, being a chord of a sphe-

rical surface, and therefore symmetrically related to all its parts. Now, conceive a

small double cone, or pyramid, having its apex at the point, and formed by the conical

motion of such a line round the point. Then will the two portions of the spherical

shell, which form the bases of both the cones, or pyramids, be similar and equally in-

clined to their axes. Therefore their areas will be to each other as the squares of their

distances from the common apex. Therefore their attractions on it will be equal, be-

cause the attraction is as the attracting matter directly, and the square of its distance

inversely. Now, these attractions act in opposite directions, and therefore counteract

each other. Therelbre the point is in equilibrium between them ; and as the same is

true of every such pair of areas into which the spherical shell can be broken up, there-

fore the point will be in equilibrium however situated within such a spherical shell.

Now take a ring, and treat it similarly, breaking its circumference up into pairs of ele-

ments, the bases of triangles formed by lines passing through the attracted point.

Here the attracting elements being lines, not surfaces, are in the simple ratio of the

distances, not the duplicate, as they should be to maintain the equilibrium. Therefore

it will not be maintained, but the nearest elements will have the superiority, and the

point will, on the whole, be urged towards the nearest part of the ring. The same is

true of every linear ring, and is therefore true of any assemblage of concentric ones

lorming a flat armulus, like the ring of Saturr..
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orbit may be considered as adding to the general aggregate of the attract-

ing matter within, which is i.ot the less efficient for being distributed over

space, and maintained in a state of circulation.

(737.) This effect, however, is one which we have no means of mea-

suring, or even of detecting, otherwise than by calculation. For our

knowledge of the periods of the planets is drawn from observations made

on them in their actual state, and therefore under the influence of this,

which may be regarded as a sort of constant part of the perturbative

action. Their observed mean motions are therefore affected by the whole

amount of its influence ; and we have no means of distinguishing this by

observation from the direct effect of the sun's attraction, with which it is

blended. Our knowledge, however, of the masses of the planets assures

us that it is extremely small ; and this, in fact, is all which it is at all

important to us to know, in the theory of their motions.

(738.) The action of the sun upon the moon, in like manner, tends, by

its mean influence during many successive revolutions of both bodies, to

increase permanently the moon's distance and periodic time. But this

general average is not established, either in the case of the moon or

planets, without a series of subordinate fluctuations, which we have pur-

posely neglected to take account of in the above reasoning, and which

obviously tend, in the average of a great multitude of revolutions, to

neutralize each other. In the lunar theory, however, some of these sub-

ordinate fluctuations are very sensible to observation. The most conspi-

cuous of these is the moon's annual equation ; so called because it consists

in an alternate increase and decrease in her longitude, corresponding with

Fig. 105.

the earth's situation in its annual orbit ; {. e. to its angular distance from

the perihelion, and therefore having a year instead of a month, or aliquot

part of a month, for its period. To understand the mode of its produc-

tion, let us suppose the sun, still holding a fixed position in longitude, to

approach gradually nearer to the earth. Then will all its disturbing forces

be gradually increased in a very high ratio compared with the diminution

of the distance (being inversely as its cube ; so that its effects of evciy

kind are three times greater in respect of any change of distance, than
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they would be by the simple law of proportionality). Hence, it is obvious

that the focus H (art. 707) in the act of describing each intercuspidal arc

of the curve a, d, b, e, will be continually carried out farther and farther

from S ; and the curve, instead of returning into itself at the end of each

revolution, will open out into a sort of cuspidated spiral, as in the figure

annexed. Retracing now the reasoning of art. 733, as adapted to this

state of things, it will be seen that so long as this dilatation goes on, so

long will the difference between M's recess from S in aphelio and its

approach in perihelio (which is equal to the difference of consecutive long

and short semidiametcrs of this curve) also continue to increase, and with

it the average of the distances of M from S in a whole revolution, and

consequently also the time of performing such a revolution. The reverse

process will go on as the sun again recedes. Thus it appears that, as the

sun approaches the earth, the mean angular motion of the moon on the

average of a whole revolution will diminish, and the duration of each

lunation will therefore exceed that of the foregoing, and vice versd.

(739.) The moon's orbit being supposed circular, the sun's orbitual

motion will have no other effect than to keep the moon longer under the

influence of every gradation of the disturbing force, than would have been

the case had his situation in longitude remdned unaltered (art. 711.) The

effects, therefore, will take place only on an increased scale in the propor-

tion of the increased time j i. c. in the proportion of the synodic to the

sidereal revolution of the moon. Observation confirms these results, and

assigns to the inequality in question a maximum value of between 10' and

11', by which the moon ia at one time in advance of, and at another be-

hind, its mean place,, in consequence of this perturbation.

(740.) To this class of inequalities wo must refer one of groat import-

ance, and extending over an immense period of time, known by the name

of the secular acceleration of the moon's mean motion. It had been

observed by Dr. Ilalley, on comparing together the records of the most

ancient lunar eclipses of the Chaldean astronomers with those of modern

times, that the period of the moon's revolution at present is sensibly

shoHer than at that remote epoch ; and this result was confirmed by a

further comparison of both sets of observations with those of the Arabian

astronomers of the eighth and ninth centuries. It appeared, from these

comparisons, that the rate at which the moon's mean motion increases is

about 11 seconds per century,— a quantity small in itself, but bpcnming

considerable by its accumulation during a succession of ages. 'J'liis re-

markable fact, like the great equation of Jupiter and Saturn, had boon

long the subject of toilsome investigation to geometers. Indeed, so

difficult did it appear to render any e.xact account of, that while sonio
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vere on the point of again declaring the theory of grayity inadequate to

its explanation, others were for rejecting altogether the evidence on which

it rested, although quite as satisfactory as that on which most historical

events are credited. It was in this dilemma that Laplace once more

stepped in to rescue physical astronomy from its reproach, by pointing out

the real cause of the phseuomenon in question, which, when so explained,

is one of the most curious and instructive in the whole rs'.nge of our sub-

ject,— one which leads our speculations farther into the past and future,

and points to longer vistas in the dim perspective of changes which our

system has undergone and is yet to undergo, than any other which obser-

vation assisted by theory has developed.

(741.) The year is not an exact number of lunations. It consists of

twelve and a fraction. Supposing then the sun and moon to set out from

conjunction together ; at the twelfth conjunction subsequent the aun will

not have returned precisely to the same point of its annual orbit, but will

full somewhat short of it, and at the thirteenth will hav£ overpassed it.

Hence in twelve lunations the gain of longitude during the first half year

will be somewhat under and in thirteen somewhat over-compensated. In

twenty-sis it will be nearly twice as much over-compensated, in thirty-nine

not quite so nearly three times as much, and so on, until, after a certain

number of such multiples of a lunation have elapsed, the sun will be

found half a revolution in advance, and in place of receding farther at the

expiration of the next, it will have begun to approach. From this time

every succeeding cycle will destroy some portion of that over-compensa-

tion, until a complete revolution of the sun in excess shall bo acccm-

plislied. Thus arises a subordinate or rather supplementary inequality,

having for its period as many years as is necessary to multiply the defi-

cient arc into a whole revolution, at the end of which time a much more

exact compensation will have been operated, and so on. Thus after a

moJerntc number of years an almost perfect compensation will be ciTcctcd,

and if wo extend our views to centuries wo may consider it as quite so.

Such at least would be the cose if the solar ellipse were invariable. But

that ellipse is kept in a continual but excessively slow state of change by

the action of the planets on the earth. Its axis, it is true, remains unal-

tered; but its excentricity is, and has been .since the earliest ages, dimin-

ishing ; and this diminution will continue (there is little reason to doubt)

till the excentricity is annihilated altogether, and the earth's orbit becomes

a perfect circle ; after which it will again open out into an ellipse, the

excentricity will again increase, attain a certain moderate ariouut, aud

then again decrease. The time required for these evolutions, though

calculable, has not been calculated, further than to satidfy ua that it in
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not to be reckoned by hundreds or by thousadds of years. It is a period,

in short, in which the whole history of astronomy and of the human race

occupies but as it were a point, during which all its changes are to be

regarded as uniform. Now, it is by this variation in the excentricity of

the earth's orbit that the secular acceleration of the moon is caused. The

compensation above spoken of (even after the lapse of centuries) will now,

we see, be only imperfectly effected, owing to this slow shifting of oue

of the essential data. The steps of restoration are no longer identical

with, nor equal to, those of change. The struggle up hill is not main-

tained on equal terms with the downward tendency. The ground is all

the while slov-'iy sliding beneath the feet of the antagonists. During the

whole time that the earth's excentricity is diminishing, a preponderance

is given to the reaction over the action ; and it is not till that diminution

shall cease, that the tables will be turned, and the process of ultimate

restoration will commence. Meanwhile, a minute, outstanding, and un-

compensated eflFect in favour of acceleration is left at each recurrence, or

near recurrence, of the same configurations of the sun, the moon, and the

solar perigee. These accumulate, and at length affect the moon's longi-

tude to an extent not to be overlooked.

(742.) The phaenomenon, of which we have now given an account, is

another and very striking example of the propagation of a periodic cbang3

from one part of a system to another. The planets, with one exception,

have no direct appreciable action on the lunar motions as referred to the

earth. Their masses are too small, and their distances too great, for their

difference of action on the moon and earth ever to become sensible. Yet

their effect on the earth's orbit is thus, we see, propagated thr'^ugh the

gun to that of the moon ; and, what is very remarkable, the transmitted

effect thus indirectly produced on the angle described by the moon round

the earth is more sensible to observation than that directly produced by

them on the angle descrH)ed by the earth round the sun.

(743.) Referring to the reasoning of art. 738, we shall perceive that

if, owing to any other cause than its elliptic motion, the sun's distance

from the earth be subject to a periodical increase and decrease, that varia-

tion will give rise to a lunar inef|uulity of equal period analogous to the

annual equation. It thus happens that very minute changes impressed

on the orbit of the earth, by the direct action of the planets, (pr.)vidcd

their periods, though not properly speaking secular, be of considerable

length,) may make themselves sensible in the lunar motions. The longi-

tude of that satellite as observed from the earth, is, in fact, singularly

nensiblo to this kind '^f reflected action, which illustrates in a striking

manner the principle of forced vibrations laid down in art. C50. Th»
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reason of this will be readily apprehended, if we consider that however

trifling the increase of her longitude which would arise in a single revolu-

tion, from a nainute and almost infinitesimal increase of her mean angu-

lar velocity, that increase is not only repeated in each subsequent revolu-

tion, but is reinforced during each by a similar fresh accession of angular

motion generated in its lapse. This process goes on so long as the angu-

lar motion continues to increase, and only begins to be reversed when

lapse of time, bringing round a contrary action on the angular motion,

shall have destroyed the excess of velocity previously gained, and begun

10 operate a retardation. In this respect, the idvancc gained by the moon

on her undisturbed place may be assimilated, during its increase, to the

.<pace described from rest under the action of a continually accelerating

force. The velocity gained in each instant is not only eifcctive in carry-

ing the body forward during each subsequent instant, but new velocities

are every instant generated, and go on adding their cumulative effects to

those before produced.

(744.) The distance of the earth from the sun, like that of the moou

from the earth, may be affected in its average value estimated over long

periods embracing many revolutions, in two modes, conformably to the

theory above delivered. 1st, it may vi'ry by a variation in the length of

the axis major of its orbit, arising from the direct action of some tangen-

tial disturbing force on its velocity, and thereby producing a change of

mean motion and periodic time in virtue of the Keplerian law of periods,

which declares that the periodic times are in the scsquiplicate ratio of the

mean distances. Or, 2dly, it may vary by reason of that peculiar action

on the average of actual distances during a revolution, which arises from

variations of excentricity and perihelion only, and which produces that

sort of change in the mean motion which we have characterized us inci-

dent on the epoch. The change of mean motion thus arising, has nothing

whatever to do with any variation of the major axis. It does not depend

on the change of distance by the Keplerian law of pcrio<h, but by that

^)i areas. The altered mean motion is not sub-sesquiplicate to the altered

axis of the ellipse, which in fact does not alter at all, but is mlt-thipU-

ivfe to the altered avcraye of distances in a revolution ; a distinction

wliieh must bo carefully borne in mind by every one who will clearly un-

derstand cither the subject itself, or the force of Newton's explanation

of it in the Gth Corollary of his celebrated OOth Proposition. In which-

ever mode, however, an alteration in tho mean motion is effected, if wo

accommodate tho arencrul senso of our Innffuage to the "pecialities of the

caiic, it remains true that every change in tho mean motion is accompa-

nied with a corresponding change in tliu mean distance.
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(745.) Now we have seen (art. 726), that Venus produces in the earth

a perturbation in lengitude, of so long a period (240 years), that it can-

not well be regarded without violence to ordinary language, otherwise than

as an equation of the mean motion. Of oourse, therefore, it follows that

during that half of this long period of time, in which the earth's motion

is retarded, the distance between the sun and earth is on the increase, and

vice versd. Minute as is the equation in question, and consequent altera-

tion of solar distance, and almost inconceivably minute as is the effect

produced on the moon's mean angular velocity in a single lunation, yet

the great number of lunations (1484), during which the effect goes on

accumulating in one direction, causes the moon, at the moment when that

accui'^ulation has attained its maximum to be very sensibly in advance of

its undisturbed place (viz. by 23" of longitude), and after 1484 more

lunations, as much in arrear. The calculations by which this curious

result has been established, formidable from their length and intricacy,

are due to the industry, as the discovery of its origin is to the sagacity,

of Professor Hansen.

(746.) The action of Venus, just explained, is indirect, being as it

were a sort of reflection of its influence on the earth's orbit. But a very

remarkable instance of its influence, in actually perturbing the moon's mo-

tions by its direct attraction, has been pointed out, and the inequality Juo

to it computed by the same eminent geometer.' As the details of his

processes have not yet appeared, we can here only explain, in geucial

terras, the principle on which the result in question depends, and tho

nature of the peculiar adjustment of the mean angular velocities of tbc

earth and Venus which render it effective. The disturbing forces of

Venus on the moon are capable of being represented or expressed (as is

indeed generally the case with all the forces concerned in produciug pla-

netary disturbance) by the substitution for them of a series of other forces,

each having a period or cycle within which it attains a maximum in one

direction, decreases to nothing, reverses its action, attains a maximum in

the opposite direction, again decreases to nothing, again reverses its action,

and reattains its former magnitude, and so on. These cycles differ for

each particular constituent or tcrm^ as it is called, of the total forces con-

sidered as so broken up into partial ones, and, generally speaking, every

combination which can bo formed by subtracting a multiple of the mean

motion of ono of the bodies conceraed from u multiple of that of tbc

ijiher, and when there are three bodies disturbing one another, every such

triple combination becomes, under the technical name of an argument,

the cyclical fopresutitative of a force acting in the maQDcr and uccordiog

' ABtronomische Nochrichten, No. 597. I
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to the law described. Each of these periodically acting forces produces

its perturbative effect, according to the law of the superposition of small

motions, as if the others had no existence. And if it happen, as in an

immense majority of cases it does, that the cycle of any particular one of

these partial forces has no relation to the periodic time of the disturbel

body, so as to bring it to the same, or very nearly the same point of its

orbit, or to any sHuation favourable to any particular form of disturbance,

over and over agam when the force is at its maximum ; that force will, in

a few revolutions, neutralize its own effect, and nothing but fluctuations

of brief duration can result from its action. The contrary will evidently

be the case, if the cycle of the force coincide so nearly with the cycle of

the moon's anomalistic revolution, as to bring round the maximum of tlio

force acting in one and the same direction (whether tangential or normal)

either accurately, or very nearly indeed to some definite point, as, for ex-

ample, the apogee of her orbit. Whatever the effect produced by such :v

force on the angular motion of the moon, if it be not exactly compen-

sated in one cycle of its action, it will go on accumulating, being repeated

over and over again under circumstances very nearly the same, for many

successive revolutions, until at length, owing to the want of precise accu-

racy in the adjustment of that cycle to the anomalistic period, the maxi-

mum of the force (in the same phase of its action) is brought to coincide

with a point in the orbit (as the perigee), determinative of an opposite

effect, and thus, at length, a compensation will be worked out; in a time,

however, so much the longer as the difference between the cycle of the

force and the moon's anomalistic period is less.

(TIT.) Now, in fact, in the case of Venus disturbing the moon, there

exists a cyclical combination of this kind. Of course the disturbing force

nf Venus on the moon varies with her distance from the earth, and this

liistance again depends on her confijruration with respect to the earth and

the sun, (alc'in(j into account the clUpticiti/ of both their orbits. Among
tlio combiuationa which take their rise from this latter consideration, and

which, as may easily bo supposed, are of great complexity, there is a term

(an exceedingly minute one), whose argument or cycle is determined by

subtracting 16 times the mean motion of the earth from 18 times that of

Venus. The differ'mco is so very nearly the mean motion of the moon
iu her anomalistic revolution, that whereas the latter revolution is com-

pleted in 27* 13^' 18- 32-3', the cycle of the forco is completed in 27'

IZ^ 7'" 306', differing from the other by no more than 10" 5G-7*, or

about one 3625th part of a con.plete period of the moon from apogee to

apogee. During half of this very long interval (that is to say, during

about 130i years), tb: perturbations produced by a force of this churnctcr,
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go on increasing and accumulating, and are destroyed in another equal in-

terval. Although therefore excessively minute in their actual effect on

tha angular motion, this minuteness is compensated by the number of re-

peated acts of accumulation, and by the length of tine during which they

continue to act on the longitude. Accordingly M. Hansen has found the

total amount of fluctuation to and fro, or the value of the equation of the

moon's longitude bo arising, to be 27-4". It is exceedingly interesting to

observe that the two equations considered in these latter paragraphs,

account satisfactorily for the only remaining material differences between

theory and observation in the modern history of this hitherto rebellious

satellite. We have not thought it necessary (indeed it would have required

a treatise on the subject) to go into a special account of the almost innu-

merable other lunar inequalities which have been computed and tabulated,

and which are necessary to be taken into account in every computation

of her place from the tables. Many of them are of very much larger

amount than these. We ought not, however, to pass unnoticed, that the

parallactic inequality, already explained (art. 712), is interesting, as afford-

ing a measure of the sun's distance. For this equation originates, as there

shown, in the fact that the disturbing forces are not precisely alike in the

two halves of the moon's orbit nearest to and most remote from the sun,

all their values being greater in the former half. As a knowledge of the

relative dimensions of the solar and lunar orbits enables us to calculate d

priori, the amount of this inequality, so a knowledge of that amount

deduced by the comparison of a great number of observed places of the

moon with tables in which every inequality but this should bo included,

would enable us conversely to ascertain the ratio of the distances iu ques-

tion. Owing to the smallness of the inequality, this is not a very accu-

rate mode of obtaining an element of so much importance in astronomy

as the sun's distance, but were it larger (i. e. were the moon's orbit con-

siderably larger than it actually is), this would bo, perhaps, the most

exact method of any by which it could be concluded.

(748.) The greatest of all the lunar inequalities, produced by pertur-

bation, is that called the cvectiun. It arises directly from the variatiou

of the excentricity of her orbit, and from the fluctuation to ami fro in the

general progress of the line of apsides, caused by the different situation

of the sun, with respect to that line (arts. G85, 691). Owing to those

causes the moon is alternately in advance, and in arrear of her elliptic

place by about 1° 20' 20". This equation was known to the ni)(ii>nts,

having been discovered by Ptolemy, by the comparison of a long series

of observations, handed down to him frnni the earliest ages of astri)iiir,ny.

The mode in which the effects of these several BOurces of inequality be-
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come grouped together under one principal argument, common to them

all, belongs, for its explanation, rather to works specially treating of the

lunar theory than to a treatise of this kind.

(749.) Some small perturbations are produced in the lunar orbit by

the protuberant matter of the earth'3 equator. The attraction of a sphere

is the same as if all its matter were condensed into a point in its centre

;

but that is not the case with a spheroid. The attraction of such a mass

is neither exactly directed to its cent^: nor does it exactly follow the law

of the inverse squares of the distant js. Hence will arise a series of

perturbations, extremely small in amount, but still perceptible in the

lunar motions, by which the node and the apogee will be affected. A
more remarkable consequence of this cause, however, is a small nutation

of the lunar orbit, exactly analogous to that which the moon causes in

the plane of the earth's equator, by its action on the same elliptic protu-

berance. And, in general, it may be observed, that in the systems of

planets which have satellites, the elliptic figr -e of the primary has a ten-

dency to bring the orbits of the satellites to coincide with its equator,—

a

tendency which, though small in the case of the earth, yet in that of Jupiter,

whoso cllipticity is very considerable, and of Saturn especially, where the

ellipticity of the body is reinforced by the attraction of the rings, becomes

predominant over every external and internal cause of disturbance, and

produces and maintains an almost exact coincidence of the planes in

question. Such, at least, is the case with the nearer satellites. The

more distant are comparatively loss affected by this cause, the difference

of attractions between a sphere and spheroid diminishing with great ra-

pidity as the distance increases. Thus, while the orbits of all the interior

satellites of Saturn lie almost exactly in the plane of the ring and equator

of the planet, that of the external satellite, whose distance from Saturn

is between sixty and seventy diameters of the planet, is inclined to that

plane considerably. On the other hand, this considerable distance, while

it permits the satellite to retain its actual inclination, prevents (by parity

of reasoning) the ring and equator of the planet from being perceptibly

disturbed by its attraction, or being subjected to any appreciable move-

ments analogous to our nutation and precession. If such exist, they

must be much slower than those of the earth ; the mass of this satellite

being, as fur as can be judged by its apparent size, a much smaller frac-

tion of that of Saturn than the moon is of the earth ; while the solar

precession, by reason of the immense distance of the sun, must be quite

imperceptible.

(750.) The Subject of the tides, though rather belonging to tcrrestriai

physics than properly to astronomy, is yet so directly connected with the
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theory of the lunar perturbations, that we cannot omit some explanatory

notice of it, especially since many persons find a strange difficulty in con-

ceiving the manner in which they are produced. That the sun^ or moon,

should by its attraction heap up the waters of the ocean under it, seems

to them very natural. That it should at the same time heap them up on

the opposite side seems, on the contrary, palpably absurd. The error of

this class of objectors is of the same kind with that noticed in art. 723,

and consists in disregarding the attraction of the disturbing body on the

mass of the earth, and looking on it aa wholly effective on the superficial

water. Were the earth indeed absolutely fixed, held in its place by an

external force, and the water left free to move, no doubt the effect of the

disturbing power would be to produce a single accumulation vertically

under the disturbing body. But it is not by its whole attraction, but by

the difference of its attractions on the superficial water at both sides, and

on the central mass, that the waters are raised : just as in the theory of

the moon, the difference of the sun's attractions on the moon and on the

earth (regarded as moveable and as obeying that amount of attraction

which is due to its situation) gives rise to a relative tendency in the moou

to recede from the earth in conjunction and opposition, and to approach

it in quadratures. Keferring to the figure of art. 675, instead of sup-

posing A D B C to represent the moon's orbit, let it be supposed to repre-

sent a section of the (comparatively) thin film of water reposing on the

globe of the earth, in a great circle, the plane of which passes thr( "gh

the disturbing body M, which we shall suppose to be the moon. The

disturbing force on a particle at P will then (exactly as in the lunar

theory) be represented in amount and direction by N S, on the same scale

on which S M represents the moon's whole attraction on a particle situ-

ated at S. This force, applied at P, will urge it in the direction P X
parallel to N S j and therefore, when compounded with the direct force of

gravity which (neglecting as of no account in this theory the spheroidal
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form of the earth) urges P towards S, will be equivalent to a single force

deviating from the direction P S towards X. Suppose P T to be the di-

rection of this force, which, it is easy to see, will be directed towards a

point in D S produced, at an extremely small distance below S, because

of the excessive minuteness of the disturbing force compared to gravity.'

Then if this be done at every point of the quadrant A D, it will be evi-

dent that the direction P T of the resultant force will be always that of a

tangent to the small cuspidated curve a <? at T, to which tangent the sur-

face of the ocean at P must everywhere be perpendicular, by rea^n of

that law of hydrostatics which requires the direction of gravity to be

everywhere perpendicular to the surface of a fluid in equilihrio. The

form of the curve D P A, to which the surface of the ocean will tend to

conform itself, so as to place itself everywhere in equilibrio under two

acting forces, will be that which always has P T for its radius of curva-

ture. It will therefore be slightly less curved at D, and more so at A,

being in fact no other than an ellipse, having S for its centre, da for its

evolute, and S A, S D for its longer and shorter semi-axes respectively ; so

that the whole surface (supposing it covered with water) will tend to as-

sume, as its form of equilibrium, that of an oblongated ellipsoid, having

its longer axis directed towards the disturbing body, and its shorter of

course at right angles to that direction. The difference of the longer and

shorter semi-axes of this ellipsoid due to the moon's attraction would be

about 58 inches : that of the ellipsoid, similarly ^rmed in virtue of the

sun, about 2 J times less, or about 23 inches.

(751.) Let us suppose the moon only to act, and to have no orbitual

motion j then if the earth also had no diurnal motion, the ellipsoid of

equilibrium would be quietly formed, and all would be thenceforward

tranquil. There is never time, however, for this spheroid to be fully

formed. Before the waters can take their level, the moon has advanced

in her orbit, both diurnal and monthly, (for in this theory it will answer

the purpose of clearness better, if we suppose the earth's diurnal motion

transferred to the sun and moon in the contrary direction,) the vertex of

the spheroid has shifted on the earth's surftvce, and the ocean has to seek

a now bearing. The effect is to produce an immensely broad and exces-

sively flat wave (nut a circulating current), which follows, or endeavours

' According to Newton's culculuiion, ilio maximum disturliing force of the sun on the

water docs not exceed one 2r)T;iiil00th part of its graviiy 'I'liat of the moon will

therefore be to this fraction as the ciilie of the sun's distance to that of the moon's di-

rectly, and 88 the mass of the sun to that of the moon inversely, i. e. as (400)' X 012J17

: 354936, which, reduced to niitnbers, gives, for the moon's maximum of power to dis-

turb iiitj waters, about one il40000i)ili of graviiy, or somewhat less than 2i times tha

Bun's.

'
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to follow, the apptireut motions of tho moon, and must, in fuct. by the

principle of forced vibrations, imitate, by equal though not by s_i/iichvnoas

periods, all the periodical inequalities of that motion. When the higher

or lower parts of this wave strike our coasts, they experience what wo

call high and low water.

(752.) The sun also produces precisely such a wave, whose vertex tends

to follow the apparent motion of the sun in the L.avcns, and also to imi-

tate its periodic inequalities. This solar wave co-exists with the lunar

—

is sometimes superposed on it, sometimes transverse to it, so as to partly

neutralize it, according to the monthly synodical configuration of the two

luminaries. This alternate mutual reinforcement and destruction of the

solar and lunar tides cause what are called the spring and neap tides—tho

former being their sum, the latter their difference. Although the real

amount of either tide is, at present, hardly within the reach of exact cal-

culation, yet their proportion at any one place is probably not very remote

from that of the ellipticities which would belong to their respective sphe-

roids, could an equilibrium be attained. Now these ellipticities, for the

solar and lunar spheroids, are respectively about two and five feet ; so that

the average spring tide will be to the neap as 7 to 3, or thereabouts.

(753.) Another eflFect of the combination of the solar and lunar tides

is what is called the priming and la(j>jing of the tides. If the nioon

alone existed, and moved in the plane of the equator, the tide-day (('. e.

the inte"val between two successive arrivals at the same place of the same

vertex of the tide-wave) would be the lunar day (art. 143), formed by

the combination of the moon's sidereal period and that of tho earth's

diurnal motion. Similarly, did the sun alone exist, and move always on

the equator, the tide-day would be the mean solar day. The actual tide-

day, then, or the interval of the occurrence of two successive maxima of

their superposed waves, will vai-y as the separate waves approach to or re-

cede from coincidence ; because, when the vertices of two waves do not

coincide, their joint height has its maximum at a point intermediate be-

tween them. This variation from uniformity in tho lengths of successive

tido-diiys is particularly to be remarked about the time of tho new and

full moon.

(754.) Quite different in its origin is that deviation of the time of high

and low water at any port or harbour, from the culmination of tho lumi-

naries, or of tho theoretical maximum of their superposed spheroids, which

is called the "establishment" of that port. If tho water were without

inertia, and free from obstruction, cither owing to tho friction of the bed

of the sea, the narrowness of channels along which the wave has to travel

before reaching the port, their length, &c., &c., the times above distiu-
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guishcd would be identical. But. all tbese causes tend to create a dif-

ference, and to make that difference not alike at all ports. The observa-

tion of the establishments of harbours is a point of great maritime im-

portance; nor is it of less consequence, theoretically speaking, to a

kaowledge of the true distribution of the tide-waves over the globe. In

making such observations, care must be taken not to confound the time

of " slack water," when the current caused by the tide ceases to flow

visibly one way or the other, and that of high or Itm water, when the

level of the surface ceases to rise or fall. These are totally distinct pli»-

nomena, and depend on entirely different causes, though it is true they

i,i ly sometimes coincide in point of time. They are, it is feared, too often

mistaken one for the other by practical men ; a circumstance which,

whenever it occurs, must produce the greatest confusion in any attempt to

reduce the system of the tides to distinct and intelligible laws.

(755.) The declination of the sun and moon materially affects the tides

at any particular spot. As the vertex of the tide-wave tends to place

itself vertically un^^er the luminary which produces it, when this vertical

changes its point of incidence on the surface, the tide-wave must tend to

shift accordingly, and thus, by monthly and annual periods, must tend to

increase and diminish alternately the principal tides. The period of the

moon's nodes is thus introduced into this subject; her excursions in de-

clination in one part of that period being 20°, and in another only 17°,

on either side the equator.

(756.) Geometry demonstrates that the efficacy of a luminary in raising

tides is inversely proportional to the cube of its distance. The sun and

moon, however, by reason of the ellipticity of their orbits, are alternately

nearer to and farther from the earth than their mean distances. In con-

sequence of this, the efficacy of the sun will fluctuate between the ex-

tremes 10 and 21, taking 20 for its mean value, and that of the moon

between 43 and 59. Taking into account this cause of difference, '.he

highest spring tide will bo to the lowest neap as 59-1-21 to 43— lO, or

as i^O to 24, or 10 to 3. Of all the causes of differences in loe height

of tides however, local situation is the most influential. In some places

the tide-wave, rushing up a narrow channel, is suddenly raised to an ex-

traordinary height. At Annapolis, for instance, in the Bay of Fundy, it

is said to rise 120 feet. Even at Bristol the difference of high and loV^

water occasionally amounts to 50 feet.

(757.) It is by means of the perturbations of the planeta, as ascertained

by observation and compared with theory, that we arrive at a knowledge

of the masses of those planets which having no satellites, offer no other

hold upon them for this purpose. Every planet produces an amount of

I t

'
1 lA
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perturbation in the motions of every other, proportioned to its mass, and

to the degree of advantage or purchase which its situation in the system

gives it over their movements. The latter is a subject of exact calcula-

tion ; the former is unknown, otherwise than by observation of its eifects.

In the determination, however, of the masses of the planets by this

means, theory lends the greatest assistance to observation, by pointing out

the combinations most favourable for eliciting this knowledge from the

confused mass of superposed inequalities which aflFect every observed place

of a planet ; by pointing out the laws of each inequality in its poriodical

rise and decay ; and by showing how every particular inequality depends

for its magnitude on the mass producing it. It is thus that the mass of

Jupiter itself (employed by Laplace in his investigations, and interwoven

with all the planetary tables) has been ascertained, by observations of the

derangements produced by it in the motions of the ultra-zodiacal planets,

to have been insuflBciently determined, or rather considerably mistaken,

by relying too much on observations of its satellites, made long ago by

Pound and others, with inadequate instrumental means. The same con-

clusion has been arrived at, and nearly the same mass obtained, by means

of the perturbations produced by Jupiter on Encke's comet. The error

was one of great importance ; the mass of Jupiter being b}- far the most

influential element in the planetary system, after that of the sun. It is

satisfactory, then, to have ascertained, as jMr. Airy has done, the cause of

the error j to have traced it up to its source, in insufficient micrometric

measurements of the greatest elongations of the satellites j and to have

found it disappear when measures, taken with more care and with infinitely

superior instruments, are substituted for those before employed.

(758.) In the same way that the perturbations of the planets lead us

to a knowledge of their masses, as compared with that of the sun, so the

perturbations of the satellites of Jupiter have lo^i, and those of Saturn's

attendants will no doubt hereafter lead, to a knowledge of the proportion

their masses bear to their respective primaries. The system of Jupiter's

satelUtes has been elaborately treated by Laplace; and it is from his

theory, compared with innumerable observations of their eclipses, that the

masses assigned to them, in art. 540 have been fixed. Few results of

theory are more surprising than to see these minute atoms weighed in the

same balance, which we have applied to the ponderous Mass of the sun,

which exceeds the least of them in the enormous proportioa of 05,000,000

to 1.

(750.) The mass of the moon is concluded, 1st, from the proportion of

the hiiuir to the solar tide, as observed at various stations, the effects Ijcing

senaratod from each other b\ a long series of ubservations of the relative
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heights of spring and neap tides which, we have seen, (art. 752,) depends

on the proportional influence of the two luminaries. 2dly, from the

phaenomenon of nutation, which, being the result of the moon's attraction

alone, affords a means of calculating her mass, independent of any know-

ledge of the sun's. Both methods agree in assigning to our satellite a

mass about one seventy-fifth that of the earth.'

(7G0.) Not only, however, has a knowledge of the perturbations pro-

duced on other bodies of our system enabled us to estimate the mass of a

disturbing body already known to exist, and to produce disturbance. It

has done much more, and enabled geometers to satisfy themselves of the

existence, and even to indicate the situation of a planet previously un-

known, with such precision, as to lead to its immediate discovery on the

verv first occasion of pointing a telescope to the place indicated. "We

ha^e already (art. 506,) had occasion to mention in general terms this

great discovery ; but its importance, and its connexion with the subject

before us, calls for a more specific notice of the circumstances attending it.

When the regular observation of Uranus, consequent on its discovery in

1781, had afforded some certain knowledge of the elements of its orbit, it

became possible to calculate backwards into time past, with a view to

ascertain whether certain stars of about the same apparent magnitude,

observed by Flamsteed, and since reported as missiny, might not possibly

be this planet. No less than six nn. ieut observations of it as a supposed

star were thus found to have beeu recorded by that astronomer,— one in

1690, one in 1712, and four iu 1715. On further inquiry, it was also

ascertained to have been obsorvoil by Bradley in 1753, by Mayer in 1756,

and no less than twelve tis.n s by Le Monuier, in 1750, 1764, 1768, 1769,

and 1771, all the time witliout the least suspicion of its pliinetary nature.

The observations, however, so made, being all circumstantially registered,

and made with instruments the best that their respective dates admitted,

were quite available for correcting the elements of the orbit, which, as

will be easily understood, is done with so much the greater prei. i.^iun the

larger the arc of the ellipse embraced by the extreme observations era-

ployed. It was, therefore, reasonably hoped and expected, that, by

making use of the data thus afforded, and duly allowing for the perturba-

tions produced since 1690, by Saturn, Jupiter, and the inferior planets,

elliptic elements would be obtained, which, taken in conjunction with

those perturbation?, would represent not only all the observations up to

the time of executing the calculations, but also all future observations, in

as satisfactory a maruicr as those of any of tlie other planets are actually

represented. This expectation, however, proved delusive. INl. Bouvard,

' Laplace, Expos, dii Syst. du Monde, pp. 285, 300.
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one of tho most expert aud laborious culculutors of whom astronomy has

hnd to boust, and to whose zeal aud indefatigable industry we owe tho

tables of Jupiter and Saturn in actual use, having undertaken the task of

constructing similar tables for Uranus, found it impossible to reconcile

tho ancient observations above mentioned with those made from 1781 to

1820, so as to represent both series by means of the same ellipse and tho

same system of perturbations. He therefore rejected altogether the ancient

series, and grounded his computations solely on the modern, although

evidently not without serious misgivings as to the grounds of such a pro-

ceeding, and " leaving it to future time to determine whether the difficulty

of reconciling the two series arose from inaccuracy in the older observa-

tions, or whether it depend on some extraneous aud unperceived influence

which may have acted on the planet."

(761.) But neither did the tables so calculated continue to represent,

with due precision, observations subsequently made. The " error of the

tables" after attaining a certain amount, by which the true lon^tudc of

Uranus was in advance of the computed, and which advance was steadily

maintained from about the year 1795 to 1822, began, about the latter

epoch, rapidly to diminish, till, in 1830-31, the tabular and observed

longitudes agreed. But, far from remaining in accordance, the planet,

still losing ground, fell, and continued to fall behind its calculated place,

and that with such rapidity as to make it evident that the existing tables

could no longer bo received as representing, with any tolerable precision,

tho true laws of its motion.

(7 (32.) The reader will easily understand the nature and progression of

tbeso discordancies by casting his eye on fig. 1, Plate A, in which the

horizojital line or ahscma is divided into equal parts, each representing

50° of lieliDCcntric longitude in the motion of Uranus round the sun, and

in which the distances between the horizontal lines represent each 100"

of error in longitude. Tho result of each year's observation of Uranus

(or of tho moan of all tho observations obtained during that year) in lon-

gitude, is represented by a black dot placed above or below tho point of

the a/iHritts(f, corresponding to the mean of the observed longitudes for tho

year ibove, if the observed longitude be in excess of tho calculated, below

if it lull short of it, and on tho line if they agree ; and at a distance from

tho lino corresponding to their difference on tho scale above mentioned.'

• Tho points nro Inid down from M. Lovorrier's conipariBon of the wliole series of

obscrviilidiis ol' Urunus, with mi cplieincris of iiis own t'ak'iiiiiiinii, fDiiiuk'd on n loiii-

pleto nnd »ear<hin({ ruvisioti of the tiiblcs of Bixivard, nnd n ri;;ori)U8 coinpiitiiiii>n of

llio pcriurlwiiotiH (iniisod by al! the known planeis enpanie of oxi'rcisinjf nny infliicnri'

on ii. 'I'lii) liidricMccs of lonKitiulo nro gKictnlric ; but tor Dur prrseiit purposo it

inuiiur» not ik< tltu leait whuilicr wo consider tlio errors in huhoccntriu or in guucuiitric

lungitudo.



PERTURBATION OF URANUS. 427

Thu8 in Flamsteed's earliest observations in 1690, the dot bo mar^^ed is

placed above the line at 65"-9 above the line, the observed longitude being

so much greater than the calculated.

(763.) If, neglecting the individual points, wo draw a curve (indicated

ia the figure by a fine, unbroken line,) through their general course, we

shall at once perceive a certain regularity in its undulations. It presents

two great elevations above, and one nearly as great intermediate depres-

sion below the medial line or abscissa. And it is evident that these un-

dulations would be very much reduced, and the errors in consequence

greatly palliated, if each dot were removed in the vertical direction

through a distance and in the direction indicated by the corresponding

point of the curve A, B, C, D, E, F, G, 11, intersecting the absciKMi at

points 180° distant, and making equal excursions on either side. Thus

the point a for 1750 being removed upwards or in the direction to-

wards h through a distance equal to c b, would be brought uhnost to

precise coincidence with the point c in the abscissa. Now, this is a

clear indication that a very largo part of the difiercnces in quosstiuii are

duo, not to perturbation, but simply to error in the elements of Uranus,

which have been assumed as the basis of calculation. For such ex-

cesses and defects of longitude alternating over arcs of lhU° are pre-

cisely what would arise from error in the excentricity, or in tlic phico

of the perihelion, or in both. In ellipses sligiitly excentric, the true lon-

gitude alternately exceeds and falls short of the mean during 180° for

each deviation, and the greater the excentricity, the greater these alteniato

fluctuations to and fro. If then the excentricity of a planet's orbit be

assumed erroneously (suppose too great) the observed longitudes will ex-

hibit a less amount of such fluctuation above and V)elow the mean than

the computed, and the difference of the two, instead of being, as it ought

to bo, always ?a7, will be alternately + and — over arcs of 1S0°. If tlien

a difference bo observed following such a law, it may arise from crro-

ncoualy assumed excentricity, provided always the longitudes ut M'hich

they agree (supposed to differ by 180°) be coincident with th(i.><o of the

poiihelion and aphelion; for in elliptic motion nearly cireuli-.-, tlicse are

the jHiiiifs where the mean and true longitudes agree, so that any fiuetua-

lioii (if tlic nature observed, if this condition be not sutislied, caiinut arise

from error of excentricity. Now tiie loiigitutje of tho pmilu'lion of

Uranus in tho elements employed by I^)uvard is (neglecting fractions of

a (Ic^^reo) 168°, and of the aphelion 818°. Those points, then, in our

iigure, fall at « and a, respectively, that is to say, nearly half way between

AC, C I'i, KC,&c. It is evident, therefore, that it is not to error or

oxeentricity that the fluctuation in (|uestion is mainly <luo.
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(764.) Let us now consider the effect of an erroneous assumption of

ihe place of the perihelion. Suppose in fig. 2, Plato A, ox to represent

the longitude of a planet, and xi/ the excess of its true above its mean

longitude, duo to ellipticity. Then if R be the place of the perihelion,

and P, or T, the aphelion in longitude, i/ will always lie in a certain un-

dulating curve P Q R S T, above' P T, between R and T, and below it

between 1' and R. Now suppose the place of the perihelion shifted for-

ward to r, or the whole curve shifted bodily forward into the situation

pqrst, then at the same longitude ox, the excess of the true above the

mean longitude will be x^ on'y; in other words, this excess will have

diminished by the quantity yy' below its former amount. Take therefore

in N (y?//. 3, PI. A,) oy=ox and y}/ always =yy in ji(j. 2, and

having thus constructed the curve K L M N 0, the ordinate yyivill

always represent the effect of the supposed change of perihelion. It is

evident (the excentricity being always supposed small), that this curve

will consist also of alternate superior and inferior waves of 180° each in

amplitude, and the points L, N of its intersection with the axis, will

occur at longitudes corresponding to X, Y, intermediate between the

maxima Q, q) and S, n of the original curves, that is to say (if these in-

tervals Q q, S .s', or R »', to which both are equal, be very small,) very

nearly at 00° from the perihelion and aphelion. Now this agrees with

the conditions of the case in hand, and we are therefore authorised to

conclude that the major portion of the errors in question has arisen from

error in the place of the perihelion of Uranus itself, and not from pertur-

bation, and that to correct this portion, the perihelion must bo sliiftvd

somewhat forward. As to the amount of this shifting, our only (ibjoct

being explanation, it will not be necessary here to inquire into it. It will

suffice tliat it must bo such as shall malcc the curve A B C D K F G as

nearly as possible similar, equal, and opposite to the curve traced out hy

the dots on the other side. And this being done, wo may next proceed

to lay down a curve of the residual differences between observation and

theory in the mode indicated in art. (703.)

(705.) This being done, by laying off at each point of the line of

1 Migitudos an ordinate equal to the difference of the ordiuates of the two

tmrves in flg. 1, when on opposite, and their sum when on the same siile

of the abscissa, the result will be as indicated by the dots in fig. 4. And

hero it is at once seen that a still fiirfhor reduction of the difforenres umlor

consideration would result, if, instead of taking the line A R for tlio line

of longitudes, a line, ah, slightly inermcd to it, were substituted, in wliicli

case the whole of the difU'ronces between observation and tlicory, from

' The curvoB, ligs. 2. 3, are invcrlod in the ongruving.
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1712 to 1800, would be annihilated, or at least so far reduced as hardly

to exceed the ordinary errors of observation j and as respects the observa-

tion of 1690, the still outstanding difference of about 35" would not be

more than might bo attributed to a not very careful observation at so early

an epoch. Now the assumption of such a new line of longitudes as the

correct one, is in effect equivalent to the admission of a slight amount of

error in the periodic time and epoch of Uranus ; for it is evident that by

j-eckoning from the inclined instead of the horizontal line, we in effect

alter all the apparent outstanding errors by an amount proportional to the

time before or after the date at which the two lines intersect (viz. about

1789). As to the direction in which this correction should be made, it is

obvious by inspection of tho course of the dots, that if we reckon from

A B, or any line parallel to it, the observed planet on the long run keeps

falling more and more behind the calculated one ; i. e. its assigned mean

angular velocity j • ' tables is too great, and must bo diminished, or its

periodic time re( > be increased.

(706.) Let this increase of period be made, and in correspondence with

that change let tho longitudes be reckoned on a h, and the residual diffe-

rences from that line instead of A B, and we shall have then done all that

can be done in the way of reducing and palliating these differences, and

that, with such success, that up to the year 1804 it might have been safely

asserted that positively no ground whatever existed for suspecting any

disturbing influence. But with this epoch an action appears to have

commenced, and gone on increasing, producing an acceleration of tho

motion in longitude, in consequence of which Uranus continually gains on

its elliptic place, and continued to do so till 1822, when it censed to gain,

and the excess of longitude was at its maximum, after which it began

rapidly to lose ground, and has continued to do so up to the present time.

It is perfectly clear, then, that in this interval some extraneous cause must

have come into action which was not so before, or not in sufficient power

to manifest itself by any marked effect, and that that cause must havo

ceased to act, or rather begun to reverse its action, in or rbout tho year

1822, the reverse action being even more energetic than the direct.

(767.) Such is tho phoonomenon in the simplest form wo are noui ablo

to present it. Of the various hypotheses formed to account for it, during

the progress of its developement, none seemed to have any degree of ra-

tional probability but that of tho existence of an exterior, and hitherto

undiscovered, planet, disturbing, according to tho received laws of plan-

etary disturbance, the motion of Uranus by its attraction, or rather suner-

posiiig its disturbance on those produced by Jupiter and Saturn, tho only

tTTo of the old planets which exercise any sensible disturbing actioQ on

\n

: *. •'I

.. i.f ! ,

'
.•!

i i

'

'1

4!

hi

1
!wl\

VI
A. I ! tHiil

Wl
' Al
mm



430 OUTLINES OF ASTRONOMY.

that planet. Accordiogly, this was the explanation which naturally, and

almost of necessity, suggested it alf to those convcsant with the plane-

tary perturb> "ons who considered the subject with any degree of atten-

tion. The idea, however, of setting out from the observed anomalous

deviations, and employing them as data to ascertain the distance and situ-

ation of the unknown body, or, in other words, to resolve the inverse

problem of periuibations, ^^ given the disturbances to find the orbit, and

place in that orbit of the disturbing planet," appears to have occurred

only to two mathematicinns, 3Ir. Adams in England and M. Lcvcrrier in

France, with sufficieut distinctness a'.ul hopefulness of success to induce tbem

to attempt its solution. Both succeeded, and their solutions, arrived at with

perfect independence, and by each in entire ignorance of the other's at-

tempt, were found to agree in a surprising manner when the nature and

diffioulty of the problem is considered ; the calculations of M. Lcvcrrier

assigning for the heliocentric longitude of the disturbing planet for the

23d Sept. 1846, 326° 0', and those of Mr. Adams (brought to the puiuc

date) 329° 19', diflFering only 3° 19' ; the plane of ita orbit deviating very

slightly, if it all, from that of the ecliptic.

(708.) On the day above mentiou.'d— a day for ever memorable in the

annals of astronomy— Dr. Galle, one of the astronomers of the Rdjal

Observatory at Berlin, received a letter from 31. Leveriier, announcing to

hnii tljo result he had arrived at, and requesting him to look for the dis-

turbing planet in or near the place assigned by his calculation. ITo did

so, and on that very nir/ht aclnaUj/ fovnd it. A star of the eighth in;ig-

nitude was sc o by him and by M. Encke in a situation where no i-tar

was markp ': s existing in Dr. Bremiker's chart, then recently publij^lied

by the Berlin Academy. Tiie next night it was found to have moved

from its place, and was therefore assurctlly a planet. Subsiequent olser-

vations and calculations have fully dcmonstnited this planet, to which the

name of Neptune has been assigned, to bo really that body to whose dis-

turbing attraction, according to the Newtoni;in law of gravity, the observed

anomalies in the motion of l^ranus were owing. The geocentric longi-

tude determined by Dr. Oallo from this observation was 320° 53', which,

converted into heliocentric, gives 32(5° 52', differing 0° 52' from M. Lc-

verrier's place, 2° 27' from that of iMr. Adams, and only 47' from a

mean of the two calculations.

(7()9.) It would be q\nto beyond the scope of this work, and far in

advance of the amount of matlioniatical knowledge we have assumed our

readers to possess, lo attempt giving more than a superficial idea of the

course followed by these geometers in their arduo,'' inyestigatijng. Saf=

fice it to say, that it consisted in regarding, as unknown quantities, to be
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Qetermined, the mass, and all the elements of the unknown planet (sup-

posed to revolve in the same plane and the same direction with Uranuj),

except its major semiaxis. This was assumed in the first instance (in

conformity with " Bode's law," art. (505), and certainly at the time with

a \\\gh 2>rim(1 facie probability,) to be double that of Uranus, or 38'36't

radii of the Earth's orbit. Without some as.sumptioii as to the value of

tliii^ clement, owing to the peculiar form of the analytical expression of

the perturbations, the analytical investigation would have presented diffi-

culties apparently insuperable. But besides these, it was also necessary

to regard as unknown, or at least as liable to corrections of unknown

magnitude of the same order as the perturbations, all the elements of

Uranus itself, a circumstance whose necessity will be easily understood,

when we consider that the received elements could only be regarded as

provisional, and must ccrtalnli/ be erroneous, the places from which they

were obtained being affected by at least some portions of the very pertur-

bations in question. This consideration, though indispensable, added

vastly both to the complication and the labour of the inquiry. The axis

(and therefore the mean motion) of the one orbit, then, being known very

ucarly, and that of the other thus hypothetically assumed, it became prac«

tieable to express in terms, partly algebraic, partly numerical, the amount

of perturbation at any instant, by the aid of general expressions delivered

by Laplace in his " AUcamquc Celeste" and elsewhere. These;, then,

tdgcthcr with the corrections due to the alterea elements of Uranus itself,

being applied to the t:.bular longitudes, furnished, when compared with

those observed, a series of ajuctiunsy in which the elements and mass of

Neptune, and the corrections of those of Uranus entered as the vnhnoicn

Hiiiinlides, and by whose resolution (no slight effort of analytical skill) all

tlicr values were at length obtained. The calculations were then repeated,

reducing at the same time the value of the assumed distance of the new

planet, the discordances between the given and calculated results indicating

it to have been assumed too largo when the results were fouiid to agree

better, and the solutions to be, in fact, more satisfactory. Thus, at length,

cletncnts were arrived at for the orbit of the unknown planet, as below.

'ifll

fll

t]

Loverrler. Adams.

Enoch of Elomentd Jan. 1, 1S47.

318° 47' 4"

3(1-1,').^9

0-in7010
2k4" 45' 8''

n'nnoi()727

Oct fi, 1,>^40.

:t2;i° 2'

.ir-LM74

0-120fil5

0'()001,'i003

^

Mt'iin longitude in Epoch.
Sornidxis Mnjor
Exi'ontricity

I'ongitude of I'oriheliuu

Mass (the Sun being 1)

—rfj
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The elements of M. Leverrier were obtained from a consideration of the

observations up to the year 1845, those of Mr. Adams only as far as

1840. On subsequently taking into account, however, those of the five

years up to 1845, the latter was led to conclude that the semiaxis ought

to be still much further diminished, and that a mean distance of 33-33

(being to that of Uranus as 1 : 0*574) would probably satisfy all the obser-

vations very nearly.'

(770.) On the actual discovery of ihe planet, it was, of course, assidu-

ously observed, a id it was soon ascertained that a mean distance, even less

than Mr. Adams's last presumed value, agreed better with its motion

;

and no sooner were elements obtained from direct observation, sufficiently

approximate to trace back its path in the heavens for a considerable inter-

val of time, than it was ascertained to have been observed as a star by

Lalande on the 8th and 10th of May, 1795, the latter of the two obser-

vations, however, having been rejected by him as faulty, by reason of its

non-agreement »rith the former (a consequence of the motion of the

planet in the interval.) From these observations, combined with those

since accumulated, the elements calculated by Prof Walker, U. S., result

as follows :

—

Epoch of Elements
Menn longitude at Epoch
Semiaxis major
Excentricity

Lonfiitudo of the Perihelion

Ascending Node
Inclination

Periodic time

Mean annual Motion

Jan. 1, 1847, M. noon, Greenwich.
328° 32' 44" 2
30-0367

000871946
47°12'6"'50
130°4'20"-81

l°46'58"-97
164-6181 tropical year.

2°-18688

(771.) The great disagreement between these elements and those assigned

either by M. Leverrier or Mr. Adams will not fail to be remarked ; atd it

will naturally be asked how it has come to pass, that elements so widely

different from the truth should aflford anything like a satisfactory represen-

tation of the perturbation in question, anu that the true situation of the

planet in the heavens should have been so well, and indeed accurately,

pointed out by them. As to the latter point, any one may satisfy himself

by half an hour's calculation that both sets of elements do really place the

planet, on the day of its discovery, not only in the longitudes assigned in

art. 7QI, i. c. extremely near its apparent place, but abo at a distance from

the sun very much more approximately correct than the meaii distances or

semiaxes of the respective orbits. Thus the radius vector of Neptune,

Ur

A.D.

L

1805-0 19
1810-0

1815-0 2

1820-0 2i

1S21-0 2

1822-0 2

i8-.>;vo 2

]S2t-0 2

1825-0 2

18;50-0 3
1835-0 3

1840-0 3-

1845-0 3

1817-0 3

' In a letter to the Astronomer Royal, dated Sept. 2, 1846,— »'. e. three weeks previoua

to the (ipticnl discovery of the planet.



PERTURBATIONS OP URANUS BY NEPTUNE. 433

calculated from M. Leverrier's elements for the day in question, instead

of 36-1530 (the mean distance) comes out almost exactly 33 ; and indeed,

if we consider that the excentricity assign ' by those elements gives for

the perihelion distance 32-2634, the longitude assigned to the perihelion

brings the whole arc of the orbit (more than 83°), described in the in-

terval from 1806 to 1847 to lie within 42" one way or the other of the

perihelion, and therefore, during the whole of that interval, the hypothe-

tieal planet would be moving within limits of distance from the sun, 32-6

and 33-0. The following comparative tables of the relative situations of

Uranus, the real and hypothetical planet, will exhibit more clearly than

any lengthened statement, the near imitation of the motion of the former

by the latter within that interval. The longitudes are heliocentric'

AI.

Uranui. Neptune. Leverrler. Adams.

Long. Long. Rad. Vec. Long. Rad. Veo. Long. Rad. Vec.

1805-0 197°-8 235°-9 30-3 241''-2 33-1 246°-5 34-2

ISIO'O 220-9 247-0 30-3 251-1 32-8 255-9 33-7

1815-0 243-2 258-0 30-3 261-2 32-5 265-5 33-3

1820-0 264-7 268-8 30-2 271-4 32-4 275-4 33-1

1S21-0 269-0 '>71-0 30-2 273-5 32-3 277-4 33-0

1822-0 273-3 273-2 30-2 275-6 32-3 279-5 330
18'2;i-0 277-6 275-3 30-2 277 6 32-3 281-5 32-9

1821-0 281-S 277-4 30-2 279 7 32-3 283-6 32-9

1825-0 285-8 279-6 30-2 281-8 32-3 285-6 32-8

18;i0-0 306-1 290-5 30-1 292-1 32-3 296-0 32-8

1835-0 326-0 301-4 30-1 302-5 32-4 306-3 32-8

1840-0 345-7 312-2 30-1 312-6 32-6 316-3 .S2-9

ISlO'O 365-3 323-1 300 322-0 32-9 326-0 ;i;i-l

1847-0 373-3 327-6 30-0 326-5 • 33-1 329-3 33-2

(772.) From this comparison it will be seen that Uranus arrived at its

conjunction with Neptune at or immediately before the commencement of

1822, with the calculated planet of Leverrier at the beginning of the fol-

lowing year 1823, and with that of Adams about the end of 1824. Both

the theoretical planets, and especially that of M. Leverrier therefore,

during the whole of the above interval of time, so far as the directions

of their attractive forces on Uranus are concerned, would act nearly on it

as the true planet must have done. As regards the intensity of the r<-,la-

tive disturbing forces, if we estimate these by the principles of art. (612)

ut the epochs of conjunction, and for the commeucemcut uf 1805 and

1

i

iiml

i J ' > ? ill'

£ "
I ; r -

^ The calculoiions arc carried only to tenths of degrees, as qrate sufficient for the

ob^sct in vicvVt

28
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1845, we find for the respective denominators of the fractions of the sun's

attraction on Uranus regarded as unity, which express the total disturbing

force, N S, in each case, as below

:

1805. Conjunction. 1845.

27540 7508 32390

20244 5519 23810

20837 5193 19935

. , f Pierce 8 mass
Neptune with \ „

( Struve 8 mass

Leverrier's theoretical Planet, mass

The masses here assigned to Neptane are those respectively deduced by

Prof. Peirce and M. Struve from observations of the satellite disco rcred

by Mr. Lassell made with the large telescop 3 of Fraunhofer in the obser-

vatories of Cambridge, U. S. and Pulkova respectively. These it will be

perceived differ very considerably, as might reasonably be expected in the

results of micrometrical measurements of such difficulty, and it is not po,'--

sible at present to say to which the preference ought to be given. As

compared with the mass assigned by M. Struve, an agreement on the

whole more satisfactory could not have been looked for within the interval

iunii I'lliately iu question.

(773.) Subject then to this uncertainty as to the real mass of Neptune,

the theoretical planet of Leverrier must be considered as representing with

quite as much fidelity as could possibly be expected in a research of such

exceeding delicacy, the particulars of its motion and perturbative action

during the forty years elapsed from 1805 to 1845, an interval which (as

is obvious from the rapid diminution of the forces on either side of the

conjunction indicated by the numbers here set down) comprises all the

most influential range of its action. This will, however, be placed in full

evidence by the construction of curves representing the normal and tan-

gential forces on the principles laid down (as far as the normal constituent

is concerned) in art 717, one slight change only being made, which, for

the purpose in view, conduces greatly to clearness of conception. The

force L 8 (in the figure of that article) being supposed applied at P in the

direction L s, we here construct the curve of the normal force by erecting

at P {fig. 5, Plato A) P W always perpendicular to the disturbed orbit,

A P, at P, measured from P in the same direction that S lies from L, and

equal in length to L S. P W will then always represent both the direc-

tion and magnitude of the normal force actinij at P. And in like man-

ner, if we take always P Z on the tangent to the disturbed orbit at P,

equal to N L of the former figure, and measured in the same direction

from P that L is from N, P Z will represent both in magnitude and direc-

tion the tangential force acting at P. Thus will be traced out the two

curious ovals represented in our figure of their proper forma and propor-

tions for the case in question. That expressing the normal force is formed
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of four lobes, having a common point in S, viz., SWmXSaSnSiSW
and that expressing the tangential, AZc/Be(iYAZ, consisting of four

mutually intersecting loops, surrounding and touching the disturbed orbit

in four points, A Bed. The normal force acts outward over all that part

of the orbit, both in conjunction and opposition, corresponding to the por-

tions of the lobes m, n, exterior to the disturbed orbit, and inwards in

every other part. The figure sets in a clear light the great disproportion

between the energy of this force ne?.f the conjunction, and in any other

configuration of the planets ; its exceedingly rapid degradation as P ap-

nroaches the point of neutrality (whose situation is 35° 5' on either side

)f the conjunction, an arc described synodically by Uranus in 16'"72)

;

and the conijjaratively short duration and consequent ineflScacy to produce

any great amount of perturbation, of the more intense part of its inward

action in the small portions of the orbit corresponding to the lobes a, I,

in which the line representing the inward force exceeds the radius of the

circle. It exhibits, too, with no less distinctness, the gradual develope-

ment, and rapid degradation and extinction of the tangential force from

its neutral points, c, d, on either side up to the conjunction, where its

action is reversed, being accelerative over the arc d A, and retardative

over A c, each of which arcs has an amplitude of 71° 20', and is de-

scribed by Uranus synodically in 34^-00. The insignificance of the tan-

gential force in the configurations remote from conjunction throughout the

arc c B <^ is also obviously expressed by the small comparative develope-

ment of the loops e, /.

(774.) T<et us now consider how the action of these forces results in

the production of that peculiar character of perturbation which is exhi-

bited in our curve, fy. 4, Plate A. It is at once evident that the increase

of the longituda from 1800 to 1822, the cessation of that increase in

1822, and its conversion into a decrease during the subsequent interval is

in complete accordance with the growth, rapid decay, extinction at conjunc-

tion, and subseanent reproduction in a reversed sense of the tangential

force : so that we cannot hesitate in attributing the greater part of the

perturbation expressed by the swell and subsidence of the curve between

the years 1800 and 1845,—all that part, indeed, which is symmetrical on

cither side of 1822— to the action of the tangential force.

(775.) But it will be asked,— has then the normal force (which, on

the plain showing of Jij. 5, is nearly twice as powerful as the tangential,

and which does not reverse its action, like the latter force, at the point of

junction, but, on the contrary, is there most energetic,) no influence in

producing the observed effects ? We answer, very little, within the period

to which observation had extended up to 1845. The effect of the tan-

t :!

^11
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gential force on the longitude is direct and immediate (art. 660), that of

the normal indirect, consequential, and cumulative with the progress of

time (art. 734.) The effect of the tangential force on the mean motion

takes place through the medium of the change it produces on the axis,

and is transient: the reversed action after conjunction (supposing the

orbits circular), exactly destroying all the previous effect, and leaving the

mean motion on the whole unaffected. In the passage through the con-

junction, then, the tangential force produces a sudden and powerful accel-

eration, succeeded by an equally powerful and equally sudden retaidation,

which done, its action is completed, and no trace remains in the subse-

quent motion of the planet that it over existeri, for its action on the peri-

helion and excentricity is in like manner also nullified by its reversal of

direction. But with the normal force the case is far otherwise. Its im-

mediate effect on the angular motion is nil. It is not till it has acted

long enough to produce a perceptible change in the distance of the dis-

turbed planet from the sun that the angular velocity begins to be sensibly

affected, and it is not till its whole outward action has been exerted (i. e,

over the whole interval from neutral point to neutral point) that its maxi-

mum effect in lifting the disturbed planet away from the sun has been

produced, and the full amount of diminution in angular velocity it is

capable of causing has been developed. This continues to act iu pro-

ducing a retardation in longitude long after the normal force itself has

reversed its action, and from a powerful outward force has become a feeble

inward motion. A certain portion of this perturbation is incident on the

epoch in the mode described in art. (781.) et seq., and permanently dis-

turbs the mean motioii from what it would have been, had Neptune no

existence. The rest of its effect is compensated in a single synodic

revolution, not by the reversal of the action of the force (for that reversed

action is far too feeble for this purpose), but by the effect of the perma-

nent alteration produced in the excentricity, which (the axis being un-

changed) compensates by increased proximity in one part of the revolu-

tion, for increased distance in the other. Sufficient time has not yet

elapdcd since the conjunction to bring out into full evidence the influence

of this force. Still its commencement is quite unequivocally marked in

the more rapid descent of our curve fig. 4, subsequent to the conjunction

than ascent previous to that epoch, which indicates the commencenieut of

a series of undulations in its future course of an elliptic character, con-

sequent on the altered excentricity and perihelion (the total and ultimate

effect of this constituent of the disturbing force) which will be maintained

till within about 20 years from the next conjunction, with the exception,

perhaps, of some trifling inequalities about the time of the opposition,
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similar in character, but far iiiferior in magnitude to those now under

discussion.

(776.) Posterity will hardly credit that, with a full knowledge of all

the circumstances attending this great discovery— of the calculations of

Lcverrier and Adams— of the communication of its predicted place to

Dr. Galle— and of the new planet being actually found by him in that

place, in the remarkable manner above commemorated; not only have

doubts been expressed as to the validity of the calculations of those

geometers, and the legitimacy of their conclusions, but these doubts have

been carried so far as to lead the objectors to attribute the acknowledged

fact of a planet previously unknown occupying that precise place in the

heavens at that precise time, to sheer accident !' What share accident

may have had in the successful issue of the calculations, we presume the

reader, after what has been said, will have little difficulty in satisfying

himself. As regards the time when the discovery was made, much has

also been attributed to fortunate coincidence. The following considcra-

tions will, we apprehend, completely dissipate this idea, if still lingering

in the mind of any one at all conversant with the subject. The period

of Ui^^nus being 84-0140 years, and that of Neptune 164-6181, their

synodic revolution (art. 418.), or the interval between two successive con-

junctions, is 171 '58 years. The late conjunction having taken place

about the beginning of 1822; that next preceding must have happened

in 1G49, or more than 40 years before the first recorded observation of

' These doubts seem to have originated partly in the great disagreement between the

predicted and real elements of Neptune, partly in the near {possibly precise) commen-
surability of the mean motions of Neptune and Uranus. We conceive them however

to be founded in a total misconception of the nature of the problem, which was not,

from such obviously uncertain indications as the observed discordances could give, to

determine as astronomical quantities the axis, excentricity and mass of the disturbing

planet ; but practically to discover where to look for it : when, if once found, these

elements would be far better ascertained. To do this, any aocis, excentricity, •perihe-

lion, and mass, however wide of the truth, which would represent, even roughly the

amount, but vnth tolerable correctness the direction of the disturbing force during the

very moderate interval when the departures from theory were really considerable,

would equally serve their purposes ; and with an excentricity, mass, and perihelion dis

posable, it is obvious that any assumption of the axis between the limits 30 and J8,

nay, even with a much wider inferior limit, would serve the purpose. In his attempt

to assign an inferior limit to the axis, and in the value so assigned, M. Leverrier. it

must be admitted, was not successful. Mr. Adams, on the other hand, influenced Ly

no considerations of the kind which appear to have weighed with his brother geometer,

fixed ultitnatcly (as we have seen) on an axis not very egregiously wrong. Still it were

to be wished, for the satisfaction of all parties, that some one would undertake the

problom de novo, employing formula; not liable to the passage through infinity, which,

technically speaking, hampers, or may be supposed to hamper the continuous applica-

tion of the usual perturbational formuhe when cases of commensurability occur.

\il
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Uranus in 1690, to say nothing of its discovery as a planet. In 1600,

then, it must have been effectually out of reach of any perturbative influ-

ence worth considering, and so it remained during the whole interval from

thence to 1800. From that time the effect of perturbation began to be-

co'uo sensible, about 1805 prominent, and in 1820 had nearly reached its

uiuximuiU. At this epoch an alarm was sounded. The maximum was

not attained,— the event, so important to astronomy, was still in progress

of developement,— when the fact (any thing rather ^^lan a striking one)

was noticed, and made matter of complaint. But tL. ame for discussing

its cause with any prospect of success was not yet come. Every thing

turns upon the precise determination of the epoch of the maximum,

when the perturbing and perturbed planet were in conjunction, and upon

the law of increase and diminution of the perturbation itself on either

side of that point. Now it is always difficult to assign the time of the

occurrence of a maximum by observations liable to errors bearing a ratio

far from inconsiderable to the whole quantity observed. Until the lapse

of some years from 1822 it would have been impossible to have fixed that

epoch with any certainty, and as respects the law of degradation and total

arc of longitude over which the sensible perturbations extend, we are

hardly yet arrived at a period when this can be said to be completely de-

terminable from observation alone. In all this we see nothing of acci-

dent, unless it be accidental that an event which must have happened

between 1781 and 1953, actually happened in 1822; and that we live in

an age when astronomy has reached that perfection, and its cultivators

exercise that vigilance which neither permit such an event, nor its scientific

importance, to pass unnoticed. T)ie blossom had been watched with in-

terest in its developement, and the fruit was gathered in the very moment

of maturity.'

' The student who may wish to see the perturbations of Uranus produced by Nep-

tune, as computed from a knowledge of the elements and mass of that planet, such

as we now know to be pretty near the truth, will find them stated at length from the

calculations of Mr. Walker, (of Washington, U. S.) in the '
' Proceedings of the Amer-

icati Academy of Arts and Sciences," vol. i. p. 334, et seq. On examining the com-

parisons of the results of Mr. Walker's formulae with those of Mr. Adam's theory in

p. 342, he will perhaps be surprised at the enormous difference between the actions ot

Neptune and Mr. Adam's "hypothetical planet" on the longitude of Uranus. Tliis

is easily explained. Mr. Adam's perturbations are deviations from Bouvard's orbit of

Uratius, as it stood immediately previous to the lato conjunction. Mr. Walker's are

the deviations from a mean or undisturbed orbit freed from the influence of the long

inequality resulting from the near commensurabihty of the motions.
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PART III.

OP SIDEREAL ASTRONOMY.

'i ,

CHAPTER XV.
t i^l

or THE FIXED STARS.— THEIR CLASSIFICATION BY MAGNITUDES.

—

PHOTOMETRIC SCALE OF MAGNITUDES.—CONVENTIONAL OR VULGAR

SCALE,—PHOTOMETRIC COMPARISON OF STARS.— DISTRIBUTION OP

STARS OVER THE HEAVENS.—OP THE MILKY WAY OR GALAXY.

—

ITS SUPPOSED FORM THAT OP A FLAT STRATUM PARTIALLY SUB-

DIVIDED.—ITS VISIBLE COURSE AMONG THE CONSTELLATIONS.—ITS

INTERNAL STRUCTURE.— ITS APPARENTLY INDEFINITE EXTENT IN

CERTAIN DIRECTIONS.—OF THE DISTANCE OF THE FIXED STARS.

—

THEIR ANNUAL PARALLAX. PARALLACTIC UNIT OF SIDEREAL

DISTANCE.—EFl'ECT OF PARALLAX ANALOGOUS TO THAT OP ABER-

RATION.—HOW DISTINGUISHED FROM IT.— DETECTION OP PARAL-

LAX BY MERIDIONAL OBSERVATIONS.—HENDERSON'S APPLICATION

TO o CENTAURI.—BY DIFFERENTIAL OBSERVATIONS.—DISCOVERIES

OF BESSEL AND STRUVE.— LIST OF STARS IN WHICH PARALLAX

HAS BEEN DETECTED.—OP THE REAL MAGNITUDES OP THE STARS.

—

COMPARISON OF THEIR LIGHTS WITH THAT OF THE SUN.

(777.) Besides the bodies we have described in the foregoing chap-

ters, the heavens present us with an innumerable rauiiitude of other

objects, which are called generally by the name of stars. Though com-

prehending individuals differing from each other, not merely in brightness,

but in many other essential points, they all agree in one attribute,—

a

high degree of permanence as to apparent relative situation. This has

procured them the title of " fixed stars ;" an expression which is to be

understood in a comparative and not an absolute sense, it being certain

that many, and probable that all, are in a state of motion, although too

slow to be perceptible unless by means of very delicate observations, con-

tinued during a long series of years.

(778.) Astronomers are in the habit of distiuguishiug the stars iuto

: "11

fi
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classes, according to their apparent brightness. These are termed magni-

tudes. The brightest stars are said to be of the first magnitude ; those

which fall so far short of the first degree of brightness as to make a

strongly marked distinction are classed in the second ; and so on down to

the six'.h or seventh, which comprise the smallest stars visible to the

naked eye, in the clearest and darkest night. Beyond these, however,

telescopes continue the range of visibility, and magnitudes from the 8th

down to the 16th are familiar to those who are in the practice of using

powerful instruments ; nor does there seem the least reason to assign a

limit to this progression ; every increase in the dimensions and power of

instruments, which successive improvements in optical science have

attained, having brought into view multitudes innumerable of olijeets

invisible before; so that, for any thing experience has hitherto tauglit us,

the number of the stars may be really infinite, in the only sense iu which

we can assign a meaning to the word.

(779.) This classification into magnitudes, however, it must be ob-

served, is entirely arbitrary. Of a multitude of bright objects, differing

probably, intrinsically, both in size and in splendour, and arranged at

unequal distances from us, one must of necessity appear the brightest, one

next below it, and so on. An order of succession (relative, of course, to

our local situation among them) must exist, and it is a matter of absolute

indiiferenoe, where, in that infinite progression downwards, from the one

brightest to the invisiblo, we chotso to draw our lines of demarcation. All

this is a matter of pure convention. Usage, however, has estiiblished

such a convention ; and though it is impossible to determine exactly, or

djii't'ori, where one magnitude ends and the next begins, and although

difForcnt observers have differed in their magnitudes, yet, on the whole,

astronomers have restricted their first mr.guitude to about 23 or 24 prin-

cipal stars ; their second to 50 or 60 next inferior ; their third to uhout

200 yet smaller, and so on ; the numbers increasing very rapidly as wo

descend in the scale of brightness, the whole number of stars already rogig-

tered down to the seventh magnitude, inclusive, amounting to frou; 12000

tu 15000.

(780.) As wo do not sec the actual disc of a star, but judge only of its

brig)itnes3 by the total impression made upon the eye, the apparent "mag-

nitude" of any star will, it is evident, depend, 1st, on the star's distance

from us; 2d, on the absolute niagiiitudo of its illuminated 8urf;n(>; 3d,

on the intrinsic brightness of that surface. Now, as wo know nothing or

next to nothing, of any of those data, and have every reason for bt-lieving

tlmt each of them may differ in different iniiividuals, in the proportion of

many millionH to one, it is clear that wo are not to expect much satisfao-
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tion in any conclusions wo may draw from numerical statements of the

number of individuals, which have been arranged in our artificial classes

antecedent to any general or definite principle of arrangement. In fact,

astronomers have not yet agreed upon any principle by which the magni-

tudes may be photometrically classed d priori, whether for example a

scale of brightnesses decreasing in geometrical progression should be

adopted, each term being one-half of the preceding, oi* one-third, or any

other ratio, or whether it would not be preferable to adopt a scale decreas-

ing as the squares of the terms of an harmonic progression, i. e. according

to the scries 1, ^, |, Tg, 35, &c. The former would be a purely photo-

metric scale, and would have the apparent advantage, that the light of a

star of any magnitude would bear a fixed proportion to that of the mag-

nitude next above it, an advantage, however, merely apparent, as it is cer-

tain, from many optical facts, that the unaided eye forms very difierent

judgments of the proportions existing between bright lights, and those

between feeble ones. The latter scale involves a physical idea, that of

supposing the scale of magnitudes to correspond to the appearance of a

first magnitude standard star, removed successively to twice, three times, -tc,

its original or standard distance. Such a scale, which would make the

nominal magnitude a sort of index to the presnmable or average distance,

on the supposition of an equality among the real lights of the stars,

would facilitate the expression of speculative ideas ou the constitution of

the sidereal heavens. On the other hand, it would at first sight appear

to uiake too small a difieronce between the lights in the lower magnitudes.

For example, on this principle of nomenclature, the light of a star of the

seventh magnitude would be thirty-six 4nth3 of that of one of the sixth,

and iif the tenth 81 hundredths of the ninth, while between the first and

the second the proportion would bo that of four to one. So far, however,

from tlii.s being really objectionable, it falls in well with the goneral tenor

of the optical facts already alluded to, inasmuch as the eye (in the ab-

sence of disturbing causes') docs actually discriminate with greater preci-

sion between the relative intensities of feeblo lights than of bright ones,

so that the fraction ^^, for instance, expresses quite as great a stop down-

wards (^physiologically speaking) from the sixth magnitude, as J docs from

tlic fir.-!t. As the choice, thcreiore, so far as wo can see, lies between these

two M'ulos, in drawing the lines of demarcation between what may be

termed i\\o phntomrfrintJ mnipiituilrn of the stars, wo have no hesitation

in adiptin;:. nid reeonimoinling others to adopt, the latter system in pre-

furciiee to the former.

(7S1.) The conventional imignitmlos actually in use among astrono-

incrs, so far as their usage is consistent with itself, conforms moreover

fl!
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very much more nearly to this than to the geometrical progression. It has

been shown,' by direct photometric measurement of the light of a consi-

derable number of stars, from the first to the fourth magnitude, that if M
be the number expressing the magnitude of a star on the above system,

and m the number expressing the magnitude of the same star in the loose

and irregular language at present conventionally or rather provisionally

adopted, so far as it can be collected from the conflicting authorities of

different observers, the difference between these numbers, or M— m, is

the same in all the higher parts of the scale, and is less than half a mag-

nitude (O'"- 414). The standard star assumed as the unit of magnitude

in the measurements referred to, is the bright southern star a Centauri, a

star somewhat superior to Arcturus in lustre. If we take the distance of

this star for unity, it follows that when removed to the distances 1-414,

2*414, 3-414, &c., its apparent lustre would equal those of average stars

of the 1st, 2d, 3d, &c. magnitudes, as onUnarHij rcclconcd, rcspcctivtly.

(782.) The difference of lustre between stars of two consecutive mag-

nitudes is so considerable as to allow of many intermediate gradations

being perfectly well distinguished. Hardly any two stars of the first, or

of the second magnitude, would be judged by an eye practised in such

comparisons to be exactly equal in brightness. Hence, the neccs.sity, if

anything like accuracy be aimed at, of subdividing tSc niagnitutlos and

admitting fractions into our nomenclature of brightness. When this ne-

cessity first began to be felt, a simple bisection of the interval was recog-

nized, and the intermediate degree of brightness was thus designated, viz.

1.2 m, 2.3 m, and so on. At present it is not unfrequent to find the in-

terval trisected thus :1m, 1.2 m, 2.1 m, 2 m, &c. where the expression

1.2 m denotes a magnitude intermediate between the first and second, but

nearer 1 than 2; while 2.1 m designates a magnitude also intermediate,

but nearer 2 than 1. This may suffice for common parlance, but as this

department of astronomy progresses towards exactness, a decimal subdi-

vision will of necossiiy supersede these rude forms of expression, and tin?

magnitude will bo expressed by an integer number, followed by a ili'(iin;il

fraction; as, for in.stance, 2.51, which expresses the magnitude of y (leiiu-

norum on the vulgar or conventional scale of magnitudes, by which we at

onco perceive that its place is almost exactly half way between the 2d and

3d average magnitudes, and that its light is to that of an average fir.-t

magnitude star in that scale (of which a Orionis in its usual or Moniiiil

state- may bo taken as a typical specimen) as 1": (i-ol)', and to that of

' Sco " KcHiiliB of obBcrvatioiiB made ot tho Capo of Good Hope, die. &c." p. 3^1.

r«y liio Auilior.

* In tlio interval from 1836 to 1839 this star underwent considuroble and rcmarkabk'

fluctuations uf brightnoH.
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Centauri as 1*: (2-924)*, making its place in the photometric scale (so

defined) 2 •924. Lists of stars, northern and southern, comprehending

those of the vulgar first, second and third magnitudes, with their magni-

tudes decimally expressed in both systems, will be found at the end of

this work. The light of a star of the sixth magnitude may be roughly

stated as about the hundredth part of one of the first. Sirius would make

between three and four hundred stars of that magnitude.

(783.) The exact photometrical determination of the comparative in-

tensities of light of the stars is attended with many and great difiiculties,

arising partly from their difibrenccs'of colour; pardy from the circum-

stance that no invariable standard of artificial light has yet been disco-

vered
J
partly from the physiological cause above alluded to, by which the

eye is incapacitated from judging correctly of the proportion of two lights,

and can only decide (and that with not very great precision) as to their

equality or inequality; and partly from other physiological causes. The

least objectionable mode hitherto proposed would appear to be the folluw-

ing. A natural standard of comparison is in the first instance selected,

brighter than any of the stars, so as to allow of being equalized with any

of theui by iji reduction, of its light optically efiectcd, and at the same time

cither invariable, or at least only so variable that its changes can lie ex-

actly calculated and reduced to numerical estimation. Such a standard is

offered by the planet Jupiter, which, being much brighter than any star,

subject to no phases, and variable in light only by the variation of its dis-

tance from the sun, and which, moreover, comes in succession above the

horizon at a convenient altitude, simultaneously with all the fixed stars,

and, in the absence of the moon, twilight, and other disturbing causes

(which fatally affect all observations of this nature), combines all the rc-

(luisito conditions. Let us suppose, now, that Jupiter being at A and the

star to bo compared with it at H, a glsL'^s prism, C, is so placed that the

light of the planet deflected by tutnl intirmtl nficrioii at its base, shall

emerge parallel to B E, the direction of the star's visual ray. At'ti;r re-

flexion let it bo received on a lens, D, in whose focus, F, it will foru) a

small, bright, star-like imago, cajiable of being viewed by an eye placed

at E, so i'lir out of the axis of the cone of div>'Vi:ing rays as to admit of

seeing at the same time, and witli the same eye, and so comparing this

image with the star seen directly. IJy bringing the cyo neaier to or

further from the focus, F, the apparent brightness of the focal poini, will

he varied in the inverse ratio of the .square of the distance, V) F, and

therefore may bo vqiinfi:,(/, as well ns tlie eye can judge of such eciuali-

ties, with the star. If this be done for two stars several times ulternatcly,

and a mean of the results taken, by measuring E F, their relative bright-

J-'-'
'
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Fig. 107.

ness will be obtained : that of Jupiter, the temporary standard of com-

parison, being altogether eliminated from the result.

(784.) A moderate number of well selected stars being thus photometri-

cally determined by repeated and careful measurements, so as to afford an

ascertained and graduated scale of brightness among the stars themselves,

the intern" .'diate steps or grades of magnitude may be filled up, by insert-

ing between them, according to the judgment of the eye, other stars,

forming an ascending or descending sequence, each member of such a

Bcquence being brighter than that below, and less bright than that

above it; and thus at length, a scale of numerical magnitudes will

become established, complete in all its members, from Sirius, the brightest

of the stars, down to the least visible magnitude.' It were much to bo

wished that this branch of astronomy, which at present can hardly be said

to bo advanced beyond its infancy, were porscvcringly and systematically

cultivated. It is by no means a subject of mere barren curiosity, as will

abundantly appear when we come to speak of the phnenomona of variable

stars, and being moreover, one in which amateurs of the science may

easily chalk out for themselves "x useful and available patli, may naturally

be expected to recoive large and interesting accessions at their hands.

(785.) If »h3 comparison of the apparent magnitudes of tho stars with

their numbers leads to no immediately obvious conclusion, it is otherwise

whou wo view ihcm iu connexion with their 'ocal distribution over the

heavens. If iuJeed wo confine oursclvoa to the three or four brightest

classes, wo shall find them distributed with a considerable approach to

' For the method of combining nnd trentinfr such sequences, where ari'iiiiniliitcd

IP consit'ornble numbers, so ns to cliitiinntr from ihi-ir rcsuhs llie iiitliii'ncf i<\ criiincdiis

jiidtjmimf, atmospheric circiimstnnces, &.c,, vhioh ofifn give ri«o to Rdninnlirtory

arrnnge^iients in the order of sinrs dilferinit bm htiie in ningnittide, ns well ns for nn

account of a seriea of photometric compnrisoris (in whicii, however, not .Iiiimcr, but

tho moon wns used oa nii iiiic'rn!''di!ite smndiird), stO ilio work above citcii, in'iu on |).

'jM (ResultB of Observations, &C.)

Bnennljiiion, O
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impartiality over the sphere : a marked preference however being observa-

ble, especially in the southern hemisphere, to a zone or belt, following the

direction of a great circle passing through i Orionis and a Crucis. But

if we take in the whole amount visible to the naked eye, we shall perceive

a great increase of number as we approach the borders of the Milky Way.

And when we come to telescopic magnitudes, wo find them crowded

beyond imagination, along the extent of that circle, and of the branches

which it sends off from it ; so that in fact its whole light is composed of

nothing but stars of every magnitude, from such as are visible to the

naked eye down to the smallest point of light perceptible with the best

telescopes.

(78G.^ These phaenomena agree 'Ath. the supposition that the stars of

our firmament, instead of being scattered in all directions indifferently

through space, form a stratum of which the thickness is small, in com-

parison with its length and breadth; and in which the earth occupies a

place somewhere about the middle of its thickness, and near the point

where it subdivides into two principal laminae, inclined at a small angle to

each other (art, 302). For it is certain that, to an eye so situated, the

apparent density of the stars, supposing them pretty equally scattered

through the space they occupy, would be least in a direction of the visual

ray (as S A), perpendicular to the lamina, and greatest in that of its

breadth, as S B, S C, S Dj increasing rapidly in passing from one to the

other direction, just as we see a slight haze in the atmosphere thickening

into a decided fog-bank near the horizon, by the rapid increase of the

mere length of the visual ray. Such is the view of the construction of

the starry firmament taken by Sir William Herschel, whose powerful

Fig. 108,

f m

telescopes first effected a complete analysis of this wonderful .no, nnd

demonstrated the fact of its entirely consisting of stars.' So crowded are

they in nomo ^-^i^ of it, that by counting the stars in a single field of his

' Thonins Wright of Durham (Theory of the Universe, London, H.'^O) appears bo

porly ns 1734 to have entertained the same general view an to the constitutio'i of the

Milky Way and starry firmament, founded, quite in the spirit of just astronomical

speculation, on a partial rcsclution of s portion of it with a " ons-foot reflector" (a

refleoior one foot in focal length). See an account of this rare work by M. de Morgan
m Phil. Mag. Stt. 3. xxxii. p. 241. et seq.



44d OUTLINES OF ASTRONOMY.

telescope, he Mas led to conclude that 50,000 had passed iniacr his review

in a zone two degrees in brc»dth, during a single hour's olwnat^.j.t. Ir

that part of the milky way which is situated in 10^ 30m R A and Ite'.n en

the 147th and 150th Jegree wf N P D, upwards of .''000 8i>:rs have been

reckoned to exist in a square degree. The iiamensc: distane< ^ at which

the reu:oter regions must be si'iated will sniiioiently a;'co-';nt for the vast

predominance of small magnitudor. which ;iie ; bserved in it.

(787.) The course of the Milky Way as traced through the heaveii,-?

by the unaided eye, neglecting occasi'^nal dcviul ivns and fcUowiiig tho line

of its greatest brighter j>j as T^'ell as its varying breati^h rvd Intensity w.^.

{>!r'nit, coiifonns nearly to that of a great circle inclined at an :i.;.';lc of

abuct G3° fo tlia equinoctial, and cutting that circle in R A 0/t 47hi and

12/t 47?)i, sc Ui-at: its - fthern and southern poles respectively are situated

in R. A. 127*. 47m N i" D m" and R. A. 0/t 47m N P D 1 17°. Tlirough-

awt tho legion wi-p/f it is so remarkably subdivided (art. 186), this great

circle Iioliig an in.'ormediaie tiituation between the two great streams; with

a nearer :ipproximation however ti the brighter and contiauous stref.in,

than to the fainter and interrupted one. If we trace its course in order

of righj ascension, we find it traversing the constellation C;i?isiopeia, its

brightoat part passing about two degrees to the north of the s';ir S of that

constellati'^u, i. e, in about C2° of north declination, or 28*^ N P D.

Passing thonco between y and t Cassiopeiae it sends off a branch to the

south-preceding side, towards a Persei, very conspicuous as far as that

star, prolonged faintly towards e of the same constellation, and possibly

traceable towards the Hyades and Pleiades as remote outliers. The main

s'trcam however (which is here very fi.int), passes on through Auriga, over

the three remarkable stars, «, f, •;, of that constellation preceding CanoH-',

called tho Iloeai, preceding Capella, between the feet of Gemini anv ti..

horns of tlie Bull (where it intersects the ecliptic nearly in the Solstitial

Colure) and thence over the club of Orii)n to tho neck of Monoccros,

intersecting tho equinoctial in R. A. GA 54/w. Up to this point, from

the offset in Perseus, its light is feeble and indefinite, but thenceforward

it receives a gradual accession of brightness, and where it passes through

the shoulder of Monoccros and over the head of Canis 3Iaio: it presents

abroad, moderately bright, very uniform, and to the nakf e. starless

stream up to tho point where it enters the prow of the shi; ), nearly

on the southern trop'" ' Here it again subdivid'. 'ib lue star m

' In reading this descri '
. \ celestial globe will be a neces . «: .::i,f,;.nion. It may

Iio thought needless to demil the course of the Milky Way veiUiui nco it is ninpped

down on all celestial charts and globes. But in the generuliiy i i indeed in all

whicn ^^ve come to our knowledge, this is don so very loosely i-nd in • vtly, as bjr

no mea m to dispense with a verbal description.
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Puppis), sending off a narrow and wiiiJiflg branch on the preceding side

IS far as y Argds, where it terminates abruptly. The main stream pur-

s. "i it? southward course to the 123d parallel of N P D, where it diffuses

,',j9if broadly and again subdivides, opening out into a wide fan-like ex-

panse nearly 20° in breadth formed of interlacing branches, all which

terminate abruptly, in a line drawn nearly through x and y Argfis.

(788.) At this place the continuity of the Milky Way is interrupted

ly a wide gap, and where it recommences on the opposite side it is by a

somewhat similar fun-shaped assemblage of branches which converge upon

the bright star tj Argfis. Thence it crosses the hind feet of the Centaur,

forming a curious and sharply defined semicircular concavity of small

radius, and enters the Cross by a very bright neck or isthmus of not more

than 3 or 4 degrees in breadth, being the narrowest portion of the Milky

Way. After this it immediately expands into a broad and bright mass,

enclosing the stars a and fi Crucis, and (3 Centauri, and extending almosi

up to o of the latter constellation. In the midst of this bright mass, sur-

rounded by it on all sides, and occupying about half its breadth, occurs a

singular dark pear-shaped vacancy, so conspicuous and remarkable as to

attract the notice of the most superficial gazer, and to have acquired among

the early southern navigators the uncouth but expressive appellation of

the coal-sack. In this vacancy which is about 8° in length, and 5° broad,

only one very small star visible to the naked eye occurs, though it is far

from devoid of telescopic stars, so that its striking blackness is simply due

to the effect of contrast with the brilliant ground with which it is on all

sides surrounded. This is the place of nearest approach of the Milky

Way to the South Pole. Throughout all this region its brightness is very

striking, ami t^ hen compared with that of its more northern course already

traced, conveys strongly the impression of greater proximity, and would

almost lead to a belief that our situation as spectators is separated on all

sides by a considerable interval from the dense body of stars composing

the Galaxy, which in this view of the subject would come to be considered

as a flat ring of immense and irregular breadth and thickness, within

which we are excr'itrically aituar, J, nearer to the southern than to the

northern part o*' - circuit.

(.uO.) A' - vJcntauri, the Milk^y Way again subdivides', sending off a

great brand; of nearly half its breadth, but wh h tiiins off rapidly, at an

angle of about 20° with its general direction, u/wards tiie prewdi.-.g r'dr,

to w and d Lupi, beyond which it loses itself in a narrow and faint strcam-

ki. Tbo muin stro /n passes on increasing in breadth to y Norma), wboro

it iuakes an abrupt elbow and again subdivides into one principal and con

• All the ir ipa ami oilobes place this subdivieion at /J Cei iQuri, but rroiieously.

'
-I
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tinuou^ stream of very irregular breadth and brightness on the following

!=:ae, and a complicated system of interlaced streaks and masses on the

preceding, which covers the tail of Scorpio, and terminates in a vast and

faint effusion over the whole extensive region occupied by the preceding

leg of Ophiuchus, extending northwards to the parallel of 103° N P D,

beyond which it cannot be traced ; a wide interval of 14°, free from all

appearance of nebulous light, separating it from the great branch on the

north side of the equinoctial of which it is usually represented as a con-

tinuation.

(790.) Returning to the point of separation of this great branch from

the main stream, let us now pursue the course of the latter. Making an

abrupt bend to the following side, it passes over the stars t Arse, e and i

Scorpii, and y Tubi to y Sagittarii, where it suddenly collects into a vivid

oval mass about 6° in length and 4° in breadth, so excessively rich in

stars that a very moderate calculation makes their number exceed 100,000.

Northward of this mass, this stream crosses the ecliptic in longitude about

276°, and proceeding along the bow of Sagittarius into Antinous has its

course rippled by three deep concavities, separated from each other by

remarkable protuberances, of which the larger and brighter (situated

between Flamstead's stars 3 and 6 Aquilas) forms the most conspicuous

patch in the southern portion of the Milky Way visible in our latitudes.

(791.) Crossing the equinoctial at the 19th hour of right ascension, it

next runs in an irregular, pBtchy, and winding stream through Aquila,

Sagitta and Vulpecula up to Cygnus ; at s of which constellation its con-

tinuity is interrupted, and a very confused and irregular region c.nmcnces,

marked by a broad dark vacuity, not unlike the southern ''coal-sack,"

occupying the space between *, a, and y Cygni, which serves as a kind of

centre for the divergence of three great streams; one, which we have

already traced ; a second, the continuation of the first (across the interval)

from a northward, between Lacerta and the head of Cepheus to the point

in Cassiopeia whence we set out, and a third branching off from y Cygni,

very vivid and conspicuous, running off in a southern direction through ji

Cygni, and s Aquilse almost to the equinoctial, where it loses itself in a

region thinly sprinkled with stars, where in some maps the modern con-

stellation Taurus Poniatovii is placed. This is the branch which, if con-

tinued across the equinoctial, might be supposed to unite with the great

southern effusion in Ophiuchus already noticed (art. 789). A considerable

offset, or protuberant appendage, is also thrown off by the northern stream

from the head of Cepheus directly towards the pole, occupying thi= gveater

part of the quartile formed by a, /}, c, and i of that ooQstellatioa.

•«aite**^
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(792.) We have been somewhat circumstantial in describing the course

and principal features of the Via Lactea, not only because there does not

occur anywhere (so far as we know) any correct account of it, but chiefly

by reason of its high interest in sidereal astronomy, and that the reader

may perceive how very difficult it must necessarily be to form any just

conception of the real, solid form, as it exists in space, of an object so

complicated, and which we see from a point of view so unfavourable.

The difficulty is of the same kind which we experience when we set our-

selves to conceive the real shape of an auroral a.-ch or of the clouds, but

far greater in degree, because we know the laws which regulate the forma-

tion of the latter, and limit them to certain conditions of altitude— be-

cause their motion presents them to us in various aspects, but chiefly

because we contemplate them from a station considerably below their

general plane, so as to allow of our mapping out some kind of ground-

plan of their shape. All these aids are wanting when we attempt to map

and model out the Galaxy, and beyond the obvious conclusion that its

form must be, generally speaking, flat, and of a thickness small in com-

parison with its area in length and breadth, the laws of perspective afford

us little further assistance in the inquiry. Probability may, it is true,

licro and there enlighten us as to certain features. Thus when we see, as

in the coal-sack, a sharply defined oval space free from stars, insulated in

the midst of a uniform band of not much more than twice its breadfn, it

would seem much less probable that a conical or tubular hollow traverses

the whole of a starry stratum, continuously extended from the eye out-

wards, than that a distant mass of comparatively moderate thickness

should be simply perforated from side to side, or that an c val vacuity

should be seen foreshortened in a Ji'ntnnt foreshortened area, not really

exceeding two or three times its own breadth. Neither can -we without

obvious improbability refuse to admit that the long lateral offsets which at

so niiiny places quit the main stream and run out to great distances, are

oitlicr pianos seen edgeways, or the convexities of curved surfaces viewed

tangciitially, rather than cylindrical or columnar excrescences bristling up

obliquely from the general level. And in the same spirit of probable

Burmise we may account for the intricate reticulations above desci'ibed as

existing in the region of Scorpio, rather by the accidental crossing of

streaks thus originatincr, at very dificrcnt distances, or by a cellular r-truc-

ture of the masSj ' -. )y real intersections. Those cirrous clouds which

arc often seen in wi a^ weather, convey no unapt impression either of the

y A of appearance in question, or of the structure it suggests. It is to

other indioations bovrevor, and chiefly io the telescopic examination of its

intimate conslitutiot\, and to the law of the distribution of stars, not only

29
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within its bosom, but penorally over the heavens, that we must look for

more definite know' ,;< c.
»

-it .iiig its true form and extent.

(793.) It is oa obs'T atious of this latter class, and not on merely

speculative or eoujectural views, that the generalization in Art. 786, which

refers the phieuomena of the starry firmament to the system of the Ga-

laxy as their embodying fact, is brought to depend. The process of

" gauging " the heavens was devised by Sir W. Herschel for this purpose.

It consistvJ in simply counting the . .;o ui iiii iiiagr.itades which occur in

single fields of view, of 15' in diameter, visible through a reflecting tele-

scope of 18 inches aperture, and 20 feet focal length, with a magnifying

pow^r of 180° : the points of observation being very numerous and taken

ind'- nminately in every part of the surface of the sphere visible in our

latitades. On a comparison of many hundred such "gauges" or local

•'.numerations it appears that the density of star-light (or the number of

^tars existing on an average of several such enumerations in any one im-

mediate neighbourhood) is least ia the pole of the Galactic circle,^ and

increases on all sides, with the Galactic polar distance (and that nearly

equally in all directions) down to the Milky Way itself, where it attains

its maximum. The progressive rate of increase in proceeding .: m the

pole is at first slow, but becomes more and more rapid as we approach the

plane of that circle according to a law of which the following numhere,

deduced by M. Struve from a careful analysis of all the gauges in ques-

tion, will afford a correct idea.

Galactic > North Polar Dutauoe.

0»

IS"

3U^

45»

60®

76»

90»

Averaf^ Number of Stars in a
Meld 15' in Diameter.

415
4-68

6-52

10-36

17-68

30-30

122-00

From which it appears that the mriy/i dci. ! y of the stars in the galactic

circle exceeds in a ratio of very ne:. 30 to 1 that in its pole, and in a

proportion of more than 4 to 1 ' in o direction 15° inclined to its

plane.

' From yaXo, yaXaxrus, milk ; meaning the great circle spoken of in Art. 787, to

which the course of the Via Kactea most nearly conforms. Every subject has its tech-

nical or conventional terms, by whose use circumlocution is avoided, and ideas ren-

dered definite. This circle is to sidereal what the invariable ecliptic is to planetary

aatronomy— a plane of ultimate reference, the ground-plane of the sidereal system.

' Etudes d'Astronomic -SteUairs, p, 7!.
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(794.) These numbers fully bear out the statement in Art. 786, and

even draw closer the resemblance by which that statement is there illus-

trated. For the rapidly increasing density of a fog-bank as the visual ray

is depressed towards the plane of the horizon is a consequence not only of

the mere increase in length of the foggy space traversed, but also of an

actual increase of density in the fog itself in its lower strata. Now this

very conclusion follows from a comparison inter se of the numbers above

set down, as M. Struve has clearly shown from a mathematical analysis

of the empirical formula, which faithfully represents their law of progres-

sion, and of which he states the result in the following table, expressing

the densities of the stars at the respective distances, 1, 2, 3, &c., from the

gametic plane, taking the mean density o<' the stars in that plane itself

for unity.

Dhiiuces from the
Galactic Piano.

Density of Stars.
Distances from the

Oalactic Plane.
Density of Stars.

0-00

0-06

010
0-20

0-30

0-40

1-00000

0-48568

0-33288
0-23895

0-17980
0-13021

0-50

0-60

0-70

0-80

0-866

0-08646

0-05510

0-03079
0-01414

0-00632

The unit of dii-^ance, of which the first column of this table expresses

fractiir parts, is the distance at which such a telescope is capable of

rendenu^ just vidble a star of average magnitude, or, as it is termed, ite

^pacc-penctrating lOwer. As we ascend therefore from the galactic plane

into this kind o :cllar atmosphere, we perceive that the density of its

parallel strata decreases with great rapidity. At an altitude above that

plane equal to only one-twentieth of the telescopic limit, it has already

diminished to one-half, and at an altitude of 0-866, to hardly more than

onc-two-hundredth of its amount in that plane. So far as we can perceive

there is no flaw in this reasoning, if only it be granted, 1st, that the level

planes are continuous, and of equal density throughout; and, 2dly, thai

an absolute and definite limit is set to telescopic vision, beyond which, if

stars cji'st, they elude our sight, and are to us as if they existed not : a

postulate whoso probability the read r will be in a better condition to esti-

mate, when in possession of some oilier particulars respecting the consti-

tution of the Galasy to be described presently.

(795.) A similar course of observation followed out in the southern

hemisphere, leads independently to the same conclusion as to the law of

the visible distribution of stars ovf^r the southern galactic hemisphere, or

that half of the celestial surface winch has the south galactic pole for its

centre. A system of 'gauges, extending over the whole surface of that

iii
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hemisphere taken with the same telescope, field of view and magnifying

power employed in Sir William Herschel's gauges, has afforded the ave-

rage numbers of stars per field of 15' in diameter, within the areas of

zones encircling that pole at intervals of 15°, set down in the following

table.

Zono!) ot Qftlactlc South
Polar Distance.

0° to 15"

15 to 30 6G2
80 to 45 908

' 45 to GO 13-49

60 to 75 26-29

75 to 90 59-06

Average Numljcr of Stars
per Plold of W.

6-05

(796.) These numbers are not directly comparable with those of M.

Struve, given in Art. 793, because the latter corresponds to the limiting

polar distances, while these are the averages for the included zones. That

eminent astronomer, however, has given a table of the average gauges ap-

propriate to each dci/ree of north galactic polar distance,' from which it is

easy to calculate averages for the whole extent of each zone. How near

a parallel the results of this calculation for the northern hemisphere ex-

hibit with those above stated for the southern, will bo seen by the follow-

ing table.

Zonoa of Galactic North Average Nvimlfor of Stars per Field

Polar Distance. of IS' from M. Struve's Table.

0° to 15° 4.32

15 to 30 5-42

30 to 45 8-21

45 to 60 13-61

60 to 75 2409
75 to 90 53-43

It would appear from this that, with an almost exactly similar law of ap-

parent density in the two hemispheres, the southern were somewhat richer

in stars than the northern, which may, and not improbably does, arise

from our situation not being precisely in the middle of its thickness, but

somewhat nearer to its northern surface.

(797.) When examined with powerful telescopes, the constitution of

this wonderful zone is found to be no less various than its aspect to the

naked eye is irregular. In some regions the stars of which it is wholly

composed are scattered with remarkable uniformity over immense tracts,

while in others the irregularity of their distribution is luite as striking,

» Etudes d'Astronomie Ste'.laire, n 0/1
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exhibiting a rapid succession of closely clustering rich patches separated

by comparatively poor intervals, and indeed in some instances by spaces

absolutely dark and completcli/ void of any star, even of the smallest;

telescopic magnitude. In some places not more than 40 or 50 stars on

an average occur in a "gauge" field of 15', while in others a similar

average gives a result of 400 or 500. Nor is less variety observable

in the character of its diifercnt regions in respect of the magnitudes of

the stars they exhibit, and the proportional numbers of the larger and

smaller magnitudes associated together, than in respect of their aggregate

numbers. In some, for instance, extremely minute stars, though never

altogether wanting, occur in numbers so moderate as to lead us irresistibly

to the conclusion that in these regions we see fairly through the starry

stratum, since it is impossible otherwise (supposing their light not inter-

cepted) that the numbers of the smaller magnitudes should not go on

continually increasing ad infinitum. In such cases moreover the ground

of the heavens, as seen between the stars, is for the most part perfectly

dark, which again would not be the case, if innumerable multitudes of

stars, too minute to be individually discernible, existed beyond. In

other regions we are presented with the phenomenon of an almost uni-

form degree of brightness of the individual stars, accompanied with a

very even distribution of them over the ground of the heavens, both the

larger and smaller magnitudes being strikingly deficient. In such cases

it is equally impossible not to perceive that we are looking through a sheet

of stars nearly of a size, and of no great thickness compared with the dis-

tance which separates them from us. Were it otherwise we should be

driven to suppose the more distant stars uniformly the larger, so as to

compensate by their greater intrinsic brightness for their greater distance,

a supposition contrary to all probability. In others again, and that not

unfroquently, we are presented with a double phaenomenon of the same

kind, viz. a tissue as it were of large stars spread over another of very

small ones, the intermediate magnitudes being wanting. The conclusion

here seems equally evident that in such cases we look through two side-

real sheets separated by a starless interval.

(708.) Throughout by far the larger portion of the extent of the Milky

Way in both hemispheres, the general blackness of the ground of the

heavens on which its stars are projected, and the absence of that innu-

merable multitude and excessive crowding of the smallest visible magni-

tudes, and of glare produced by the aggregate light of multitudes too

small to affect the eye singly, which the contrary supposition would appear

to necessitate, must, we think, be considered unequivocal indications that

its dimensions in directions ichcre these conditions obtain, are not only not

;H
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infinite, but that the spate-penetrating power of our telescopes suffices

fairly to pierce through and beyond it. It is but right, however, to warn

our readers that this conclusion has been controverted, and that by an

authority not lightly to be put aside, on the ground of certain views taken

by Olbers as to a defect of perfect transparency in the celestial spaces, in

virtue of which the light of the more distant stars is enfeebled more than

in proportion to their distance. The extinction of light thus originating,

proceeding in geometrical progression while the distance increases in

arithmetical, a limit, it is argued, is placed to the space-penetrating powers

of telescopes, far within that which distance alone apart from such obscu-

ration would assign. It would lead us too far aside of the objects of a

treatise of this nature to enter upon any discussion of the grounds (partly

metaphysical) on which these views rely. It must suffice here to observe

that the objection alluded to, if applicable to any, is equally so to every

part of the galaxy. We are not at liberty to argue that at one part of its

circumference, our view is limited by this sort of cosmical veil wbich

extinguishes the smaller magnitudes, cuts off the nebulous light of distant

mas-es, and closes our view in impenetrable darkness ; while at another

we are compelled by the clearest evidence telescopes can afford to believe

that star-strown vistas lie open, exhausting their powers and stretching

out beyond their utmost reach, as is proved by that very phoenomenon

which the existence of such a veil would render impossible, viz. infinite

increase of number and diminution of magnitude, terminaiing in complete

irresolvable nebulosity. Such is, in effect, the spectacle afforded by a very

large portion of the 3Iilky Way in that interesting region near its point

of bifurcation in Scorpio (arts. 789, 792,) where, through the hollows

and deep recesses of its complicated structure wo behold what has all the

appearance of a wide and indefinitely prolonged area strewed over with

discontinuous mas.st's and clouds of stars which the telescope at length

refuses to analyse.' Whatever other conclusions wo may draw, this must

any how be regarded as th« direction of the greatest linear extension of

tho ground-plan of the galaxy. And it would appear to follow, also, as a

not less obvious coiisef|Ucnce, that in those regions where that zone is

clearly resolved into stars well sepu.'ated and »fin jirojectrd on a bhuk

groundf and where by consequence it is vcriain if the foregoing views be

' It would be doing great injuslico to the illiisiriouB astronomer of Pulkova (whose

opinion, if wo here seem to controvert, it is with lliu utmost pnssiiilo dcrerciiro iiiiil

re:<pi'fi) not to mention that iit the lime of his wriiiitjj; the reninrknhio csRjy iilremly

more limn onoe riled, in whirh the view." i. ipiention are dehvered. he "' 'i not have

been awnre of the importniii fuels alluded to in the text, the w '' in wu.'h iiiey are

uoiuii'ued being then unpublmhed. instrumtu
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correct/ that we look out beyond them into space, the smallest ^^s^ble stars

appear as such, not by reason of excessive distance, but of a real inferiority

of size or brightness.

(799.) When we speak of the comparative remoteness of certain

regions of the starry heavens beyond others, and of our own situation in

them, the question immediately arises, what is the distance of the nearest

fixed star ? What is the scale on which our visible firmament k con-

structed ? And what proportion do its dimensions bear to those of our

own immediate system? To these questions astronomy has at length

been enabled to afford an answer.

(800.) The diameter of the earth has served us for the base of a tri-

angle, in the trigonometrical survey of our system (art. 274,) by which to

calculate the distance of the sun ; but the extreme minuteness of the sun's

parallax (art. 357,) renders the calculation from this "ill-conditioned"

triangle (art. 275,) so delicate, that nothing but the fortunate combination

of favourable circumstances, afforded by the transits of Venus (art. 479,)

could render its results even tolerably worthy of reliance. But the earth's

diameter is too small a base for direct triangulation to the verge even of

our own system (art. 526,) and we are, therefore obliged, to substitute

the annual parallax for the diurnal, or, which conies to the same thing,

to ground our calculation on the relative velocities of the earth and planets

ic their orbits (art. 486,) when we would push our triangulation to that

extent. It might be naturally enough expected, that by this enlargement

of our base to the vast diameter of the earth's orbit, the next step in our

survey (art. 275,) would be made at a great advantage j—that our change

of station, from side to side of it, would produce a considerable and ea.sily

measurable amount of annual parallax in the stars, and that by its means

we should conio to a knowledge of their distance. But, after exhausting

every refinement of observation, astronomers were, up to a very late period,

unable to come to any positive and coincident conclusion upon this head

;

and the amount of such parallax, even f(ir the nearest fixed star examined

with the requisite attention, rcnuiinod mixed up with, and concealed

among, the errors incidental to nil astronomical dttormiiiations. The

nature of those errors has been cxplainod in the carlior part of this work,

uud we need not remind the reader of the diffieulticH which must necessa-

rily attend the attempt to disentangle an element not exceeding a few

tenths of a second, or at most a wliolo second, from the host of uncertain-

ties entailed on the results of (iliservations by tlieni : none of them indi-

vidually perhaps of greater mngnitude, Imt embarrassing by their nuiiilici

film f ti tkf iitrw nJi»x'/»t«Mw>l(»i Ult/inrtuul t./\ .fi.w

iuHtrunitiit making, and by constantly progressive uppn)xiiiiatiou to the
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exact knowledge of the Uranograpbical corrections, that assurance hud

been obtained, even in the earlier years of the present century, viz. that

110 star visible in northern latitudes, to which attention had been directed,

manifested an amount of parallax exceeding a single second of arc. It is

worth while to pause for a moment to consider what conclusions would

follow from the admission of a parallax to this amount.

(801.) Radius is to the sine of 1" as 20G265 to 1. In this proportion

then at least must the distance of the fi.\ed stars from the sun exceed that

of the sun from the earth. Again, the latter distance, as we have already

.seen (art. oTjT,) exceeds the earth's radius in the proportion of 23984 to

1. Taking therefore the earth's radius for unity, a parallax of 1" sup-

poses a distance of 4947050700 or nearly five thousand millions of such

uuitM ; and lastly, to descend to ordinary standards, since the earth's radius

may be taken at 4000 of our miles, we find 19788239040000 or about

twenty billioiiiJ of iiiih's for our resulting distance.

(S()2.) In such numbers the imagination is lost. The only mode we

have of conceiving such intervals at all is by the time which it would

require for light to traverse them. Light, aa we know (art. 545.) travels

at the rate of 192000 miles per second, traversing a semidiaiuctcr of the

earth's orbit in 8"' 13'"S. It would, therefore, occupy 20G2G5 times this

interval, or 3 years and 83 days to traver.se the distance in question. Now

as this is an inferior limit which it is already ascertained tlut even the

brightest and therefore (in the absence of all other indication.^) the dis-

tance of tho.se iiinuuierable stars of the smaller magnitudes which the

telescope discloses to us ! "What for the dimensions of the galaxy in

whose remoter regions, as we have seen, the united lustre of myriads

of stars is perceptible only iu powerful telescopes as u feeble nebulous

gleam

!

(^803.) The space-penetrating jwwer of a telescope, or the eonipurativo

distance to which a given star wmild require to be removed, in order that

it may appear of the same brightness iu the telescope us bcfoie to the

naked eye, may be calculated from the aperture of the telescope compared

with tliat of tiie pupil of the eye, and from its reflecting or transmitting

power, /. c. the prupurtiou of the incident light it convoys to the observer's

eye. Thus it has been computed that the space penetrating.; power of such

a reflector as that u.sed in the star-gauges above referred to is expressed

by tho number 75. A star, then, of the sixth magnitude, removed to

75 times its distance, would still be perceptible .'> </ .-.^i/'with that iiisfru-

nieiit, siiid uilmitting such a star to have lOOth part of the light of a

standard star of the first magnitude, it will follow that such a standard

star, if removed to 750 times its dislunec, would escitc in tho eye, when
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viewed thiough the gauging telescope, the same impression as a star of

the sixth magnitude does to the naked eye. Among the infinite niultitudo

of such stars in the remoter regions of the galaxy, it is but fair to con-

clude that innumerable individuals equal in intrinsic brightness to those

which immediately surround us, must exist. The light of such stars,

then, must have occupied upwards of 2000 years in travelling over the

distance which separates them from our own systuiii. It follows, then,

that when we observe the places and note the appearance of such stars, we

are only reading their history of two thousand 3'ears' anterior date, thus

wonderfully recorded. We cannot escape this conclusion, but by adopting

as an alternative an intrinsic inferiority of light in ull the smaller stars

of the galaxy. "Wo shall be better able to estimate the probability of this

altcni.itive when we shall have made acquaintance with other sidereal

hystcnis, whose existence the telescope discloses to us, and whose analogy

will satisfy us that the view of the subject here taken is iu perfect har-

mony with the general tenor of astronomical facts.

(HO I.) Hitherto we have spoken of a parallax of 1" as a mere limit,

below which that of any star yet examined, assuredly, or at least very

probably, falls, and it is not without a certain convenience to regard this

amount of parallax as a sort of unit of reference, which, connected in tho

reader's recollection with a parallactic unit of distance from our .ystcm

of .20 billions of miles, and with a u\ years' journey of light, may save

him the trouble of such calculations, and ourselves the n- ces.sity of cover-

ing our pages with such enormous numbers, when speaking of stars whoso

parallax has actually been ascertained with some approach to certaiuty,

cither by direct meridiiii: observation, or by more reGncd and delicate

nicthdds. These ve shidl proceed to explain, after fir^l puintiiig out the

theoretical peculiarities which enaldo us to separate aiid disentanglu its

effects from those of the Uranographical corrections, and from otht;r causes

of error, which, being periodical in their nature, add greatly to the diffi-

culty of the subject. The elTccts of precession and proper motion (seo

art. 852, ) which arc uniformly j.rogressivo from year to year, and that of

nutation, which runs through its period ii' niuctcen years, it is obvious

enough, separate themselves at once by these characters from that of pa-

rallax; and, being known with very great precision, and being certainly

iiidept ndeiit, as regards their causes, of any individual peculiarity in tho

stars art'eeted by them, whatever small uncertainty uiuy remain respecting

the numerical elements which enter into thoir couipututtoa (or, in muthu-

niatical language, their rD-iJJ'icniiti'), can give rise to no embarrassment.

With regard to ai)erration the case is materially ditt'erent. This correc

tiou affects the place (jf a star by a fluctuation, annual iu its period, and
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therefore, so far agreeing with parallax. It is also very similar in the

laiv of its variation at different seasons of the year, parallax having for

its apex (see art. 343, 344,) the apparent place of the sun in the ecliptic,

and aberration a point in the same great circle 90° behind that place, so

that in fact the formulae "f calculation (the coefiBcients excepted) are the

Bailie for both, substituting only for the sun's longitude in the expression

for the one, that longitude diminished by 90° for the other. Moreover, in

the absence of absolute certainty respecting the nature of the propagation

of light, astronomers have hitherto considered it necessary to assume, at

least as a possihility, that the velocity of light may be to some slight

amount dependent on individual peculiarities in the body emitting it.'

(805.) If we suppose a line drawn from the star to the earth at all

seasons of the year, it is evident that this line will sweep over the surface

of an exceedingly acute, oblique cone, having for its axis the line joining

the sun and star, and for its base tlie earth's annual orbit, which, for the

present pv rpose, we may suppose circular. The star will therefore appear

to describe each year about its mean place, regarded as fixed, and iu virtue

of parallax alone, a minute ellipse, the section of this cone by the surfaco

of the celestinl sphere, perpendicular to the visual ray. But there is also

another way in which the same fact may be represented. The apparent

orbit of the star about its mean place as a centre, will be precisely that

which it would appear to describe, if seen from the sun, supposing it

really revolved about that place in a circle exactly equal to the earth's

annual orbit, in a plane parallel to the ecliptic. This is evident from the

equality and parallelism of the linos and directions concerned. Now the

effect of aberration (disregarding the slight variation of the earth'.' ve-

locity in different paJ-ts of its orbit) is preci-sely similar in law, and differs

only in amount, and in its bearing reference to a direction 90° different

in longitude. Suppose, in order to fix our ideas, the maximum of parallax

to be 1" and that of aberration 20-5", and let A B, o h, be two circlcN

imagined to be described separately, as above, by the star about its mean place

S, in virtue of these two causes respectively, ST being a lino p.irallol to that

of the line of equinoxes. Then, if in virtue of parallax nlono, the star

would bo found at a in the smaller orbit, it would, in virtue of aberration

alone, be found at A, in the larger, the angle a 8 A being a right angle.

Drawing then A C equal and parallel to S a, and joining S C, it will iu

' In llio ncfuni Binte of nstronomy and pliotology this nporssiiy ran Imrdly t>r con.i-

drrod ns still cxi-stinj;, and it '\n donirnble, ihercif'oro, ihiit tlio prnciice of iisirononitTs

of inlri)diK'inR an unknown corroclion (or \\w ronsiiint of iil)erriition into lliiMr " ucinii-

tioim t)f rotidiiion" for llio dctorminntion of piirtillax, slioiiid be disused, since it actu-

•U»' tPiids to introduce error into the final result.
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virtue of both simultaneously be found in C, i. e. in the circumference of

a circle Vthose radius is S C, and at a point in that circle in advance of A,

the aberrational place, by the angle A S C. Now, since S A : A C :

:

20-5 : 1, we find for the angle A S C 2° 47' 35", and for the length of

Fig. 109.

the radius S C of the circle representing the compound motion 20"-524.

The difference (0"-024) between this and S C, the radius of the aberra-

tion circle, is quite imperceptible, and even sup, osing a quantity to mi-

nute to be capable of detection by a prolonged series of observations, it

would remain a question whether it were produced by parallax or by a

specific difference of aberration from the general average 20"-5 in the star

itself It is therefore to the difference of 2° 48' between the angular

situation of the displaced star in this hypothetical orbit, i. e. in the

(mjumcnis (as they are called) of the joint correction ( P S C) and that of

aberration alone (IP S A), that wo have to look for the resolution of the

problem of parallax. The reader may easily figure to himself the deli-

cacy of an inquiry which turns wholly (even when stripped of all its other

difficuUics) on the ^);rf/.sr determination of a quantity of this nature, and

of such very moderate magnitude.

(800.) But these othc- difficulties themselves are of no trifling order.

AU astronomical instruments 'ire affected by differences of fenqieratiue.

Not only do the materials of which they are composed expand and con-

tract, but the masonry and solid pier? on which they are erected, nay even

the very soil on which those arc founded, participate in the general tliangp

from summer warmth to winter cold. Ilunce arise slow oscillatory njovc-

mcuts of exceedingly miimtc amount, which levels and piumb-lines nftbrd

I!' ;
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but very inadequate means of detecting, and wiiich being also anr.ual in

their period (after rejecting whatever is merely casual and momentary)

mis themselves intimately with the matter of our inquiry. Refraction

too, besides its casual variations from night to night, which a long series

of observations would eliminate, depends for its theoretical expression on

the constitution of the strata of our atmosphere, and the law of the dis-

tribution of heat and moisture at different elevations, which cannot be

unaffected by difference of season. No wonder then that mere meridional

observations should, almost up to the present time, have proved insufficient,

except in one very remarkable instance, to afford unq aostionable evidence,

and satisfactory quantitative measurement of the parallel of any fixed

star.

(807.) The instcnce referred to is that of a Centauri, one of tuc ijrightest

and for many other reasons, one of the most remarkable oi the southern

stars. From a series of observations of this star, made at the Koyal

Observatory of the Cape of Good Hope in the ycai3 1832 and 1833, by

Professor Henderson, with the mural circle of that establishment, a paral-

lax to the amount of an entire second was concluded on his reductinu of

the observations in question after his return to England. Subsequent

observations by Mr. ]Maclcar, partly with the same, and partly with a new

and fur more efficiently constructed instrument of the same description

iiiade in the years 1839 and 1840, have fully confirmed the reality of the

parallax indicated by Professor Henderson's observations, though with a

slight diminution in its concluded amount, which comes out eqiuil to

0".9r28 or about j^ths of a second; brijlU stars ti', its immediate iviijli-

hourhood heimj unaffected hij a similar periodical disj)lacemmt, and thus

affording satisfactory proof that the displacement indicated in the case

of the star in question is not merely a result of annual variations of

tcmptcrci .•c. As it i.-i impossible at present to answer for so minute a

quantity as that by wiiich this result differs from an exact second, wo may

consider the distance of this star as approximately expressed by the paral-

lactic unit of distance referred to in ?""*. 804.

(808.) A short time previous to the publication' of this important

result, the detection of a sensible and measurable amount of parallax in the

star N° t)l Cygni of Flamstced's catalogue of stars was announced by the

celebrated astronomer of K'.'nigsberg, the lato M. Bossel." This is a small

and iiiconspicuous star, hardl3' ox'/jcding the sixth magnitude, but which

had been pointed out for ospecia'i observation by the remarkable cireum-

' Professor Iloiidcrsoira paper was read before the Aairoiiomicul Society of London,

fan. 3, 1^39. It bears date Dec. 24, 1838.

•Astronomiacho Nachrichlen, Nos. 3C5, 3G6. Dec. 13, 1838.
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stance of its being aiFected by a proper motion (see art. 852) t. e. a regular

and continually progressive annual displacement among the surrounding

stars to the extent of more than 5" per annum, a quantity so very much

exceeding the average of similar minute annual displacements which many

other stars exhibit, as to lead to a suspicion of its being actually nearer to

our system. It is not a little remarkable that a similar presumption of

proximity exists also in the case of o Centauri, whose unusually large

proper motion of nearly 4" per annum is stated by Professor Henderson

to have been the motive which induced him to subject his observations of

that star to that severe discussion which led to the detection of its parallax.

M. Bcssel's observations of 61 Cygni were commenced iu August 1837,

immediately on the establishment at the Konigsberg observatory of a

magnificent hcliometer, the workmanship of the celebrated optician Fraun-

hofer, of IMunich, an instrument especially fitted for the system of obser-

vation adopted ; which being totally different from that of direct meri-

dional observation, more refined in its conception, and susceptible of fur

greater accuracy iu its practical application, we must now explain.

(809.) Parallax, proper motion, and specific aberration (denoting by

tlic latter phrase that part of the aberration of a star's light which may
bo supposed to arise from its individual peculiarities, and which we have

every reason to believe at all events an exceedingly minute fraction of the

whole,) arc the only uranographical corrections which do not necessarily

affect alike the apparent places of two stars situated in, or icr^ nearti/ in,

the same visual line. Supposing then two stars at an immense distance,

the one behind the other, but otherwise so situated as to appear very

nearly along the same visual line, they will constitute what is called a star

optlralli/ double, to distinguish it from a star j>ltysicaUi/ douh/e, of which

more hereafter. Aberration (that which is common to all stars), preces-

sion, nutation, nai/, even refraction, and instrumental causes of apparent

displacement, will affect them alilce, or so very nearly alike (if the minute

difference of their apparent places be taken itito account) as to admit of

tlic difference being neglected, or very acciM'ately allowed for, by an easy

calculation. If then, instead of attempting to detertnine by oLservation

the place of the nearer of two vert/ unequal sta»*s (which will jirobably be

the larger) by direct observation of its right u.scension and polar distance,

wo content ourselves with referring its place to that of its remoter and

smaller t'oiiiiiunion by differential observation, i. c. bj measuring only ita

iUfference of situation from the latter, we arc at once relieved of the

necessity of making these corrections, and from all uncertainty as to their

influence on the result. And fur the very same reason, errors of adjust-

ment ( art, 1.30V of (TraduatioUj and u host of instrumental erroi , whicli
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would for this delicate purpose fatally affect the absolute determination of

either star's place, are ha-rnaless when only the difference of their places,

each equally affected by such causes, is required to be knowu.

(810.) Throwing aside therefore the consideration of all these errors

and corrections, and disregarding for the present the minute effect of

Fig. 110.

specific aberration and the uniformly progressive effect of proper motion,

let us ace the effect of the differences of the parallaxes of two stars thus

juxtaposed, or their apparent relative distance and position at various

seasons of the year. Now the parallax being inversely as the distance,

the dimensions of the small ellipses apparently described (art. 805) by

each star on the concave surface of the heavens by parallactic displacement

will differ,—the nearer star describing the larger ellipse. But both stars

lying very nearly in the same direction from the sun, these ellipses will be

similar and similarly situated. Suppose S and s to be the positions of the

two stars as seen from the sun, and let A B C D, a 5 c d, be their paral-

lactic ellipses; then, since they wiU be at all times similarly situated in

these ellipses, when the one star is seen at A, the other will be seen at a.

When the earth has made a quarter of a revolution in its orbit, their

apparent places will be B b ; when another quarter, C c / and when

anotlier, D (f. If, then, we measure carefully, with micrometers adapted

fur the purpose, their apparent situation with respect to each other, at

different times of the year, we should perceive a periodical change, both

in the direction of the line joining them, atid in the distance between

their centres. For the lines A a and C r cannot be parallel, nor the lines

B f/ and D <l equal, unless the ellipses be of equal dimensions, i. c. unless

the two stars have the same parallax, or are equidistant from the earth.

(811.) Now, micrometers, properly mounted, enable us to measure very
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exactly both the distance between ' o objects which can be seen together

in the same field of a telescope, an,. ' ue position of the line joining them

with respect to the horizon, or the meridian, or any other determinate

direction in the heavens. The double image micrometer, and especially

the heliometer (art. 200, 201) is peculiarly adapted for this purpose. The

images of the two stars formed side by side, or in the same line prolonged,

however momentarily displaced by temporary refraction or instrumental

tremor, move together, preserving their relative situation, the judgment

of which is no way disturbed by such irregular movements. The helio-

meter also, taking in a greater range than ordinary micrometers, enables

us to compare one large star with more than one adjacent small one, and

to select such of the latter among many near it, as shall be most favour-

ably situated for the detection of any motion in the large one, not partici-

pated in by its neighbours.

(812.) The star examined by Bessel has two such neighbours, both very

minute, and therefore probably very distant, most favourably situated, the

one (s) at a distance of 7' 42", the other (s') at 11' 46" from the large

star, and so situated, that their directions from that star make nearly a

right angle with each other. The effect of parallax therefore would

necessarily cause the two distances S s and S s' to vary so as to attain

their maximum and minimum values alternately at three-monthly inter-

vals, and this is what was actually observed to take place, the one distance

being always on the increase or decrease when the other was Stationary

(the uniform effect of proper motion being undersior 1 of course to be

always duly accounted for). This alternation, though s. small in amount

as to indicate, as a final result, a parallax, or rather .« difference of paral-

laxes between the large and small stars of hardly more than one third of

a second, was maintained with such regularity as to leave no room for

reasonable doubt as to its cause, and having been confirmed by the further

continuance of these observations, and quite recently by the exact coinci-

dence between the result thus obtained, and that deduced by M. Peters

from observations of the same star at the observatory of Pulkova', is con-

sidered on all hands as fully established. The p;irallax of this star finally

resulting from Bessel's observation is 0"''348, so that its distance from our

system is very nearly three parallactic units. (Art. 80- }

(813.) The bright star a Lyrao has also near it, at only 43" distance

(and therefore within the reach of the parallel wire or ordinary double

image micrometer) a very minute star, which has been subjected since

1835 to a severe and assiduous scrutiny by M. Struve, on the same prin-

ciple of differential observation. He has thi;8 '•".Mished the existenco
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of a iTtoas'irablc amount of parallax in the large star, l i) jadccd than

that cf Gl Cygni (being only about J of a second), but yet sufficient

(such was the delicacy of his measurements) to justify this excellent

observer in announcing the result as at least highly probable, on the

strength of only five nights' observation, in 1835 and 1836. This pro-

bibility, the continuation of the measures to the end of 1838 and tho

corroborative, though not in this case precisely coincident, result of Mr.

Peters's investigations have converted into a certainty. M. Struve has

the merit of being the first to bring into practical application this method

of observation, which, though proposed for the purpose, and its great ad-

vantages pointed out by Sir William Herschel so early as 1781', remained

long unproductive of any result, owing partly to the imperfection of

micrometers for the measurement of distance, and partly to a reason

which we shall presently have occasion to refer to.

(814.) If the component individuals S, s (yfy. art. 810,) be (as is often

the case) very close to each other, the parallactic variation of their an(jk

of position, or the extreme angle included between the linesAo, Cf,

may be very considerable, even for a small amount of difference of paral-

laxes between the large and small stars. For instance in the case of two

adjacent stars "l-V asunder, and otherwise favourably situated for observa-

tion, an annv.al .'Ir.'^uation to and fro in the apparent direction of tht^ir

line of jonra ,)i ^o the extent of half a degree (a quantity which could

not escape iiotii;o in the means of numerous and careful nieasurcnicnts)

would correspond to a difference of parallax of only ^ of a second. A
difference of 1" between two stars apparently situated at 5" distance

might cause an oscillation in that line to the extent of no less than 11°,

and if nearer one proportionally still greater. This mode of observation

Las not yet been put in practice, but seems to offer great advantages.'

(815.) The following is a li.st of stars to which parallax has been up

10 the present time more or less probably assigned :

a Cmtauri 0'913 (Henderson.)
61 Cygni - - 0'348 (Bessel.)

a Lyiaa 0"261 (Siriive.)

Sirius 0'230 (Henderson.)
1830 (iroombridge' 0-226 (Peters.)

UrsK .Majori3 0"133 ditto.

Arctiirus Oi27 ditto.

Polaris 0-067 ditto.

Capella 0-046 ditto.

' It has been referred even to Galileo. But the general explanation of Parallax in

tiie Systema Cosmicnm, Dial. iii. p. 271 (Leyden edit. 1699) to which the reference

applies, does not touch any of the peculiar features of the case, or meet any of its

difficulties.

^ Sec Phil. Trans. 18-26. p. 266, et seq. and 1827, for a list of stars well adapted for

puch observation, with the times of the year most favourable.—The list in Phil. Trans.

1826, ia incorrect.

» Gronmbridge's catalogue of circumpolar stars.
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Although the extreme minuteness of the last four of these results de-

prives them of much numerical reliance, it is at least certain that the

parallaxes by no means follow the order of magnitudes, id this is farther

shown by he fact that a Cygni, one of M. Peters's stars, t!' 'ws absolutely

no indicaiions of any measurable parallax wLatover.

(81G.) From the distance of the stars we a nr

sideratioQ of their real magnitudes. But here a iifi

so far as we can judge of what optical instrumr

iug, must always remain insuperable. Telescope-

information as to the apparent angular diameter ot an}

well-defined, planetary discs which good telescopes show

any of the brighter stars are phaenomena of diffraction, dependent, though

at present somewhat enigmatically, on the mutual interference of the rays

of light. They are consequently, so far as this inquiry is concerned,

mere optical illusions, and have therefore been termed spurioiis diaos.

The proof of this is that telescopes of different apertures and magnifying

powers, when applied for the purpose of measuring their angular diame-

ters, give different results, the greater aperture (even with the same mag-

nifying power) giving the smaller disc. That the true disc of even a

large and bright star can have but a very minute angular measure, ap-

pears from the fact that in the occultation of such a star by the moon, its

extinction is ahsolutelij instantaneous, not the smallest trace of gradual

diminution of light being perceptible. The apparent or spurious disc

also remains perfectly round and of its full size up to the instant of dis-

appearance, which could not be the case were it a real object. If our sun

were removed to the distance expressed by our parallactic unit (art. 804),

its appaicut diameter of 32' 3" would be reduced to only 0"'0093, or less

than the hundredth of a second, a quantity which we have not the smallest

reason to hope any practical improvement in telescopes will ever show as

an object having distinguishable form.

(817.) There remains therefore only the indication which the quantity

of light they send to us may afford. But here again another difficulty

besets us. The light of the sun is so immensely superior in intensity to

that of any star, that it is impracticable to obtain any direct comparison

between them. But by using the moon as an intermediate term of com-

parison it may be done, not indeed with much precision, but sufficiently

well to satisfy in some degree our curiosity on the subject. Now a Cen-

tauri has been directly compared with the moon by the method explained

in Art. 783. By a mean of eleven such comparisons made in various

states of the moon, duly reduced and making the proper allowance on

photometric principles for the moon's l'<:ht lost by transmission through
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466 OUTLINES OF ASTRONOMY.

the lens and prism, it appears that the mean quantity of light sent to the

earth by a full moon exceeds that sent by a Centauri in the proportion of

27408 to 1. Now WoUaston, by a method apparently unobjectionable,

found' the proportion of the sun's light to that of the full moon to be

that of 801072 to 1. Combining these results, we find the light sent us

by the sun to be that sent by a Centauri as 21,955,000,000, or about

twenty-two thousand millions to 1. Hence from the parallax assigned,

above to that star, it is easy to conclude that its intrinsic splendour, as

compared with that of our sun at equal distances, is 2-8247, that of the

sun being unity.'

(818.) The light of Sirius is four times that of a Centauri and its pa-

I alias only 0"-230 (Art. 230). This in effect ascribes to it an intrinsic

splendour equal to 63*02 times that of our sun.'

' Wollaston, Phil. Trans. 1829, p. 27.

* Eesults of Atlronomical Observationi at the Cape of Good Hope, (fc. Art. 278, p.

363. It' only the results obtained near the quadratures of the moon (which is the sit-

uation most favourable to exactness) be used, the resulting value of the intrinsic light

of the star (the sun being unity) is 4*1586. On the other hand, if only those procured

near the full moon (the worst time for observation) be employed, the result is 1*4017.

Discordances of this kind will startle no one conversant with Photometry. That a

Centauri really emits more light than our sun must, we conceive, be regarded as an

established fact. To those who may refer to th^ work cited it is necessary to mention

that the quantity there designated by M, expresses, on the scale there adapted, 500

times the actual illuminating power of the moon at the time of observation, that of the

mean full moon being unity.

See the work above cited, p. 367.—Wollaston makes the light of Sinus one 20,C00<

millionth of the sun's. Steinheil by a very uncertain method found Q s (3286500)'X

Arcturus.
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CHAPTER XVI.

TABIABLB AND PERIODICAL STARS.—LIST OF THOSE ALREADY KNOWN.
— IRREGULARITIES IN THEIR PERIODS AND LUSTRE WHEN BRIGHT-

EST.—IRREGULAR AND TEMPORARY STARS.—ANCIENT CHINESE RE-

CORDS OP SEVERAL.— MISSING STARS.— DOUBLE STARS.— THEIR

CLASSIFICATION.— SPECIMENS OP EACH CLASS.—BINARY SYSTEMS.

— REVOLUTION ROUND EACH OTHER.— DESCRIBE ELLIPTIC ORBITS

UNDER THE NEWTONIAN LAW OP GRAVITY.— ELEMENTS OP ORBITS

OP SEVERAL.—ACTUAL DIMENSIONS OP THEIR ORBITS.— COLOURED

DOUBLE STARS.— PHENOMENON OP COMPLEMENTARY COLOURS..

—

SANGUINE STARS.—PROPER MOTION OP THE STARS.—PARTLY AC-

COUNTED POR BY A REAL MOTION OP THE SUN.— SITUATION OF

THE SOLAR APEX.— AGREEMENT OP SOUTHERN AND NORTHERN

STARS IN GIVING THE SAME RESULT.—PRINCIPLES ON WHICH THE

INVESTIGATION OP THE SOLAR MOTION DEPENDS.—ABSOLUTE VE-

LOCITY OP THE sun's motion, t— SUPPOSED REVOLUTION OF THE

WHOLE SIDEREAL SYSTEM ROUND A COMMON CENTRE.— SYSTEMA-

TIC PARALLAX AND ABERRATION.— EFFECT OF THE MOTION OF

LIGHT IN ALTERING THE APPARENT PERIOD OF A BINARY STAR.

I

(819.) Now, for what purpose are we to suppose such magnificent Vodios

scattered through the abyss of space? Surely not to illuminate our

nights, which an additional moon of the thousandth part of the size of

our own would do much better, nor to sparkle as a pageant void of mean-

ing and reality, and bewilder us among vain conjectures. Useful, it is

true, they are to man as points of exact and permanent reference ; but he

must have studied astronomy to little purpose, who can suppose man tu bo

tho only object of his Creator's care, or who docs not see in the vast and

wonderful apparatus around us provision for other races of animated

beings. The planets, as we have seen, derive their light from the sun

;

but that cannot be the case with the stars. These doubtless, then, are

themselves suns, and may, perhaps, each in its sphere, be the presiding

centre round which other plancfs, or bodies of which we can form no con-

ception from any analogy ofll. by our own system, may bo circulating.

i V
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(820.) Analogies, however, more than conjectural, are not wanting to

indicate a correspondence between the dynamical laws which prevail in the

remote regions of the stars and those which govern the motions of our own

system. Wherever we can trace the law of periodicity— the regular re-

currence of the same phacnomena in the same times— we are strongly

impressed with the idea of rotatory or orbitual motion. Among tlio stars

are several which, though no way distinguishable from others by any appa-

rent change of place, nor by any difference of appearance in telescopes,

yet undergo a more or less regular periodical increase and diminution of

lustre, involving in one or two cases a complete extinction and revival.

These are called periodical stars. The longest known and one of the most

remarkable is the star Omicron, in the constellation Cetus (sometimes

called Mira Ceti), which was first noticed as variable by Fabriciua in 1596.

It appears about twelve times in eleven years, or more exactly in a period

of SSI* IS"* 7" ; remains at its greatest brightness about a fortnight, being

then on some occasions equal to a large star of the second magnitude

;

decreases during about three months, till it becomes completely invisible

to the naked eye, in which state it remains about five months : and con-

tinues increasing during the remairder of its period. Such is the general

course of its phases. It does not always however return to the same

degree of brightness, nor increase and diminish by the same gradations,

neither are the successive intervals of its maxima equal. From the recent

observations and inquiries into its history by M. Aigf>lander, tlic mean

period above assigned would appear to be subject to Ileal iluctua-

tion embracing eighty-eight such periods, and hav ^ the effect of

gradually lengthening and shortening alternately those intervals to the

extent of twenty-five days one way and the other.' The irregularities in

the degree of brightness attained at the maximum are probably also peri-

odical. Hevelius relates* that during the four years between October

1672 and December 1676 it did not appear at all. It was unusually

bright on October 5, 1839 (the epoch of itj* maximum for that year ac-

cording to M. Argelander's observations) when it exceeded a Ceti and

equalled /3 AurigCQ in lustre.

(821.) Another very remarkable periodical star is that called Algol, or

P Persei. It is usually visible as a star of the second magnitude, and

such it continues for the space of 2''
13J'', when it suddenly begins to di-

minish in splendour, and in about 3 J hours is reduced to the fourth mag-

nitude, at which it continues about 15". It then begins again to increase.

and in 3} hours more is restored to its usual brightness, going through all

its changes in 2'' 20" 48" 58'5. This remarkable law of variation cer-

• Astronom. Nachr. No. 624. ' Laluiiile's Astronomy, Art 794.
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tainly appears strongly to suggest the revolution round it of some opaque

body, which, when interposed between us and Algol, cuts o£F a large por-

tion of its light; and this is accordingly the view taken of the matter by

Goodricke, to whom we owe the discovery of this remarkable fact,' in tlie

year 1782 j since which time the same phaenomena have continued to be

observed, but with this remarkable additional point of interest, viz. that

the more recent observations, as compared with the earlier ones, indicate

a diminution in the periodic time. The latest observations of Argelander,

Heis, and Schmidt, even go to prove that this diminution is not uniformly

progressive, but is actually proceeding with accelerated rapidity, which

however will probably not continue, but, like other cyclical combinations

in astronomy, will by degrees relax, and then be changed into an increase,

according to laws of periodicity which, as well as their causes, remain to

be discovered. The first minimum of this star in the year 1844 occurred

on Jan. 3, at 4' 14" Greenwich mean time.*

(822.) The star fi in the constellation Cepheus is also subject to peri-

odical variations, which, from the epoch of its first observation by Good-

ricke in 1784 to the present time, have been continued with perfect regu-

larity. Its period from minimum to minimum is 5* S"" 47" 39'-5, the

first or epochal minimum for 1849 falling on Jan. 2, 3" 13" 37- M. T. at

Greenwich. The extent of its variation is from the fifth to between the

third and fourth magnitudes. Its increase is more rapid than its diminu-

tion, the interval between the minimum and maximum of its light being

only 1'' 14'', while that from the maximum to the minimum is 3"* 19".

(823.) The periodical star |3 Lyrao, discovered by Goodricke also in

1784, has f. period which has been usually stated at from G* 9'' to 6* 11',

and there is no doubt that in about this interval of time its light under-

goes a remarkable diminution and recovery. The more accurate observa-

tions of ]M. Argelander however have led him to conclude' the true period

to be 12* 21'' SS"" 10', and that in this period a double maximum and

minimum takes place, the two maxima being nearly equal and both about

' The same discovery oppcnrs \o hnve been made nearly about the some time by

Paliizch, a farmer of Prolitz, near Dresden,— a peasant by station, an astronomer by

nature,—who, from his familiar acquaintance with the aspect of the heavens, had been

led to notice among so many thousand stars this one as distinguished from the rest by its

variation, and had ascertained its period. The same Paiitzch was also the first to re-

discover the predicted comet of Hallcy in 1759, which he saw nearly a month before

any of the astronomers, who, armed with their telescopes, were anxiously watching

its return. These anecdotes carry us back to the era of the Chaldean ihophords.

' Ast. Nach. No. 472.

' Asiron. Nachr. No. 264. F^ee also the valuable papers by this excellent astron-

omer in A. N. Nob. 417, 455, Stc.

4\
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the 3-4 magnitude, but the minima considerably unequal, viz. 4-8 and

4-5m. In addition to this curious subdivision of the whole interval of

change into two semi-periods, we are presented in the case of this star

with another instance of slow alteration of period, which has all the ap-

pearance of being itself periodical. From the epoch of its discovery in

1784 to the year 1840 the period was continually lengthening, but more

and more slowly, till at the last-mentioned epoch it ceased to increase, and

has since been slowly on the decrease. As an epoch for the least or ab-

solute minimum of this star, M. Argelander's calculations enable us to

assign 1846 January 3« 0" 9- 53* G. M. T.

(824.) Another periodical star whose changes have been carefully ob-

served is ij Aquilse or Antinoi, first pointed out by Pigott in 1784 (a year

fertile in such discoveries) as belonging to that class. Its period is 7* 4"

13" 53', the first minimum for 1849 occurring on Jan. 2, at 19" 22» 55'

G. M. T. It occupies fifty-seven hours in its increase from 5m to 4-3m,

and 115 hours in its decrease.

(825.) These are all the variable stars which have been observed with

sufficient care and for a sufficient length of time to enable us to speak

with precision as to their periods, epochs, and phases of brightness. But

the number of those whose period is approximately or roughly known is

considerable, and of those whose change is certain, though its period and

limits are as yet unknown, still more so. The following table includes

the principal among them, though each year adds to their number :

—

star. Period.

/3 Pcrsei (Algol)

X Tiiuri ,

Cephci
i; Aqnilno

*Caii(Ti R. A. (1800) =
8" .S2'"-5 N. P. D. 70° 15'

( Octninorum
(i Lyrio

a llorciilis

69 U. Sciiti R. A. 1801 =
181' W"'; N. P. D. = 95° 57'....

e Aiiri):8D

Coli (iMira)

R.TiiontiB R. A. 1828 =
]JMr)"'46'; P. D. 74° 20' 30"

y Cvfrnl

u Hvilnc (B. A. C. 4501.)
* Ci'phei (U. A. C. 7582.)

34 Cygni (B. A. C. 6990.)
• LiM.im (B. A. C. 3346.)

< Rpgittarii

\f/
Leonif>

(1. dec.

2-8673

4±
5-3664

7-1763

9-015

10-2

12-9119

63 i:

71-200

250±
331-63

335±
3(10-875

494 rfc

5 or 6 years
18 years^
Mnny years
Ditto

Ditto

Change of Mag.

from
2
4
3-4

3-4

7-8

4-3

3-4

3

5

3

2

7?
6

4
3

6

6

3

6

to

4
5-4

6
4-6

10
4-5

4-6

4

4

11

10

6

6

Discovered by

Goodricke, 1782.

Baxendell, 1848.

Goodricke, 1784.

Pigott, 1784.

Hind, 1848.

Schmidt, 1847.

Goodricke, 178t.

Horschel, 1796.

Pigott, 1795.

Heis, 1846.

Fabricius, 1596.

Harding, 1826.

Kirch, 1687.

Maraldi, 1704.

Hcrschel, 1782.

Janson, 1600.

Koch, 1782.

Halley, 1676.

Montanari, 1667.
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star.

•jCygni
* Virginia R. A. (1840) =

12''3°'5 N, P. D. 82° 8'

» Coronae Bor. (B. A. C. 6236)....

7Arieti8 (B. A. C. 681.)

ijArgfls

a Orionis ,

a UrsiB Majoris ,

t) Ursae Majoris

^ UrsaB Minoris

a Cassiopeiae

a Hydraa
* R. A. (1847) = 22" 68"' 67-9 N.

P. D. = 80° 17' 30"
* R. A. (1848) = 7" as- 66-2 N.

= 66° 11' 66"

(1848) = 7" 40n> 10-3 N.
= 65° 63' 29"
R. A. 22" 21o 0-4 (1848.)
D. 100° 42' 40"

(1848) 14" 44" 39--6 N. P.

D. 101° 45' 26"
S Ursas Mojoria

Period.

P. D,

»R. A,

P. D,

Near*
N. P,

*R. A

d. dec.

Many years

146 days
lOi months
5 years?
Irregular

Ditto

Some years
Ditto

2 or 3 years?
225 days ?

29 or30 days?

Unknown

Ditto

Ditto

Ditto

Ditto

Many years

Change of Mag.

from
4-6

6-7

6

6

1

1

1-2

1-2

2

2
2-3

8?

9

9

7-8

8

2?

to
6-6

8

4
1-2

2
2
2-3

2-3

3

9-10

2-3

Discovered liy

Herschel,jr.,1842?

Harding, 1814.

Pigott, 1796.

Piazzi, 1798.

Burchell, 1827.

Heraohel, jr., 1836.

Ditto, 1846.

Ditto, 1846.

Struve, 1838.

Herschel, jr., 1838.

Ditto, 1837.

Hind, 1848.

Ditto, 1848.

Ditto, 1848.

Riimker.

Schumacher.
Matter of general

remark.

N. 6. In the above list the letters 6. A. C. indicate the catalogue of the British Asso-

ciation, B. the catalogue of Bode. Numbers before the name of the constellation (as

34 Cygni) denote Flamsteed's stars. Since this table was drawn up, four additional

stars, variable from the 8th or 9th magnitude to 0, have been communicated to us by

Mr. Hind, whose places are as follows: (1.) R. A. 1" BS" 24'; N. P. D. 81° 9' 39";

<2.) 4" 50" 42', 82° 6' 36" (1846); (3.) 8" 43"' 8., 86° 11' (1800); (4.) 22" IS" 9', 82°

59' 24" (1800.) Mr. Hind remarks that about several variable stars some degree of

liaziness is perceptible at their minimum. Have they clouds revolving round them as

planetary or cometary attendants ? He also draws attention to the fact that the red

colour predominates among variable stars generally. The double star. No. 2718 of

Struve's Catalogue, R. A. 20" 34"', P. D. 77° 54', is stated by the author to be variable.

Captain Smyth (Celestial Cycle, i. 274) mentions also 3 Leonis and 18 Leonis aB

variable, the former from 6° to 0, P =78 days, the latter from S" to 10"", P = 311'' 23",

but without citing any authority. Piazzi sets down 96 and 97 Virginia and 38 Herculin

a8 variable stars. [The blood-red star, 4" 51° 50'9', 102° 2' 4" (1850), discovered by

Mr. Hind, is stated by Schmidt (Ast. Nachr. 760) to have been seen by him 6"" in Jan.

1850, and to have totally disappeared in Dec. 1850 and Jan. 1851.]

(826.) Irregularities similar to those which have been noticed in the

case of Geti, in respect of the maxima and minima of brightness attained

tn successive periods, have been also observed in several others of the stars

in the foregoing list, x Cygni, for example, is stated by Cassini to have

been scarcely visible throughout the years 1G99, 1700, 1701, at those

times when it was expected to be most conspicuous. No. 50 Scuti is

sometimes visible to the naked eye at its minimum, and sometimes not so,

and its maximum is also very irregular. Pigott's variable star in Corona

P '! ' i
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is stated by M. Argelander to vary for the most part so little that the

unaided eye can hardly decide on its maxima and minima, while yet after

the lapse of whole years of these slight fluctuations, they suddenly become

so great that the star completely vanishes. The variations of o Orionis,

which were most striking and unequivocal in the years 1836—1840,

within the years since elapsed became much less conspicuous. They

seem now (Jan. 1849) to have recommenced.

(827.) These irregularities prepare us for other phaenomena of stellar

variation, which have hitherto been reduced to no law of periodicity, and

must be looked upon, in relation to our ignorance and inexperience, as

altogether casual; or, if periodic, of periods too long to have occurred

more than once within the limits of recorded observation. The phasno-

mena we allude to are those of Temporary Stars, which have appeared,

from time to time, in different parts of the heavens, blazing forth with

extraordinary lustre j and after remaining awhile apparently immoveable,

have died away, and left no trace. Such is the star which, suddenly ap-

pearing some time about the year 125 B. C, and which was visible in the

day-time, is said to have attracted the attention of Hipparchus, and led

him to draw up a catalogue of stars, the earliest on record. Such, too,

was the star which appeared, A. D. 889, near a Aquilae, remaining for

three weeks as bright as Venus, and disappearing entirely. In the years

945, 1264, and 1572, brilliant stars appeared in the region of the heavens

between Cephcus and Cassiopeia; and, from the imperfect account we

have of the places of the two earlier, as compared with that of the last,

which was well determined, as well as from the tolerably near coincidence

of the intervals of their appearance, we may suspect them, with Good-

ricke, to be one and the same star, with a period of 312 or perhaps of

156 years. The appearance of the star of 1572 was so sudden, that

Tycho Brahe, a celebrated Danish astronomer, returning one evening (the

11th of November) from his laboratory to his dwelling-house, was sur-

prised to find a group of country people gazing at a star, which he was

' sure did not exist half an hour before. This was the star in question.

It was then as bright as Sirius, and continued to increase till it surpassed

Jupiter when brightest, and was visible at mid-day. It began to diminish

in December of the same year, and in March, 1574, had entirely disap-

peared. So, also, on the 10th of October, 1604, a star of this kind, and

not loss brilliant, burst forth in the constellation of Serpentarius, which

continued visible till October, 1605.

(828.) Similar phaenomena, though of a less splendid character, have

taken place more recently, as in the case of the star of the third magni-

tude discovered in 1670, by Anthelm, in the head of the Swan ; which,
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after becoming completely invisible, re-appoared, and, after undergoing

one or two singular fluctuations of light, during two years, at last died

away entirely, and has not since been seen.

(829.) On the night of the 28th of April, 1848, Mr. Hind observed a

star of the firth magnitude or 5*4 (very conspicuous to the naked eye) in

a part of the constellation Ophiuchus (Il.A. 16" 51" l'-5. N.P.D. 102^*

39' 14"), where, from perfect familiarity with that region, he was certain

that up to the fifth of that month no star so bright as 9-10 m. previously

existed. Neither has any record been discovered of a star being there

observed at any previous time. From the time of its discovery it con-

tinued to diminish, without any alteration of place, and before the

advance of the season rendered further observation impracticable, was

nearly extinct. Its colour was ruddy, and was thought by many

observers to undergo remarkable changes, an effect probably of its low

situation.

(830.) The alterations of brightness in the southern star tj ArgOs, which

have been recorded, are very singular and surprising. In the time of Halley

(1677) it appeared as a star of the fourth magnitude. Lacaille, in 1751,

observed it of the second. In the interval from 1811 to 1815, it was again

of the fourth; and again from 1822 to 1826 of the second. On the 1st

of February, 1827, it was noticed by Mr. Burchell to have increased to

the first magnitude, and to equal a Crucis. Thence again it receded to

the second ; and so continued until the end of 1837. All at once in the

beginning of 1838 it suddenly increased in lustre so as to surpass all the

stars of the first magnitude except Sirius, Canopus, and a Centauri, which

last star it nearly equalled. Thence it again diminished, but this 'n r

not below the first magnitude until April, 1848, when it had agaii

increased so as to surpass Canopus, and nearly equal Sirius in splendour.

''A strange field of speculation," it has been remarked, "is opened by

this plioenomenon. The temporary stars heretofore recorded have all

become totally extinct. Variable stars, so far as they have been carefully

attended to, have exhibited periodical alternations, in some degree at

least regular, of splendour and comparative obscurity. But here we have

a star fitfully variable to an astonishing extent, and whose fluctuations are

spread over centuries, apparently in no settled period, and with no regu-

larity of progression. What origin can we ascribe to these sudden flashes

and relapses? What conclusions are we to draw as to the comfort or

habitability of a system depending for its supply of light and heat on so

uncertain a source ?" Speculations of this kind can hardly be termed

visionary, when we consider that, from what has before been said, we are

compelled to admit a community of nature between the fixed Ktars and our
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own sun ; and when we reflect that geology testifies to the fact of exten*

sive changes having taken place at epochs of the most remote antiquity in

the climate and temperature of our globe ; changes difficult to reconcile

with the operation of secondary causes, such as a difiierent distribution of

sea and land, but which would find an easy and natural explanation in a

slow variation of the supply of light and heat afforded primarily by the sua

itself.

(831.) The Chinese annals of Ma-touan-lin,* in which stand officially

recorded, though rudely, remarkable astronomical phsenomena, supply a

long list of " strange stars," among which, though the greater part are

evidently comets, some may be recognized as belonging in all probability

to the class of Temporary Stars as above characterized. Such is that

which is recorded to have appeared in A. D. 173, between a and (3 Cen-

tauri, which (no doubt, scintillating from its low situation) exhibited

" the five colours," and remained visible from December in that year till

July in the next. And another which these annals assign to A. D. 1011,

and which would seem to be identical with a star elsewhere referred to

A. D. 1012, " which was of extraordinary brilliancy, and remained visible

in the southern part of the heavens during three months,"^ a situatioc.

agreeing with the Chinese record, which places it low in Sagittarius.

Among several less unequivocal is one referred to B. o. 134, in Scorpio,

which may possibly have been Hipparchus's star. None of the stars of

A. D. 389, 945, 1264, and 1572, however, are noticed in these records

It is worthy of especial notice, that all the stars of this kind on record,

of which the places are distinctly indicated, have occurred, without excep-

tion, in or close upon the borders of the Milky Way, and that only within

the following semicircle, the preceding having offered no example of the

kind.

(832.) On a careful re-examination of the heavens, and a comparison

of catalogues, many stars are now found to be missing ; and although

there is no doubt that these losses have arisen in the great majority of

instances from mistaken entries, and in some from planets having been

mistaken for stars, yet in some it is equally certain that there is no mis-

take in the observation or entry, and that the star has really been observed,

and as really has disappeared from the heavens. The whole subject of

variable stars is a branch of practical astronomy which has been too little

followed up, and it is precisely that in which amateurs of the science, and

* Translated by M. Edward Biot, Coimoissance des Temps, 1846.

' Hind. Notices of the Astronomical Society, viii. 156, citing Hepidannus. He places

the Chinese star of 173 b.c. between a and /3 Cani$ Minorii, but M. Biot distinctly says

« & pied oriental du Cenlaure.
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especially voyagers at sea, provided with only good eyes, or moderate in-

gtrumenls, might employ their time to excellent advantage. It holds out

a sure promise of rich discovery, and is one in which astronomers in

established observatories are almost of necessity precluded from taking a

part, by the nature of the observations required. Catalogues of the com-

parative brightness of the stars in each constellation have been constructed

by Sir Wm. Herschel, with the express object of facilitating these re-

searches, and the reader will find them, and a full account of his method

of comparison, in the Phil. Trans. 1796, and subsequent years.

(833.) We come now to a class of phaenomena of quite a diflFerent

character, and which give us a real and positive insight into the nature

of at least some among the stars, and enable us unhesitatingly to declare

them subject to the same dynamical laws, and obedient to the same power

of gravitation which governs our own system. Many of the stars, when
examined with telescopes, are found to be double, i. e. to consist of two

(in some cases three or more) individuals placed near together. This might

be attributed to accidental proximity, did it occur only in a few instances
j

but the frequency of this companionship, the extreme closeness, and, in

many cases, the near equality of the stars so conjoined, would alone lead

to a strong suspicion of a more near and intimate relation than mere

casual juxtaposition. The bright star. Castor, for example, when much
magnified, is found to consist of two stars of nearly the third magnitude,

within 5" of each other. Stars of this magnitude, however, are not so

commoiii in the heavens as to render it otherwise than excessively impro-

bable that, if scattered at random, they would fall so near. But this im-

probability becomes immensely increased by a consideration of the fact, that

this is only one out of a great many similar instances. Mitchell, in 1767_.

applying the rules for the calculatior* of probabilities to the case of the

six brightest stars in the group called the Pleiades, found the odds to be

500000 to 1 against their proximity being the mere result of a random

(scattering of 1500 stars (which he supposed to be the total number of

stars of that magnitude in the celestial sphere') over the heavens.

Speculating further on this, as an indication of physical connexion rather

than fortuitous assemblage, he was led to surmise the possibility, (since

converted into a certainty, but at that time, antecedent to any observation)

of the existence of compound stars revolving about one another, or rather

about their common centre of gravity. M. Struve, pursuing the same

train of thought as applied specially to the cases of double and triplo

• This number is considerably too small, and in consequence, Mitchell's odds in

this case materially overrated. But enough will remain, if this be rectified, fully to

bear out his argument. Phil. Trans, vol. 57.
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combiaations of stars, and groanding his computations on a more perfect

enumeration of the stars visible down to the 7th magnitude, in the part

of the heavens visible at Dorpat, calculates that the odds are 9570 to 1

against any two stars, from the Ist to the 7th magnitude, inclusive, out

of the whole possible number of binary combinations then visible, falling,

(if fortuitously scattered) within 4" of each other. Now, the number

of instances of such binary combinations actually observed at the date

of this calculation was already 91, and many more have since been

added to the list. Again, he calculates that the odds against any

such stars fortuitously scattered, falling within 82" of a third, so as to

constitute a triple star, is not less than 173524 to 1. Now, four sucb

combinations occur in the heavens; viz. Orionis, a Ononis, 11 Monoce-

rotis, and ^ Cancri. The conclusion of a physical connexion of some kiud

or other is therefore unavoidable.

(834.) Presumptive evidence of another kind is furnished by the fol-

lowing consideration. Both a Centauri and 61 Cygni are " Double Stars."

Both consist of two individuals, nearly equal, and separated from each

other by an interval of about a quarter of a minute. In the case of 61

Cygni, the stars exceeding the 7th magnitude, there is already a priniu,

facie probability of 9578 to 1 against their apparent proximity. The

two stars of a Centauri are both at least of the 2d magnitude, of which

altogether not more than about 50 or 60 exist in the whole heavens.

But, waiving this consideration, both these stars, as we have already seen,

have a proper motion, so considerable that, supposing the constituent in-

dividuals unconnected, one would speedily leave the other behind. Yet,

at the earliest dates at which they were respectively observed, these stars

were not perceived to bo double, and it is only to the employment of tele-

scopes magnifying at least 8 or 10 times, that we owe the knowledge we

now possess of their being so. With such a telescope, Lacaille, in 1751,

was barely able to perceive the separation of the two constituents of a Cen-

tauri, whereas, had one of them only been affected with the observed

proper motion, they should then have been 6' asunder. In these cases,

then, some physical connexion may be regarded as proved by this fact

alone.

(835.) Sir William Herschel has enumerated upwards of 500 double

stars, of which the individuals are less than 32" asunder. M. Struve,

prosecuting the inquiry with instruments more conveniently mounted for

the purpose, and wrought to an astonishing pitch of optical perfection,

has added more than five times that number. And other observers have

extended still further the catalogue of " Double Stars," without exhaust-

ing the fertility of the heavens. Among these are a great many, in
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which the distance between the component individuals docs not exceed a

single second. They are divided into classes by M. Struve (the first living

Authority in this department of Astronomy) according to the proximity

of their component individuals. The first class comprises those only in

which the distance does not exceed 1" ; the second those in which it ex-

ceeds 1", but falls short of 2" ; the 3d class extends from 2" to 4" dis-

tance; the 4th from 4" to 8"; the 5th from 8" to 12"
j the 6th from 12"

to 16"; the 7th from 16" to 24"; the 8th from 24" to 32". Each class

be again subdivides into two sub-classes of whish the one under the ap-

pellation of conspicuous double stars (duplices lucidae) comprehends those

in which both individuals exceed the 8^ magnitude, that is to say, are

sqiaratcly bright enough to be easily seen in any moderately good tele-

scope. All others, in which one or both the constituents are below this

limit of easy visibility, are collected into another sub-class, which he

terms residuary (Duplices reliquse). This arrangement is so far conve-

nient, that after a little practice in the use of telescopes as applied to

such objects, it is easy to judge what optical power will probably suffice

to resolve a star of any proposed class and either sub-class, or would at

least be so if the second or residuary sub-class were farther sub-divided

by placing in a third sub-class " delicate" double stars, or those in which

the companion star is so very minute as to require a high degree of optical
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power to perceive it, of which instances will presently be given. 1

(836.) The following may be taken as specimens of each class. They
\

are all taken from among the lucid, or conspicuous stars, and to such of

our readers as may be in possession of telescopes, and may be disposed to

try them on such objects, will afford him a ready test of their degree of

efficiency.

Class I., 0" to 1".

y Coronae Bor.

y Centauri.

y Lupi.
6 Arietis.

{ Herculis.

IJ Coronae. 7 Ophiuchi.

q Herculis. Draconis.

X Cassiopeiae. ^ Ursae Ms^oris.

X Ophiuchi. x Aquilae.

TT Lupi. u Leonis.

Class II., 1" to 2".

Atlas Pleiadum. il

4 Aquarii.
42 Com®.
52 Arietis.

66 Piscium.

y Circini.

Cygni.
c Chamaeleontis.

f Bootis. f Ursae Majoris.

1 Cassiopeiae. » Aquilae.

1 2 Cancri. <r Coronae Bor.

Class III., 2" to 4".

2 Camelopardi.
32 Orionis.

52 Orionis.

a Piscium.
/3 Hydrae.

y Ceti.

y Leonis.

y Coronae Aus.

y Virginis. { Aquarii.

i Serpentis. { Orionis.

t Bootis. I Leonis.

( Draconis. i Trianguli.

( Hydrae. «c Leporis.

H Draconis.

11 Canis.

p Herculis.

o Cassiopeia.

44 Bootis.
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Class IV., 4" to 8".

a Crucis.

a Herculis.

a Geminorum.
i Geminorum.
{ CoronsB Bor.

fi Orionis.

Y Arietis.

y Delphini.

a Cenlauri.

P Ccphei.

fi Scorpii.

o Canum Ven.
( Norms.
i Pisuium.

i Herculis.

17 Lyree.

« Caiicri.

Phoenicia.

K Cephei.
A Orionis.

It Cygni.

i Bouiis.

f Cephei.
ir Boot is.

p Capricorni.

V Argda.
u Aurigae.

ft Eridani.

70 Ophiuchi.
12 Eridnni.

32 Eridani.

93 Herculis.

Class v., 8" to 12".

{ AntlioB.

1; CassiopeisB.

9 Eridani.

Class VI., 12" to 16".

y Volanlis.

II Lnpi.

{ UrsoB Major.

Class VII., 16" to 24".

Serpentis.

K Coronas Aus.

j^ Tauri.

Class VIII., 24" to 32".

K Herculis.

K Cephei.

1 Orionis.

f Eridani.

2 Canum Ven.

K Bootia.

8 Monocerotis.
61 CygnL

24 ComaB.
41 Draconis.
61 Ophiuchi.

y Cygni.
23 Orionis.

^ Draconis.

(837.) Among the most remarkable triple, quadru^ile, or multiple stars

(for such also occur) may be enumerated,

a Andromedas. Orionis. ^ Scorpii.

e Lyrte.

( Cancri.

/I Lupi.

It Bootia.
11 Monocerotis.
12 Lyncis.

Of these a Andromcdae, 1* Bootis, and ft. Lupi, appear in telescopes, even

of considerable optical power, only as ordinary double stars ; and it is only

\7hen excellent instruments are used that their smaller companions are

subdivided and foun-^. to be in fact, extremely close double stars, t Lyrse

offers the remarkable combinatioQ of a double-double star. Viewed with

Fli^ 111.

a telescope of low power it sppcars as a ooarso and easily divided double

Btur, but on increasing the magnifying power, each individual is perceived
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to be beautifully and closelj double, the one pair being about 2}'', the

other about 3" asunder. Each of the stars ^ Oancri, | Scorpii, 11 Mono-

cerotis, and 12 Lyncis consists of a principal star, closely double, and a

smaller and more distant attendant, \7hile e Ononis presents the phas-

nomenou of four brilliant principal stars, of the respective 4th, 6th, 7th,

and 8th magnitudes, forming a trapezium, the longest diagonal of which

is 21".4, and accompanied by two excessively minute and very close com-

panions (as in the annexed figure), to perceive both which is one of the

severest tests which can be applied to a telescope.

(838.) Of the "delicate" sub-class of double stars, or those consisting

of very large and conspicuous principal stars, accompanied by very minute

companions, the following specimens may suffice

:

a 2 Cancri. a Polaris. K Circini. ^ Virginis.

X Eridani.a 2 CapricornL Aquarii. K Otminorum.
a Indi. y Hydra. It t :.ae'u 16 Aurigae.
Lyrae. Ursae Majoria. 7 Bootis. 94 Ceti.

(839.) To the amateur of Astronomy the double stars offer a subject

of very pleasing interest, as tests of the performance of his telescopes,

and by reason of the finely contrasted colours which many of them ex-

hibit, of which more hereafter. But it is the high degree of physical

interest which attaches to them, which assigns them a conspicuous placo

in modern Astronomy, and justifies the minute attention and unwearied

diligence bestowed on the measurement of their angles of position and

distances, and the continual enlargement of our catalogues of them by

the discovery of new ones. It was, as we have seen, under an impression

that such combinations, if diligently observed, might afford a measure

of parallax through the periodical variations it might be expected to pro-

duce in the relative situation of the small attendant star, that Sir W.
Ilerschcl was induced (between the v^ars 1779 and 1784) to form the

first extensive catalogues of them, under the scrutiny of higher magni-

fying powers than had ever previously been applied to such purposes. In

the pursuit of this object, the end to which it was instituted as a means

was necessarily laid aside for a time, until the accumulation of ninro

abundant materials should have afforded a choice of stars favourably cir-

cumstanced for systematic observation. Epochal measures however, of

each star, were secured, and, on resuming the subject, his attention was

altogether diverted from the original object of the inquiry by phajnomona

of a very unexpected character, which nl once engrossed his whole atten-

tion. Instead of finding, as he expected, that annual fluctuation to and

fro of one star of a double star with rcspnut to the other,—that alternate

annual increase and decrease of their distance and angle of position, which

the parallax of the earth's annual motion would produce,— ho observed,
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in macy instances, a regular progressive change; in some cases beariDg

chiefly on their distance,— in others on their position, and advancinc

steadily in one direction, so as clearly to indicate either a real uotion of

the stars themselves, or a general rectilinear motion of the sun and whole

solar system, producing a parallax of a higher order than would arise from

the earth's orbitual motion, and which might be called systematic

parallax.

(840.) Supposing the two stars, and also the sun, in motion independ-

ently of each other, it is clear that for the interval of several years, these

motions must be regarded as rectilinear and uniform. Hence, a very

slight acquaintance with geometry will suffice to show that the apparent

motion of one star of a double star, referred to the other as a centre, and

mapped down, as it were, on a plane in which that other shall be taken

for a fixed or zero point, can be no other than a right line. This, at

least, must be the case if the stars be independent of each other ; but it

will be otherwise if they have a physical connexion, such as, fur instance,

real proximity and mutual gravitation would establish. In that case, they

would describe orbits round each other, and round their common centre

of gravity ; and therefore the apparent path of either, referred to the other

as fixed, instead of being a portion of a straight line, would be bent into

a curve concave towards that other. The observed motions, however, were

so slow, that many years' observation was required to ascertain this point;

and it was not, therefore, until the year 1803, twenty-five years from the

commencement of the inquiry, that any tLiug like a positive coucluiiiou

could bo come to respecting the rectilinear or orbitual character of the

observed changes of position.

(841.) In that, and the subsequent year, it was distinctly announced

by him, in two papers, which will be found in the Transactiuus of the

Koyal Society for those years', that there exist sidereal systems, composed

of two stars revolving about each other in regular orbits, and constituting

what may be termed binary stars, to distinguish them from double stars

generallv so called, in which these physically connected stars are con

founded, perhaps, with others only ojiticaUj/ double, or casually juxta-

posed in the heavens at diScrent distances from the eye; whereas the in-

dividuals of a binary star are, of course, equidistant from the oyo, or, al

least, cannot dificr more in distance than the semi-diameter of the orbit

they describe about each other, whiuh is quite insignificant conipari'il with

the immense distance between tlitni and the earth. 13etwecn lil'ty and

sixty instances of changes, to a greater or less amount, in the angles of

' The nnnouncement was in fnrt made in 1^02, but unaccompanied by the obscrva-

Qoni eitabluhing the tact.
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position of double stars, are adduced in the memoirs above mentioned

;

many of which are too decided, and too regularly progressive, to allow of

their nature being misconceived. In particular, among the more con-

spicuous stars,—Castor, y Virginis, S Ursaa, 70 Ophiuchi, a and ti Coronae,

g Bootis, i; Cassiopeiae, y Leonis, f Herculis, h Cygni, ^ Bootis, t 4 and «

5 Lyrae, x Ophiuchi, f*. Draconis, and f Aquarii, are enumerated as among

the most remarkable instances of the observed motion j and to some of

them even periodic times of revolution are assigned; approximative only,

of course, and rather to be regarded as rough guesses than as results of

any exact calculation, for which the data were at the time quite inade-

quate. For instance, the revolution of Castor is set down at 334 years,

that of y Virginis at 708, and that of y Leonis at 1200 years.

(842.) Subsequent observation has fully confirmed these results. Of
all the stars above named, there is not one which is not found to be fully

entitled to be regarded as binary j and, in fact, this list comprises nearly

all the most considerable objects of that description which have yet been

detected, though (as attention has been closel) drawn to the subject, and

observations have multiplied) it has, of late, received large accessions.

Upwards of a hundred double stars, certainly known to possess this cha-

racter, were enumerated by M. Miidler in 1841,' and more are emerging

into notice with every fresh mass of observations which come before the

public. They require excellent telescopes for their efiective observation,

being for the most part so close as to necessitate the use of very high

magnifiers (such as would be considered extremely powerful microscopes

if employed to examine objects within our reach), to perceive an interval

between the individuals which compose them.

(843.) It may easily bo supposed, that phaonomena of this kind would

not pass without attempts to connect them with dynamical theories. From

their first di.scovery, they were naturally referred to the agency of some

power, like that of gravitation, connecting the stars thus demonstrated to

bo in a state of circulation about each other ; and the extension of tho

Newtonian law of gravitation to these remote systems was a stop so ob-

vious, and so well warranted by our experience of its all-sufficient agency

in our own, as to have been expressly or tacitly made by every one who

has given tho subject any share of his attention. Wo owe, however, tho

first distinct system of calculation, by which the elliptic elements of tho

orbit of a binary star could be deduced from observations of its angle of

position and distance at diflfcrent epochs, to M. Savary, who showed^ that

tho motions of one of tho most remarkable among them (S Ursuu) were

' Dorpnt Obsdrvaliona, vol. ix. 1640 and 1841. * ConnoisB. des Temps, 1630.

81
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explicable, within the limits allowable for error of obsorration, on the

supposition of an elliptic orbit described in the short period of 58^ years.

A different process of computation conducted Professor Enoke' to an

elliptic orbit for 70 Opbiuohi, described in a period of scTenty-four years.

M. Myuller has especially signalized himself in this line of inquiry (sec

note). Several orbits have also been calculated by Mr. Hind and Gap-

tain Smyth, and the author of these pages has himself attempted to con-

tribute his mite to these interesting investigations. The following may

be stated as the chief results which have been hitherto obtained iu this

branch of astronomy :
—

* Berlin Ephem. 1832.

The elements Nos. 1, 2, 3, 4 c, 5, 6 c, 7, II b, 12 a, are extracted from M. Mad-

ler's synoptic view of the history of double stars in vol. ix. of the Dorpat Obeervations

:

4 a, from the Connoiss. des Temps, 1830: 4 b, 6 b, and 11 a, from vol. v. Trans

Astron. Soc. Lond. : 6 a, from Berlin Ephemeris, 1832 : No. 8, from Trans. Astroa

8oc. vol. vi. : No. 9, lie. 12 b, and 13 from Notices of the Astronomical Society,

vol. vii. p. 22, and viii. p. 199, and No. 10 from the author's " Results of Astronomical

Observations, &c. at the Cape of Good Hope," p. 297. The £ prefixed to No. 7,

denotes the number of the star in M. Struve's Dorpat Catalogue (Cataiogus Novus

Stellarum Duplicium, Slc. Dorpat, 1827), which contains the places for 1826 of 3112

of these objects.

The " position of the node" in col. 4, expresses the angle of position (see Art. 204)

of the line of intersection of the plane of the orbit, with the plane of the heavens on

which it is seen projected. The " inclination" in col. 6 is the inclination of these two

planes to one another. Col. 5 shows the angle actually included in the plane of the

oriit, between the line of nodes (defined as above) and the line of apsides. The ele-

ments assigned in this table to m Leonis, ( Boolis, and Castor must be considered as

very doubtful, and the same may perhaps be said of those ascribed to >i 2 Booiis, which

rest on too small an arc of the orbit, and that too imperfectly observed, to afford a

•ecure basis of calculation.
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(844.) Of the stars in the above list, that which has been most assidu-

ously watched, and has offered phaenomenon of the greatest interest, is

y Virginis. It is a star of the vulgar 3rd magnitude (3.08 = Photom.

3-494), and its component individuals are very nearly equal, and as it

would seem in some slight degree variable, since, according to the obser-

vations of M. Struve, the one is alternately a little greater and a little

less than the other, and occasionally exactly equal to it. It has been

known to consist of two stars since the beginning of the eighteenth cen-

tury
J
the distance being then between six and seven seconds, so that any

tolerably good telescope would resolve it. When observed by Herschel

in 1780, it was 5"'66, and continued to decrease gradually and regularly

till at length, in 1836, the two stars had approached so closely as to appear

perfectly round and single under the highest magnifying power which

could be applied to most excellent instruments— the great refractor at

Pulkowa alone, with a magnifying power of 1000, continuing to indicate,

by the wedge-shaped form of the disc of the star its composite nature.

By estimating the ratio of its length to its breadth and measuring the

former, M. Struve concludes that, at this epoch (1836'41), the distance

of the two stars, centre from centre, might be stated at 0"'22. From that

time the star again opened, and at present (1849) the individuals are more

than 2" asunder. This very remarkable diminution and subsequent in-

crease of distance has been accompanied by a corresponding and equally

remarkable increase and subsequent diminution of relative angular motion.

Thus, in the year 1783 the apparent angular motion hardly amounted to

half a degree per annum, while in 1830 it had increased to 5°, in 1834

to 20°, in 1835 to 40°, and about the middle of 1836 to upwards of 70°

per annum, or at the rate of a degree in five days. This is in entire con-

fermity with the principles of dynamics, which establish a necessary con-

nexion between the angular velocity and the distance, as well in the

apparent as in the real orbit of one body revolving about another under

the influence of mutual attraction ; the former varying inversely as the

square of the latter, whatever be the curve described and whatever the

law of the attractive force. It fortunately happens that Bradley, iu 1718,

had noticed and recorded in the margin of one of his observation books,

the apparent direction of the line of junction of the two stars, as seen on

the meridian in his transit telescope, viz., parallel te the line joining two

conspicuous stars o and 5 of the same constellation, as seen by the naked

eye. This note, rescued from oblivion by the late Professor Bigaud, has

proved of singular service in the verification of the elements above

assigned to the orbit, which represent the whole scries of recorded ob.«or-

vatioas that date up to the end of 1846 (comprising an angular movement
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of nearly nine-tenths of a complete circuit), both in angle and distance,

with a degree of exactness fully equal to that of observation itself. No
doubt can, therefore, remain as to the prevalence in this remote system of

the Newtonian law of gravitation.

(845.) The observations of S Ursae Majoris are equally well repre-

sented by M. Madler's elements (4 c of our table,) thus fully justifying

the assumption of the Newtonian law as that which regulates the motions

of their binary systems. And even should it be the case, as M. Madlcr

appears to consider, that in one instance at least (that of p Ophiuchi,)

deviations from elliptic motion, too considerable to arise from mere error

of observation, exist (a position we are by no means prepared to grant,)*

we should rather be disposed to look for the cause of such deviations in

perturbations arising (as Bessel has suggested) from the large or central

star itself being actually a close and hitherto unrecognized double star

than in any defect of generality in the Newtonian law.

(846.) If the great length of the periods of some of these bodies be

remarkable, the shortness of those of others is hardly less so. ^ Herculis

has already completed two revolutions since the epoch of its first discovery,

exhibiting in its course the extraordinary spectacle of a sidereal occulta-

tion, the small star having twice been completely hidden behind the largo

one. *] Coronse, f Cancri, and I Ursoe have each performed more than

one entire circuit, and 70 Ophiuchi and y Virginis have accomplished by

far the larger portion of one in angular motion. If any doubt, therefore,

could remain as to the reality of their orbitual motions, or any idea of

explaining them by mere parallactic changes, or by any other hypothesis

than the agency of centripetal force, these facts must suflSce for their com-

plete dissipation. We have the same evidence, indeed, of their rotations

about each other, that we have of those of Uranus and Neptune about the

sun ; and the correspondence between their calculated and observed places

in such very elongated ellipses, must be admitted to carry with it proof of

the prevalence of the Newtonian law of gravity in their systems, of the

very same nature and cogency as that of the calculated aud observed places

of comets round the central body of our own.

(847.) But it is not with the revolutions of bodies of a planetary or

' p Ophiuchi belongs to tlie class of very unequal double stars, the magniMidcsof the

indiviaunls being 4 and 7. Such stars present difRuuitics in the exact nuMsureincnt of

their angles of position which even yet continue to embarrass the ()li>civer, though,

owing to later improvements in the art of executing such meoHurtnients, their influ-

ence is conlined within much narrower limits than in the earlier history of the subject.

In simply placing a fine single wire parallel to the line of junction of two such stars it

is easily possible to commit anerrorof 3<'or4°. By placing them between two parallel

thick wires such errors are in great measure obviated.

!* ;.

;il|

I
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cometary nature round a Rolar centre that we are now concerned ; it is

with that of sun round sun— each, perhaps, at least in some binary sys*

tems where the individuals are very remote and their period of revolution

very long, accompanied with its train of planets and their satellites, closely

shrouded from our view by the splendour of their respective suns, and

crowded into a space bearing hardly a greater proportion to the enormous

interval which separates them, than the distances of the satellites of our

planets from their primaries bear to their distances from the sun itself

A less distinctly characterized subordination would be incompatible with

the stability of their systems, and with the planetary nature of their orbits-

Unless closely nestled under the protecting wing of their immediate supe-

rior, the sweep of their other sun in its perihelion passage round their

own might carry them ofF, or whirl them into orbits utterly incompatible

with the conditions necessary for the existence of their inhabitants. It

must be confessed, that we have here a strangely wide and novel field

for speculative excursions, and one which it is not easy to avoid luxu-

riating in.

(848.) The discovery of the parallaxes of a Centauri and 61 Cygni,

both which are above enumerated among the <' conspicuous" double stars

of the 6th class (a distinction fully merited in the case of the former by

the brilliancy of both its constituents), enables us to speak with an ap-

proach to certainty as to the absolute dimensions of both their orbits, and

thence to form a probable opinion as to the general scale on which these

astonishing systems are constructed. The distance of the two stars of 61

Cygni subtends at the earUi an angle which, since the earliest micro-

metrical measures in 1781, has varied hardly half a second from a mean

value 15"*5. On the other hand, the angle of position has altered since

the same epoch by nearly 50", so that it would appear probable that the

true form of the orbit is not far from circular, its situation at right angles

to the visual line, and its periodic time probably not short of 500 years.

Now, as the ascertained parallax of this star is 0"-348, which is, there-

fore, the angle the radius of the earth's orbit would subtend if equally

remote, it follows that the mean distance between the stars is to that

radius, as 15"*5 : 0"-848, or as 44-54 : 1. The orbit described by these

two stars about each other undoubtedly, therefore, greatly exceeds in

dimensions that described by Neptune about the sun. Moreover, suppo-

sing the period to be five centuries (and the distance being actually on the

increase, it can hardly be less) the general propositions laid down by

Newton', taken in conjunction with Kepler's third law, enable us to calcu-

late the sum of the masses of the two stars, which, on these data we find

' Principia, L i. Prop. 57, 58, 59.
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to be 0-358, the mass of our sun being 1. The sun, therefore, is neither

vastly greater nor vastly less than the stars composing 61 Cygni.

(849.) The data in the case of a Centauri are more uncertain. Since

the year 1822, the distance has been steadily and pretty rapidly decreasing

at the rate of about half a second per annum, and that mth very little

change in the angle of position. Hence, it follows evidently that the

plane of its orbit passes nearly through the earth, and (the distance about

the middle of 1834 having been 17^0 it is very probable that either an

occultation, like that observed in ^ Herculis, on a close appulse of the

two stars, will take place about the year 1867. As the observations we
possess afford no sufficient grounds for a satisfactory calculation of elliptic

elements' we must be content to assume what, at ail events, they fully

justify, viz., that the major semiazis must exceed 12", and is very pro-

bably considerably greater. Now this with a parallax of 0"-913 would

give for the real value of the semiaxis 13'15 radii of the earth's orbit, as

a minimum. The real dimensions of their ellipse, therefore, cannot be so

small as the orbit of Saturn ; in all probability exceeds that of Uranus

;

and may possibly be much greater than either.

(850.) The parallel between these two double stars is a remarkable one.

Owing no doubt to their comparative proximity to our system, their appa-

rent proper motions are both unusually great, and for the same reason

probably rather than owing to unusually large dimensions, their orbits

appear to us under what, for binary double stars, we must call unusually

large angles. Each consists, moreover, of stars, not very unequal in

brightness, and in each both the stars are of a high yellow approaching

to orange colour, the smaller individual, in each case, being also of a

deeper tint. Whatever the diversity, therefore, which may obtain among

other sidereal objects, these would appear to belong to the same family or

genus.*

(851.) Many of the double stars exhibit the curious and beautiful

phaBnomenon of contrasted or complementary colours.' In such instances.

!i'

II::

' Elements have been recently computed by Captain Jacob, for which see the table,

p. 483.

^ Similar combinations are trery numerous. Many remarkable instances occur among
the double stars catalogued by the author in the 2nd, 3rd, 4th, 6th and 9(h volumes of

Trans. Roy. Ast. Soc. and in the volume of Southern observations already cited. See

Nob. 121, 376, 1066, 1907, 2030, 2146, 2244, 2772, 385S, 3395, 3098, 4000, 4055, 4196,

4210, 4615, 4649, 4765, 5003, 5012, of these catalogues. The fine binary star, B. A. C.

No. 4923, has its constituents 15" apart, the one 6m. yellow, the other, 7m. orange.

• "——— other suns, perhaps,

With their attendant moons, thou wilt descry,

Communicating male and female light,

f-r
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the larger star is usually of a ruddy or orange hue, while the smaller one

appears blue or green, probably in virtue of that general law of optics,

which provides, that when the retina is under the influence of excitement

by any bright, coloured light ; feebler lights, which seoa alone would pro-

duce no sensation but of whiteness, shall for the time appear coloured with

the tint complementary to that of the brighter. Thus a yellow colour

predominating in the light of the brighter star, that of the less bright one

in the same field of view will appear blue; while, if the tint of the

brighter star verge to crimson, that of the other will exhibit a tendency to

green— or even appear as a vivid green, under favourable circumstances.

The former contrast is beautifully exhibited by t Cancri— the latter by y

Andromedoe', both fine double stars. If, however, the coloured star be

much the less bright of the two, it will not materially affect the other.

Thus, for instance, tj Cassiopeise exhibits the beautiful combination of a

large white star, and a small one of a rich ruddy purple. It ia by no

means, however, intended to say, that in all such cases one of the colours

is a mere effect of contrast, and it may be easier suggested in words, than

conceived in imagination, what variety of illumination two suns— a red

and a green, or a yellow and a blue one— must afford a planet circulating

about either; and what charming contrasts and "grateful vicissitudes,"

— a red and a green day, for instance, alternating with a white one and

with darkness,—might arise from the presence or absence of one or other,

or both, above the horizon. Insulated stars of a red colour, almost as

deep, as that of blood,' occur in many parts of the heavens, but no green

or blue star (of any decided hue) has, we believe, ever been noticed un-

associated with a companion brighter than itself. Many of the red stars

are variable.

(Which two great sexes animate the world,)

Stored in each orb, perhaps, with some that live."

Paradhe Lost, viii. 148.

' The smnll star of y Andromedae is close double. Both its individuals are green : a

similar combination, with even more decided colours, is presented by the double star,

h. 881.

* The following are the R. ascensions and N. P. distances for 1830, of some of the

most remarkable of these sanguine or ruby stars :

—

R. A. N. P. D. > R.A. N.P.D. R.A. N. P. D.

h. m. s.
O / II h. m. 8.

O 1 II h. m. 8.
1 n

4 40 53 61 46 21 9 48 31 130 47 12 20 7 8 111 50 11

4 51 51 102 2 4 10 52 10 107 24 40 21 37 18 31 59 47

5 38 29 136 32 15 12 37 31 148 45 47 21 37 20 52 54 47

9 27 56 152 2 48 16 29 44 122 2

Of these No. 5 (in order of right ascension) ia in the same field of view with s Kydrs,

and No. 3 with /3 Crucis. No. 2 (in the same order) is variable.
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(852.) Another very interesting subject of inquiry, in the physical

history of the stars, is their proper motion. It was first noticed by

Halley, that three principal stars, Sirius, Arcturus, and Aldebaran, are

placed by Ptolemy, on the strength of observations made by Hipparchus,

130 years B.C., in latitudes respectively 20', 22', and 33' more northerly

than he actually found them in 1717.' Making due allowance for the

diminution of obliquity of the ecliptic in the interval (1847 years) they

ought to have stood, if really fixed, respectively 10', 14', and 0' more

southerly. As the circumstances of the statement exclude the supposi-

tion of error of transcription in the MSS., we are necessitated to admit a

southward motion in latitude in these stars to the very considerable extent,

respectively, of 37', 42', and 33', and this is corroborated by an observa-

tion of Aldebaran at Athens, in the year a. d. 509, which star, on the

11th of March in that year, was seen immediately after its emergence

from occultation by the moon, in such a position as it could not have had

if the occultation were not nearly central. Now, from the knowledge we

have of the lunar motions, this could not have been the case had Alde-

baran at that time so much southern latitude as at present. A priori, it

might be expected that apparent motions of some kind or other should

be detected among so great a multitude of individuals scattered through

space, and with nothing to keep them fixed. Their mutual attractions

even, however inconceivably enfeebled by distance, and counteracted by

opposing attractions from opposite quarters, must in the lapse of count-

less ages produce some movements—some change of internal arrangement

—resulting from the difference of the opposing actions. And it is a fact,

that such apparent motions are really proved to exist by the exact obser-

vations of modern astronomy. Thus, as we have seen, the two stars of

61 Cygni have remained constantly at the same, or very nearly the same,

distance, of 15", for at least fifty years past, although they have shifted

their local situation in the heavens, in this interval of time, through no

less than 4' 23", the annual proper motion of each star being 5"-3 ; by

which quantity (exceeding a third of their interval) this system is every

year carried bodily along in some unknown path, by a motion which, for

many centuries, must be regarded as uniform and rectilinear. Among
stars not double, and no way differing from the rest in any other obvious

particular, a Indi' and ^ Cassiopeise are to be remarked as having the

greatest proper motions of any yet ascertained, amounting respectively to

7"-74 and 3"-74 of annual displacement. And a great many others havo

» Phil. Trans. 1717, vol. xxx. fo. 736.

• D' Arrest. Astr. Nachr., No. 618.
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been observed lo be thus const* iiMy carried awaj from their places by

smaller, but not less unequiyooal motions.*

(853.) Moti ms which require whole centuries to accumulate before

they produce changes of arranjjrement, such as the naked eye can detect,

though quite sufiSicient to dnj^-^'^j that idea of mathematical fixity which

l>!itcludes speculation, are yet too trifling, aa far as practical applications

go, to induce a change of language, and lead us to speak of the stars in

common parlance as otherwise than fixed. Small as they are, however,

astronomers, once assured of their reality, have not been wanting in at-

tempts to explain and reduce them to general laws. No one, who reflects

with due attention on the subject, will be inclined to deny the high prd^a-

bility, nay certainty, that the sun as well as the stars must have a propfv

motion in »ome direction ; and the inevitable consequence of such n mo-

tion, if unparticipated b; the rest, must be a slow average apparent ten-

dency of all the Btai'S to the vanishing point of lines parallel to that

direction, and to the region which he is leaving, however greatly indi-

vidual stars might differ from such average by reason of their own pecu-

liar proper motion. This is the necessary effect of perspective ; and it is

certain that it must be detected by observation, if we knew accurately the

apparent proper motions of all the stars, and if we were sure that they

were independent, i. e. that the whole firmament, or at least all that part

which we see in our own neigl: bourhood, were not drifting along together,

by a general set as it were, In one direction, the result of unknown pro-

cesses and slow internal changes going on in the sidereal stratum to

which our system belongs, as we see motes sailing in a current of air,

and keeping nearly the same relative situation with respect to one another.

(854.) It was on this assumption, tacitly made indeed, but necessarily

implied in every step of his reasoning, that Sir William Herschel, in

1783, on a consideration of the apparent proper motions of such stars as

could at that period be considered as tolerably (though still imperfectly)

ascertained, arrived at the conclusion that a relative ^r.calon cf tbe sun,

among the fixed stars in the dircf^^Jon of a point or pa-cH;:'* ^rt'Cj situ-

ated near x Herculis, that is to say, in R. A. 17" 22- ' ;* ' j* , N. P. D.

63° 43' (1790), would account for the chief observed apparent motions,

leaving, however, some still outstanding and not expliciU^le by this cause

;

{ind in the same year Prevost, taking nearly the same view of the subject,

I', ved at a conclusion as to the solar apex (or point of the sphere towards

whx'. '!('' !un relatively advances), agreeing nearly in polar distance with

T ?ie * idt i , jay consult " £ list of 314 stars having, or supposed to have, a proper

morivin oi ot isss than abof>^ if 'S of a great circle" (peraimum) by the late F- Baily^

Esq, I'rstii. Ast. Svc, v. p. 158.
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the foregoing, bat differing from it about 27° in right ascension. Sinoe

that time methods of calcolatioa hu^u been improved and concinnated,

our knowledge of the proper motions of the stars has been rendered more

precise, and a greater number of oases of such motions have been re-

corded. The subject has been resumed by several eminent astronomers

and mathematicians: viz. 1st, by M. Argelander, who, from the conside-

ratioM of the proper motions of 21 stars exceeding 1" per annum in arc,

'idu n '( -^d ih3 solar apex in R. A. 256'» 25', N. P. D. SI'' 23' j from those

of 50 starb between "-5 and 1"0, in 255" 10' 51" 26' j and from those

of '1^9 stars having motions between 0"-l and 0"'5 per annum, in 261°

11' 59" 2'
: 2ndly, by M. Luhndahl, whose calculations, founded on the

proper motions of 147 stars, give 262° 53', 75" 34' : and 3rdly, by M.

Ot^o Struve, whose result 261" 22', 62" 24', emerges from a very elabo-

rate discussion of the proper motions of 392 stars. All these places are

for A.D. 1790.

(855.) The most probable mean of the results obtained by these thne

astronomers, is (for the same epoch) R. A.=259" 9', N. P. D. 55" 23'.

Their researches, however, extending only to stars visible in European

observatories, it became a point of high interest to ascertain how far the

stars '•f the southern hemisphere not so visible, treated independently on

the same system of procedure, would corroborate or controvert their con-

clusion. The observations of Lacaille, at the Cape of Good Hope, in

1751 and 1752, compared with those of Mr. Johnson at St. Helena, in

1829-33, and of Henderson at the Gape in 1830 and 1831, have afforded

the means of deciding this question. The task has very recently been

executed in a masterly manner by Mr. Galloway, in a paper published in

the Philosophical Transactions for 1847 (to which we may also refer the

reader for a more particular account of the history of the subject than our

limits allow us to give.) On comparing the records, Mr. Galloway finds

eighty-one southern stars not employed in the previous investigations above

referred to, whose proper motions in the intervals elapsed appear consider-

able enough to assure us that they have not originated in error of the

earlier observations. Subjecting these to the same process of computation

he concludes for the place of the solar apex, for 1790, as follows : viz.

R. A. 260" r, N. P. D. 55" 37', a result so nearly identical with that

afforded by the northern hemisphere, as to afford a full conviction of its

near approach to truth, and what may fairiy be considered a demonstration

of the physical cause assigned.

(856.) Of the mathematical conduct of this inquiry the nature of this

work precludes our giving any account ; but as the philosophical principle

on which it is based has been miacoaceived, it is necessary to saj a few

;
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words iu expliviiation of it. Almost all tbo greatest discoveiies in astron-

omy Lave roaultcd from the considoruliou of what wo have clscwLcre

termed residual piiiENOMKNA', of a quantitative or numerical kind,

that is to say, of such portions of the numerical or quantitative results of

observation as remain outstanding and unaccounted for after subducting

and allowing for all that would result from the strict application of known

principles. It was thus that the grand discovery of the precession of the

equinoxes resulted as a residual pha3nomenon, from the imperfect explana-

tion of the return of the seasons by the return of the sun to the sumo

apparent place among the iixed stars. Thus, also, aberration and nutation

resulted as residual pluonomena from that portion of the changes of llio

apparent places of the fi.xed stars which was left unaccounted for by pro-

cession. And thus again the ajtjmrcnt proper motions of the stars are

the observed rcmlues of their apparent movements outstanding and unac-

counted for by strict calculation of the effects of precession, imtation, and

aberration. The nearest approach which human theories can make to

perfection is to diminish tiiis residue, this aijtut morluum of observation,

as it may bo considered, as much as practicable, and, if possible, to reduce

it to nothing, either by showing that something has been neglected in our

estimation of known causes, or by reasoning upon it as a new fact, and on

the principle of the inductive philosophy ascending from the elToct to its

cause or causes. On the suggestion of any now cause hitherto unrcsortcd

to for its explanation, our first object must of course be to decide whulliir

such a cause would produce xiich a result in Icuid : the next, to assign to

it such an iutensity as shall account for the greatest possible amount of (he

residual matter in hand. The proper motion of the sun being suggi'stod

as such a cause, we have two things disposable—its direction and velocity,

both which it is evident, if they ever became known to us at all, can only

be so by the consideration of the very phaniomena in (jucstioii. Onr

object, of course, is to account, if possible, for the whole of the observed

proper motions by the proper assumption of these elements. If this be

impracticable, what remains unaccounted for is a residue of a more recon-

dite kind, but which, so long as it in unaccounted for, we must regard as

purely capual, seeing that, for anything wo can perceive to the contrary,

it might with equal probability bo one way as the other. The tlieory of

chances, therefore, necessitates (as it does in all such cases) the application

ot a general mathematical process, known as " the method of least ti(piares,"

which leads, as u matter of strict geometrical conclusion, to the values of

the elements sought, tchtch, nnder all the cireumMamu», are (he moft

f '^'

' Diicourie on the Study ot' Natural Pliiloiupliy. Ca6. Cyclopadia, No 14.
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(857.) This is the process resorted to by all the geometers wc have

enumerated in tlie foregoing articles (arts. 854, 855). It gives not only

the direction in space, but also the vclnriti/ of the solar motion, estimated

on a Bcalo conforiniible to that in which the velocity of the sidereal motions

to bo explained are given ; i. e. in seconds of arc as subtended at the

average diHtanco of the stars concerned, by its annual motion in space.

But here a consideration occurs wliich tends materially to complicate the

prfiblcm, and to introduce into its solution an element depending on sup-

positions more or less arbitrary. The distance of the stars being, cicept

in two or three instances, unknown, we are compelled either to restrict our

inquiry to M^.sr, which an* too few to ground any result on, or to make

Bom(> supposition as to the relative distances of the several stars employed.

In this wo have notliing but general probability to guide us, and two

courses only present themselves, either, 1st, To class the distances of tho

stars according to their magnitudes, or apparent brightnesses, and to

institute separate and in<lcpe»ident calculations for each class, including

stars assumed to he equidistant, or nearly so: or, 2dly, To class them

acc(n'ding to the observed amount of their apparent proper motions, on

the presumption that those which appear to move fastest are really nearest

to us. Tlic former is tho course pursued by M. Otto Htruve, the latter

by M. Argelander. With regard to this latter principle of classification,

however, two considerations interfere with its applicability, viz. 1st tiiat

we S(!e the nttl motion of the stars foreshortened by the eflfeet of perspec-

tive ; and '2dly, that that portion of the total njijinniif proper motion

which arises from the real motion of the sun depends, not simply on tho

absolute distance of the star from the sun, but also on its angular apparent

distance from t!i(! solar apex, being, r/v/m'^ /mriftiiK, as the sine of that

nngl(\ To execute such a classitieation correctly, therefore, wo ought to

know both these particulars for each star. The first is evidently out of

our reach. Wo arc therefore, for that very reason, compelled to regard it

ns casual, and to assume that on the average of a great number of stars it

would be uninfluential on the result. Hut the second cannot bo so sum-

marily disposed of. Hy the aid of an approximate knowledge of the solar

apex, it is true, apjtroximate values may be found of the simply apparent

portions of tho proper motions, supposing all the stars equidistant, and

these being subducted from the total observed motiim^, the residues might

affiu'd ground for the dassilieafion in question.' This, however, would bo

' M. Arj{t'li»n(lt'r'H cIhhhch, luiwuvur, are cotiHinicti'd witlioiit rclcrciKio to ilim roti-

i<iui'riiiiiMi, (III iiiu Muic Ihihis >i| lite tuliii ii|ipiiri'iit iiiiioiiiit |ir(i|ii'r iiiulioii, uiul uro, llicru-

furc, pro Initio, i|iii'»*iiiin;ilili<. Il \n tlie mure Hiiiivlin'iory (lieu tu I'liid hu cuiiHidcritbIc

an ii|rrft>iii)Mit aiiiuiig hia piiriiul rcsuha as actually ubtnina.

r ti
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a long, and to a certain extent precarious system of procedure. On the

other hand, the classification by apparent brightness is open to no such

difficulties, since we are fully justified in assuming that, on a general

average, the brighter stars are the nearer, and that the exceptions to this

rule are casual in that sense of the word which it always bears in such

inquiries, expressing solely our ignorance of any ground for assuming a

bias one way or other on either side of a determinate numerical rule. In

Mr. Galloway's discussion of the southern stars the consideration of dis-

tance is waived altogether, which is equivalent to an admission of complete

ignorance on this point, as well as respecting the real directions and

velocities of the individual motions.

(858.) The velocity of the solar motion which results from M. Otto

Struve's calculations is such as would carry it over an angular subtense

of 0"-3392 if seen at right angles from the average distance of a star of

the first magnitude. If we take, with M. Struve, senior, the parallax of

such a star as probably equal to 0"'209,' we shall at once be enabled io

compare this annual motion with the radius of the earth's orbit, the result

being 1-628 of such units. The sun then advances through space (rela-

tively, at least, among the stars,) carrying with it the whole planetary

and cometary system with a velocity of 1'623 radii of the earth's orbit,

or 154,185,000 miles per annum, or 422,000 miles (that is to say,

nearly its own semi-diameter) per diem : in other words, with a velocity

a very little greater than one-fourth of the earth's annual motion in its

orbit.

(859.) Another generation of astronomers, perhaps many, must pass

away before we are in a condition to decide from a more precise and

extensive knowledge of the proper motions of the stars than we at present

possess, how far the direction and velocity above assigned to the solar

motion deviates from exactness, whether it continue uniform, and whether

it show any sign of deflection from rectilinearity ; bo as to hold out a

prospect of one day being enabled to trace out an arc of the solar orbit,

and to indicate the direction in which the preponderant gravitation of the

sidereal firmanent is urging the central body of our system. An analogy

for such deviation from uniformity would seem to present itself in the

alleged existence of a similar deviation in the proper motions of Sinus

and Procyon, both which stars are considered to have varied sensibly in

this respect within the limits of authentic and dependable observation.

Such, indeed, would appear to bo the amount of evidence for this as a

matter o(/ac(. as to have given rise to a speculation on the probable circu-

latiuu of these stars round opaque (and therefore iuvitiible) bodies at no

Etudes d'Aatronomie Stellaire, p. 107.
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great distances from them respectively, in the manner of binary stars

:

[and it has been recently shown by M. Peters (Ast. Nachr. 748,) that,

in the case of Sirius, such a circulation, performed in a period of 50-093

years in an ellipse whose exoentricity is 0.7994, the perihelion passagu

taking place at the epoch a. d. 1701-431, would reconcile in a remark-

able manner the obserred anomalies, and reduce the residual motion to

uniformity.]

(860.) The whole of the reasoning upon which the determination of

the solar motion in space rests, is based upon the entire exclusion of any

law either derived from observation or assumed in theory, affecting the

amount and direction of the real motions both of the sun and stars. It

supposes an absolute non-recognition, in those motions, of any general

directive cause, such as, for example, a common circulation of all about a

common centre. Any such limitation introduced into the conditions of

the problem of the solar motion would alter in toto both its nature and

the form of its solution. Suppose, for instance, that, confOTmably to the

speculations of several astronomers, the whole system of the Milky Way,

including our sun, and the stars, our more immediate neighbours, which

constitute our sidereal firmament, should have a general movement of rota-

tion in the plane of the galactio circle (any other would be exceedingly

improbable, indeed hardly reconcilable with dynamical principles,) being

held together in opposition to the centrifugal force thus generated by the

mutual gravitation of its constituent stars. Except we at the same time

admitted that the scale on which this movement proceeds is so enormous

that all the stars whose proper motions we include in our calculations go

together in a body, so far as that movement is concerned (as forming too

small an integrant portion of the whole to differ sensibly in their relation

to its central point;) we stand precluded from drawing any oonolnsion

whatever, not only respecting the absolute motion of the sun, but respect-

ing even its relative movement among those stars, until we have established

some law, or at all events framed some hypothesis having the provisional

force of a law, connecting the whole, or a part of the motion of each indi»

vidual with its situation in space.

(861.) Speculations of this kind have not been wanting in astronomy,

and recently an attempt has been made by M. M^ler to assign the local

centre in space, round which the sun and stars revolve, which ho places

in the group of the Pleiades, a situation in itself improbable, lying as it

does no less than 26° out of the plane of the galactic circle, out of which

plane it is almost inconceivable that Any i/rncni I circulation can take place.

In the present defective state of our knowledge respecting the proper

motion of the smaller stars, especially in right ascension, (an clement for

,, .
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the most part far less exactly ascertainable than the polar distance, or at

least which has been hitherto far less accurately ascertained,) we cannot

but regard all attempts of the kind as to a certain extent premature,

though by no means to be discouraged as forerunners of something more

decisive. The question, as a matter of fact, whether a rotation of the

galaxy in its own plane exist or not, might be at once resolved by the

assiduous observation, both in R. A. and polar distance, of a considerable

number of stars of the Milky Way, judiciously selected for the purpose,

and including all magnitudes, down to the smallest distinctly identifiable,

and capable of being observed with normal accuracy : and we would re-

commend the inquiry to the special attention of the directors of permanent

observatories, provided with adequate instrumental means, in both hemi-

spheres. Thirty or forty years of observation, perseveringly directed to

the object in view, could not fail to settle the question.'

(8G2.) The solar motion through space, if real and not simply relative,

must give rise to uranographical corrections analogous to parallax and

aberration. The solar or systematic parallax is no other than that part

of the proper motion of each star which is simply apparent, arising from

the suu's motion, and until the distances of the stars be known, must

remain inextricably mixed up with the other or real portion. The syste-

matic aberration, amounting at its maximum (for stars 90° from the solar

apex) to about 5", displaces all the stiu's in great circles diverging from

that apex through angles proportional to the sines of their respective dis-

tances from it. This displacement, however, is permanent, and therefore

uucognizable by any pha!non:cnon, so long as the solar motion remains

invariable j but should it, in the course of ages, alter its direction and

velocity, both the direction and amount of the displacement in question

would alter with it. The change, however, would become mixed up with

other changes in the apparent proper motions of the stars, and it would

seem hopeless to attempt disentangling them.

(863.) A singular, and at first sight paradoxical effect of the progres-

sive movement of light, combined with the proper motion of the stars, is

that it alters the apparent periodic time in which the individuals cf a

binary star circulate about each other.' To make this apparent, suppose

thoni to circulate round each other in a plane perpendicular to the visual

' An rxnminntion of the proper motions of tho sinrs of the B. Assoc. Cninl. in tlie

portion of ilio Milky Way nearest cither pole (where tho motion should be nimoBt

wholly ill II A) indicali's no distinct symptom ol' such a rotation. If the (pipstion bo

tiikcii up fuiulamentully, it will involve u rtdetcriniiiation from the recordi'd proper

motions, both of tho precession of tho equinoxes and the change of obliquity of the

flohptic.

* Astronomuche Nachrichten, No. 520.
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ray in a period of 10,000 days. Then if both the sun and the centre of

gravity of the binary system remained fixed in space, the relative apparent

situation of the stars would be exactly restored to its former state after

the lapse of this interval, and if the angle of position were 0° at first,

after 10,000 days it would again be so. But now suppose that the centre

of gravity of the star were in the act of receding in a direct line from

the sun, with a velocity of one-tenth part of the radius of the earth's

orbit per diem. Then at the expiration of 10,000 days it would be more

remote from us by 1000 such radii, a space which light would require 57

days to traverse. Although really, therefore, the stars would have arrived

at the position 0° at the exact expiration of 10,000 days, it would require

57 days more for the notice of that fact to reach our system. In other

words, the period would appear to us to be 10,057 days, since we could

only conclude the period to be completed, when to us, as observers, the

original angle of position was again restored. A contrary motion would

produce a contrary eflfeot.

.;
.iiiiit,

|;lill

82

:f a



498 OUTLINES OF ASTRONOMY.

CHAPTER XVII.

OF CLUSTERS OF STARS AND NEBULA.

OP CLUSTERING GROUPS OP STARS.— GLOBULAR CLUSTERS.— THEIR

STABILITY DYNAMICALLY POSSIBLE.— LIST OP THE MOST REMARK-

ABLE. — CLASSIPIOATION OP .JEBULiE AND CLUSTERS. — THEIR

DISTRIBUTION OVER THE HEAVENS. — IRREGULAR CLUSTERS. —
RESOLVABILITY OP NEBUL.«!.— THEORY OP THE FORMATION OP

CLUSTERS BY NEBULOUS SUBSIDENCE. — OP ELLIPTIC NEBULA.

THAT OP ANDROMEDA.— ANNULAR AND PLANETARY NEBULA.

— DOUBLE NEBULiE.— NEBULOUS STARS.— CONNEXION OP NEBUL.E

WITH DOUBLE STARS. — INSULATED NEBUL.E, OP FORMS NOT

WHOLLY IRREGULAR.— OF AMORPHOUS NEBULAE.— THEIR LAW OF

DISTRIBUTION MARKS THEM AS OUTLIERS OF THE GALAXY.

—

NEBULiE, AND NEBULOUS GROUP OF ORION.— OF ARGO.— OF SA-

GITTARIUS.— OP OYGNUS.— THE MAGELLANIC CLOUDS.— SINGULAR

NEBULA IN THE GREATER OP THEM.— THE ZODIACAL LIGHT.

—

SHOOTING STARS.

(864.) When we cast our eyes over the concave of the heavons iu a clear

night, we do not fail to observe that here and there are groups of stars

which seem to be compressed together in a more condensed manner than

in the neighbouring parts, forming bright patches and clusters, which

attract attention, as if they were there brought together by some general

cause other than casual distribution. There is a group, called the Pleiades,

in which six or seven stars may be noticed, if the eye be directed full

upon it; and many more if the eye he turned carcUssly aside, while ^/ci

attention is kept directed ' upon the group. Telescopes show fifty or sixty

large stars thus crowded together in a very moderate space, comparatively

' It is a very remarkable fact, that the centre of the visual nrea is far less spii?il)le

to feeble impressions of light, than the exterior portions of the retina. Few persons

are aware of the extent to which this comparative insensibility extends, previous to

trial. To eslinuite it, let the reader look aliernately full at a star of the litili niagiii-

tude, and beside it ; or choose two equally bright, and about 3° or 4° opart, and look

full at one of them, the probability is he will see only the other. The fact accounts tor

the inuliiiuJu of stars with which we are impressed by a general view of the heavens

;

their paucity when we come to count them.
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insulated from tbe rest of the heavens. The constellation called Coma

Berenices is another such group, more diffused, and consisting on the

whole of larger stars.

(865.) In the constellation Cancer, there is a somewhat similar, hut

less definite, luminous spot, called Praesepe, or the hee-hive, which a very

moderate telescope,— an ordinary night-glass for instance,— resolves en-

tirely into stars. In the sword-handle of Perseus, also, is another such

spot, crowded with stArs, which requires rather a better telescope to resolve

into individuals, separated from each other. These are called clusters of

stars ; and, whatever be their nature, it is certain that other laws of ag-

gregation subsist in these spots, than those which have determined the

scattering of stars over the general surface of the sky. This conclusion

is still more strongly pressed upon us, when we come to bring very

powerful telescopes to bear on these and similar spots. There are a

great number of objects which have been mistaken for comets, and, in

fact, have very much the appearance of comets without tails : small round,

or oval nebulous specks, which telescopes of moderate power only show

as such. Messier haa given, in the Connois. des Temps for 1784, a list

of the places of 103 objects of this sort ; which all those who search for

comets ought to be familiar with, to avoid being misled by their similarity

of appearance. That they are not, however, comets, their fixity sufli-

ciently proves; and when we come to examine them with instruments of

great power,— such as reflectors of eighteen inches, two feet, or more in

aperture,—any such idea is completely destroyed. They are then, for the

most part, perceived to consist entirely of stars crowded together so as to

occupy almost a definite outline, and to run up to a blaze of light in the

centre, where their condensation is usually the greatest. (See Ji;/. 1,

pi. II., which represents (somewhat rudely) the thirteenth nebula of

Messicr's list (described by him as n4hnleuse sans itoiles), as seen in a

reflector of 18 inches aperture and 20 feet focal length.) Many of them,

indeed, are of an exactly round figure, and convey the complete idea of a

globular space filled full of stars, insulated in the heavens, and constitut-

ing in itself a family or society apart from the rest, and subject only to

its own internal laws. It would be a vain task to attempt to count the

stars in one of these globular rlvsters. They are not to be reckoned by

hunilrods ; and on a rough calculation, grounded on the apparent intervals

between thcni at the borders, and the angular diameter of the whole group,

it would appear that many clusters of this description must contain at

least five thousand stars, compacted and wedged together in a round space,

whose angular diameter does not exceed eight or ten minutes ; that is to

say, in an area not more than a tenth part of that covered by the moon.

'" ]
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(866.) Perhaps it may be thought to savour of the gigantesque to look

upon the individuals of such a group as suns like our own, and their mu-

tual distances as equal to those which separate our sun from the nearest

fixed star : yet, when we consider that their united lustre affects the eye

with a less impression of light than a star of the fourth magnitude, (for

the largest of these clusters is barely visible to the naked eye,) the idea

we are thus compelled to form of their distance from ua may prepare us

for almost any estimate of their dimensions. At all events, we can

hardly look upon a group thus insulated, thus in seipso totus, teres, alque

rotundus, as not forming a system of a peculiar and definite character.

Their round figure clearly indicates the existence of some general bond

of union in the nature of an attractive force ; and, in many of them, there

is an evident acceleration in the rate of condensation as we approach the

centre, which is not referable to a merely uniform distribution of equidis-

tant stars through a globular space, but marks an intrinsic density in their

state of aggregation, greater in the centre than at the surface of the mass.

It is difficult to form any conception of the dynamical state of such a

system. On the one hand, without a rotatory motion and a centrifugal

force, it is hardly possible not to regard them as in a state of progressive

collapse. On the other, granting such a motion and such a force, we find

it no less difficult to reconcile the apparent sphericity of their form with

a rotation of the whole system round any single axis, without which in-

ternal collisions might at first sight appear to be inevitable. If we sup-

pose a globular space filled with equal stars, uniformly dispersed tlirough

it, and very numerous, each of them attracting every other with a force

inversely as the square of the distance, the resultant force by which any

one of them (those at the surface alone excepted) will be urged, in virtue

of their joint attractions, will be directed towards the common centre of

the sphere, and will be directly as the distance therefrom. This follows

from what Newton has proved of the internal attraction of a homogeneous

sphere. (See also note on Art. 735.) Now, under such a law of force,

each particular star would describe a perfect ellipse about the common

centre of gravity as its centre, and that, in whatever plane and whatever

direction it might revolve. The condition, therefore, of a rotation of the

cluster, as a mass, about a single axis would be unnecessary. Each

ellipse, whatever might be the proportion of its axis, or the inclination

of its plane to the others, would be invariable in every particular, and all

would be described in one common period, so that at the end of every

such period, or annus magnus of the system, every star of the cluster

(except the superficial ones) would be exactly re-established in its original

position, thence to set out afresh, and run the same unvarying round for

It. Aj

h. m.
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9 8

12 47
13 4

13 10

13 34
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au indefinite succession of ages. Supposing their motions, tl.iereforc, to

be so adjusted at any one moment as that the orbits should not intersect

each other, and so that the magnitude of each star, and the sphere of its

more intense attraction, should bear but a small proportion to the distance

separating the individuals, such a system, it is obvious, might subsist, and

realize, in great measure, that abstract and ideal harmony, which Newton,

in the 89th Proposition of the First Book of the Principia, has shown

to characterize a law of force directly as the distance.'

(8G7.) The following are the places, for 1830, of the principal of these

remarkable objects, as specimens of their class :
— lihii

K. A. N. P. D. B. A. N. P. D. B. A. N. P. D.

b. m. R.
o / h. m. 8. o / h. m. 8. c /

16 25 163 2 15 9 56 87 16 17 26 51 143 34
9 8 33 154 10 15 34 66 127 13 17 28 42 93 8

12 47 41 159 67 16 6 65 112 33 11 26 4 114 2
13 4 30 70 55 10 23 2 102 40 18 65 49 150 14
13 16 38 136 35 16 35 37 53 13 21 21 43 78 34
13 34 10 60 46 16 50 24 119 61 21 24 40 91 34

Of these, by far the most conspicuous and remarkable is « Centauri the

fifth of the list in order of Right Ascension. It is visible to the naked

eye as a dim round cometic object about equal to a star 4*5 m., though

probably if concentered in a single point, the impression on the eye would

be much greater. Viewed in a powerful telescope it appears as a globe

of fully 20' in diameter, very gradually increasing in brightness to the

centre, and composed of innumerable stars of the 13th and 15th magni-

tudes (the former probably being two or more of the latter closely juxta-

posed). The 11th in order of the list (R. A. 16" 35™) is also visible to

the naked eye in very fine nights, between ri and f Ilereulis, and is a

superb object in a large telescope. Both were discovered by Ilalley, the

former in 1677, and the latter in 1714.

(808.) It is to Sir William Herschel that we owe the most complete

analysis of the great variety of those objects which are ^-enerally classed

under the common head of Nebulae, but which have been separated by

him into— 1st. Clusters of stars, in which the stars are clearly distin-

guishable ; and these, again, into globular and irregular clusters ; Sd.

Resolvable nebulae, or such as excite a suspicion that they consist of stars,

and which any increase of the optical power of the telescope may be ex-

pected to resolve into distinct stars; 3d. Nebula>, properly so called, in

which there is no appearance whatever of stars j which, again, have been

subdivided into subordinate uses, accoruliig to their brightness and size

;

' See also Quarterhj Eeview, No. 94, p. 540.
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4th. Planetary nebulee; 5tli. Stellar ncbulao ; and, 6tli. Nebulous stars.

The great power of his telescope disclosed the existence of an itntnense

number of these objects before unknown, and showed them to be distri-

buted over the heavens, not by any means uniformly, but with a marked

preference to a certain district, extending over the northern pole of the

galactic circle, and occupying the constellations Leo, Leo Minor, the body,

tail, and hind legs of Ursa Major, Canes Venatici, Coma IJcrenices, the

preceding leg of Bootes, and the head, wing, and shoulders of Virgo. In

this region, occupying about one-eighth of the whole surface of the sphere,

one-third of the entire nebulous contents of the heavens are congregated.

On the other hand, they are very sparingly scattered over the constella-

tions Aries, Taurus, the head and shoulders of Orion, Auriga, Perseus,

Camelopardalus, Draco, Hercules, the northern part of Serpent,irius, the

tail of Serpens, that of Aquila, and the whole of Lyra. The hours 3, 4,

5, and 16, 17, 18, of right ascension in the northern hemisphere are sin-

gularly poor, and, on the other hand, the hours 10, 11, and 12 (but espe-

cially 12), extraordinarily rich in these objects. In the southern bonii-

sphere a much greater uniformity of distribution prevails, and with

exception of two very remarkable centres of accumulation, called the

Magellanic clouds (of which more presently), there is no very decided

tendency to their assemblage in any particular re^i ti.

(869.) Clusters of stars are either globular, such as we have already

described, or of irregular figure. These latter are, generally speaking,

less rich in stars, and especially less condensed towards the centre. They

are also less definite in outline ; so that it is often not easy to say v.'bcre

they terminate, or whether they are to be regarded otherwise than as

merely richer parts of the heavens than those around them. Many,

indeed, the greater proportion of them, are situated in or close on the

borders of the Milky Way. In some of them the stars are nearly all of

a size, in others extremely different ; and it is no uncommon thing to find

a very red star much brighter than the rest, occupying a conspicuous

situation in them. Sir William Herschel regards these as globular clus-

ters in a less advanced state of condensation, conceiving ali such groups

as approaching, by their mutual attraction, to the globular figure, and

assembling themselves together from all the surrounding region, under

laws of which we have, it is true, no other proof than the observance of

a gradation by which their characters shade into one another, so that it is

impossible to say where one species ends and the other begins. Among

the most beautiful objects of this class is that which surrounds the star

X Crucis, set down as a nebula by Lacaille. It occupies an area of about

jne 48th part of a square degree, and consists of about 110 stars from the



RESOLVABLE NEBULJE. 603

,ong

star

lout

the

7th magnitude downwards, eight of the more conspicuous of which are

coloured with various shades of red, green, and blue, so as to give to the

whole the appearance of a rich piece of jewellery.

(870.) Resolvable ncbuleo can, of course, only be considered as clusters

either too remote, or consisting of stars intrinsically too faint to aflfect us

by their individual light, unless where two or three happen to be close

enough to make a joint impression, and give the idea of a point brighter

than the rest. They are almost universally round or oval— their loose

appendages, and irregularities of form, being as it were extinguished by

tlie distance, and the only general figure of the more condensed parts being

discernible. It is under the appearance of objects of this character that

all the greater globular clusters exhibit themselves in telescopes of insuflS-

cent optical power to show them well ; and the conclusion is obvious, that

those which the most powerful can barely render resolvable, and even

those which, with such powers as are usually applied, show no sign of

being composed of stars, would be completely resolved by a further in-

crease of optical power. In fact, this probability has almost been con-

verted into a certainty by the magnificent reflecting telescope constructed

by Lord Rosse, of six feet in aperture, which has resolved or rendered

resolvable multitudes of nebulpe ';vhich had resisted all inferior powers.

The sublimity of the spectacle afforded by that instrument of some of the

larger globular and other clusters enumerated in the list given in Art. 867,

is declared by all who have witnessed it to be such as no words can express.

(871.) Although, therefore, nebulae do exist, which even in this power-

ful telescope appear as nebula;, without any sign of resolution, it may

very reasonably be doubted whether there be really any essential physical

distinction between nebulae and clusters of stars, at least in the nature of

the matter of which they conpist, and whether the distinction between

such nebulae as are easily resolved, barely resolvable with excellent tele-

scopes, and altogether irresolvabl'^ with the best, be any thing else than

one of degree, arising merely from the excessive minuteness and multitude

of the stars, of which the latter, as compared with the former, consist.

The first impression which Ilalley, and other early discoverers of nebulous

objects received from their peculiar aspect, so different from the keen,

concentrated light of mere stars, was that of a phosphorescent vapour (like

the matter of a comet's tail) or a gaseous and (so to speak) elementary form

of luminous sidereal matter.' Admitting the existence of such a medium,

dispersed in some cases irregularly through vast regions in space, in others

confined to narrower and more definite limits, SirW. Herschel was led to

speculate on its gradual subsidence and coudeusation by the effect of its

' Halley, Phil. Trans., xxix. p. 390.
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own gravity, into more or less regular spherical or spheroidal forms,

denser (as they must in that case be) towards the centre. Assuming that

in the progress of this subsidence, local centres of condensation, subordi-

nate to the general tendency, would not be wanting, he conceived that in

this way solid nuclei might arise, whose local gravitation still further

condensing, and so absorbing the nebulous matter, each in its immediate

neighbourhood, might ultimately become stars, and the whole ncbuliie

finally take on the state of a cluster of stars. Among the multitude of

nebulae revealed by his telescopes, every stage of this process might be

considered as displayed to our eyes, and in every modification of form to

which the general principle might be conceived to apply. The more or

less advanced state of a nebula towards its segregation into discrete stars

and of these stars themselves towards a denser state of aggregation round

a central nucleus, would thus be in some sort an indication of age.

Neither is there any variety of aspect which nebulaa offer, which stands at

all in contradiction to this view. Even though we should feel ourselves

compelled to reject the idea of a gaseous or vaporous " nebulous matter,"

it loses little or none of its force. Subsidence, and the central aggrega-

tion consequent on subsidence, may go on quite as well among a multi-

tude of discrete bodies under the influence of mutual attraction, and

feeble or partially opposing projectile motions, as among the particles of a

gaseous fluid.

(872.) The '^nebular hypothesis," as it has been termed, and the

theory of sidereal aggregation stand, in fact, quite independent of each

other, the one as a physical conception of processes which may yet, for

aught we know, have formed part of that mysterious chain of causes aud

effects antecedent to the existence of separate self-luminous solid bodies;

the other, as an application of dynamical principles to cases of a very

complicated nature no doubt, but in which the possibility or impossibility,

at least, of certain general results may be determined on perfectly legiti-

mate principles. Among a crowd of solid bodies of whatever size, ani-

mated by independent and partially opposing impulses, motions opposite

to each other must produce collision, destruction of velocity, an*^ subsi-

dence or near approach towards the centre of preponderant attractiou;

while those which conspire, or which remain outstanding after such con-

flicts, tmist ultimately give rise to circulation of a permanent character.

"Whatever we may think of such collisions as events, there is nothing in

this conception contrary to sound mechanical principles. It will be recol-

lected that the appearance of central condensation among a multitude of

separate bodies in motion, by no means implies permanent proximity to

the centre in each ; any more than the habitually crowded state of a
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market-place, to which a large proportion of the inhabitants of a town

frequently or occasionally resort, implies the permanent residence of each

individual within its area. It is a fact that clusters thus centrally crowded

do exist, and therefore the conditions of their existence must be dynami-

cally possible, and in what has been said we may at least perceive some

glimpses of the manner in which they are so. The actual intervals be-

tween the stars, even in the most crowded parts of a resolved nebula, to

be seen at all by us, must be enormous. Ages, which to us may well

appear indefinite, may easily be conceived to pass without a single instance

of collision, in the nature of a catastrophe. Such may have gradually

become rarer as the system has emerged from what must be considered its

chaotic state, till at length, in the fulness of time, and under the pre-

arranging guidance of that Design which pervades universal nature, each

individual may have taken up such a course as to annul the possibility of

further destructive interference.

(873.) But to return from the regions of speculation to the description

of facts. Next in regularity of form to the globular clusters, whose con-

sideration has led us into this digression, are elliptic nebulae, more or less

elongated. And of these it may be generally remarked, as a fact un-

doubtedly connected in some very intimate manner with the dynamical

conditions of their subsistence, that such ncbulic are, for the most part,

beyond comparison more diflScult of resolution than those of globular form.

They are of all degrees of exccntricity, from moderately oval forms to

ellipses so elongated as to be almost linear, which are, no doubt, edge-

views of very flat ellipsoids. In all of them the density increases towards

the centre, and as a general law it may bo remarked that, so far as we

can judge from their telescopic appearance, their internal strata approach

more nearly to the spherical form than their external. Their resolva-

bility, too, is greater in the central parts, whether owing to a real supe-

riority of size in the central stars or to the greater frequency of cases of

close juxta-position of individuals, so that two or three united appear as

one. In some the condensation is slight and gradual, in others great and

sudden : so sudden, indeed, as to offer the appearance of a dull and

blotted star, standing in the midst of a faint, nearly equable elliptic nebu-

losity, of which two remarkable specimens occur in R. A. 12'' 10™ 33%

N. P. D. 41° 46', and in IS" 27'" 28', 119° 0' (1830).

(874.) The largest and finest specimens of elliptic nebulae which the

heavens afford are that in the girdle of Andromeda (near the star v of

that constellation) and that discovered in 1783, by Miss Carolina Ilcrschel,

Tf Oh QOm
v/ t/u

10. Tl
S. . C. lliP 13'. The nebula in Andromeda

(Plate II. fig. 3.) is visible to the naked e^'e, and is continually mistaken

I i'
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for a comet by those unacquainted with the heavens. Simon Marius,

who noticed it in 1G12 (though it appears also to have been scon and

described as oval, in 005); describes its appearance as that of a candle

shining through horn, and the resemblance is not inapt. Its form, as seen

through ordinary telescopes, is a pretty long oval, increasing by insensible

gradations of brightness, at first very gradually, but at last more rapidly,

up to a central point, which, though very much brighter than the rest, is

decidedly not a star, but nebula of the same general character with the

rest in a state of extreme condensation. Casual stars arc scattered over

it, but with a reflector of 18 inches in diameter, there is nothing to excite

any suspicion of its consisting of stars. Examined with instruments of

superior defining power, however, the evidence of its resolvability into

stars, may be regarded as decisive. Mr. G. P. Bond, assistant at the

observatory of Cambridge, U. S., describes and figures it as extending

nearly 22° in length, and upwards of a degree in breadth (so as to include

two other smaller adjacent nebulae), of a form, generally speaking, oval,

but with a considerably protuberant irregularity at its north following ex-

tremity, very suddenly condensed at the nucleus almost to the semblance

of a star, and though not itself clearly resolved, yet thickly sown over

with visible minute stars, so numerous as to allow of 200 being counted

within a field of 20' diameter in the richest parts. But the most remark-

able feature in his description is that of two perfectly straight, narrow,

and comparatively or totally obscure streaks which run nearly the whole

length of one side of the nebula, and (though slightly divergent from

each other) nearly parallel to its longer axis. These streaks (which

obviously indicate a stratified structure in the nebula, if, indeed, they do

not originate in the interposition of imperfectly transparent mutter between

us and it) are not seen on a general and cursory view of the nebula ; they

require attention to distinguish them,' and this circumstance must be borne

in mind when inspecting the very extraordinary engraving wliieh illustrates

Mr. Bond's account. The figure given in our Plate II. fig. 15, is IVom a

ratlier ha.<*ty sketch, and makes no pretensions to exactness. A similar,

but much more strongly marked case of parallel arrangement tlian that

noticed by Mr. Bond in this, is one in which the two semi-oviiis uf an

cUiptically formed nebula appear cut asunder and separated by a broad

obsc\ire band parallel to the larger axis of the nebula, in the midst of

which a faint streak of light parallel to the sides of the cut appears, is

seen in the southern hemisphere in R. A. 13" 15"" 31', N. P. D. 132° 8'

' Account of ihe nebiiia in Andrnmodn, by G. P. Hond, Aisistant at the Cambridge

Dbservaiory, U. S. Trans. American Acad., vol. iii. p. 80.

1. \V
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(1830). The nebulse in 12" 27" 3-, G3° 5', and 12" 31- 11', 100° 40'

present analogous features.

(875.) Annular nebulae also exist, but are among the rarest objects in

the heavens. The most conspicuous of this class is to be found almost

exactly half way between |3 and y Lyi'ae, and may be seen with a telescopo

of moderate power. It is small and particularly well defined, so as to

have more the appearance of a flat oval solid ring than of a nebula. The

axes of the ellipse are to each other in the proportion of about 4 to 5, and

the opening occupies about half or rather more than half the diameter.

The central vacuity is not quite dark, but is filled in with faint nebula,

like a gauze stretched over a hoop. The powerful telescopes of Lord

Rosse resolve this object into excessively minute stars, and show filaments

of stars adhering to its edges.'

(870.) Planetary NEBULiE are veiy extraordinary objects. They

have, as their name imports, a near, in some instances, a perfect resem-

blance to planets, presenting discs round, or slightly oval, in some quite

sharply terminated, in others a little hazy or softened at the borders.

Their light is in some perfectly equable, in others mottled and of a very

peculiar texture, as if curdled. They are comparatively rare objects, not

above four or five and twenty having been hitherto observed, and of these

nearly three-fourths are situated in the southern hemisphere. Being very

interesting objects, we subjoin a list of the most remarkable.* Among
these may be more particularly specified the sixth in order, situated in the

Cross. Its light is about equal to that of a star of the 6*7 magnitude,

its diameter about 12", its disc circular or very slightly elliptic, and with

a clear, sharp, well-defined outline, having exactly the appearance of a

planet with the exception only of its colour, which is a fine and full blue

verging somewhat upon green. And it is not a little remarkable that this

phjcnomcnon of a blue colour, which is so rare among stars (except when

in the immediate proximity of yellow stars) occurs, though less strikingly,

in three other objects of this class, viz. in No. 4, whoso colour is sky-blue,

Tlio places of iho annular nebulae, at preBent known (for 1830) are,

17"

17

R. A.

10»

19 2

N. P. D.

128° 18'

113

3.

4.

18"

20

R.A.
47"
9

13«

33

N. P. D.

57° 11'

59 57

* Flncoa for 1830 of twelve of the most rcninrkable planetary nebuliB.

n. A. N. V. D. R.A. N. V. I). 11. A. N. V. I).

ll. 111. ».

1. 7 34 2

2. 9 10 39

3. 59 52

4. 10 10 30

o >

104 20
147 35

120 30

107 47

ll. 111. ».

5. 11 i 49
0. 11 41 50

7. 15 5 18

8. 19 10 9

o /

?A 4
140 14
135 I

H3 40

ll. m. 1.

8. 19 .i4 21

10. IP 40 19
11. JO 54 53

12. 23 17 44

o /

i04 .=).=}

89 64
102 2

48 24

''ri 1!!
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and in Nos. 11 and 12, where the tint, though paler, is still evident.

Nos. 2, 7, 9, and 12, are also exceedingly characteristic objects of this

class. Nos. 3, 5, and 11 (the latter in the parallel of v Aquarii, and

about 5" preceding that star), are considerably elliptic, and (respectively)

about 38", 30" and 15" in diameter. On the disc of No 3, and very

nearly in the centre of the ellipse, is a star 9", and the texture of its light,

being velvety, or as if formed of fine dust, clearly indicates its resolvability

into stars. The largest of these objects is No. 5, situated somewhat south

of the parallel of Ursse Majoris and about 12" following that star. Its

apparent diameter is 2' 40", which, supposing it placed at a distance from

U8 not more than that of 61 Cygni, would imply a linear one seven times

greater t'ian that of the orbit of Neptune. The light of this stupendous

globe is perfectly equable (except just at the edge where it is slightly

softened), and of considerable brightness. Such an appearance would not

be presented by a globular space uniformly filled with stars or luminous

matter, which structure would necessarily give rise to an apparent increase

of brightness towards the centre in proportion to the thickness traversed

by the visual ray. Wo might, therefore, be induced to conclude its real

constitution to be either that of a hollow spherical shell or of a flat disc,

presented to us (by a highly improbable coincidence) in a plane precisely

perpendicular to the visual ray.

(877.) Whatever idea we may form of the real nature of such a body,

or of the planetary nebulue in general, which all agree in the absence of

central condensation, it is evident that the intrinsic splendour of their

Burfucos, if continuous^ must bo almost infinitely less than that of the

Bun. A circular portion of the sun's disc, subtending an angle of 1',

would give a light equal to that of 780 full moons; whilo among all the

objects in question there is not one which can be seen with the naked eye.

M. Arago has surmised that they may possibly be envelopes shining by

rrjh'rtcd light, from a solar body placed in their centre, invisible to us by

the effect of its exoessive distance ; removing, or attempting to remove

the apparent paradox of such an explanation, by the optical principle that

iiu illuminated surface is equally bri</ht at all distances, and, theretbre, if

largo enough to subtend a measurable angle, can be equally well seen,

whereas the eentral bodjj, subtending no such angle, has its effect on our

sight diminished in the inverse ratio of the square of its distance.' The

' With due deference to so high an authority wo must dotnur to tlio conclusion.

Even supposing tlio envelope to reflect and sciitier (e(nmlly in all diroclions) all the

licht of the control sun, the portion of the lijiht so srnttend wliich wmild fiij! to our

shnre, could not exreed that which that sun itself would send to us by direct riidiation.

Dut this, ex hypotktsi, it loo iinnll to alfect the oyo with any luminous perception, much
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assiduous application of the immense optical powers recently brought to

bear on the heavens, will probably remove some portion of the mystery

whioh at present hangs about these enigmatical objects.

(878.) Double nebulae occasionally occur— and when such is the case,

the constituents most fommonly belong to the class of spherical nebulae,

and are in some instances undoubtedly globular clusters. All the varieties

of double stars, in fact, as to distance, position, and relative brightness,

have their counterparts in double nebulae ; besides which the varieties of

f)rm and gradation of light in the latter afford room for combinations

peculiar to this class of objects. Though the conclusive evidence of ob-

served relative motion be yet wantmg, and though from the vast scale on

which such systems are constructed, and the probable extreme slowness

of the angular motion, it may continue for ages to be so, yet it is impos-

sible, when we cast our eyes upon such objcts, or on the figures which

have been given of them,' to doubt their physical connexion. The argu-

ment drawn from the comparative rarity of the objects in proportion to

the whole extent of the heavens, so cogent in the case of the double stars,

is infinitely more so in that of the double nebulae. Nothing more magni-

ficent can be presented to our consideration, than such combinations.

Their stupendous scale, the multitude of individuals they involve, the

perfect symmetry and regularity which many of them present, the utter

disregard of complication in thus heaping together system upon system,

and construction upon construction, leave us lost in wonder and admira-

tion at the evidence they afford of infinite power and unfathomable

design.

(870.) Nebulae of regular forms often stand in marked and symmetrical

relation to stars, both single and double. Thus wo are occasionally pre-

sented with the beautiful and striking phaenomenon of a sharp and bril-

liant star concentrically surrounded by a perfectly circular disc or atmo-

sphere of faint light, in some cases dying away insensibly on all sides, in

others almost suddenly terminated. These are Nebulous Stars. Fine

examples of this kind are the 45th and 69th nebulae of Sir Wm. Her-

schol's fourth class" (R. A. 7" 19- 8', N. P. D. 68° 45', and 3" 58- 36«,

lc«8 then could it do so if spread over n surface many million times exceeding in angular

area the apparent disc of the central sun itself, (."^eo Annuaire du nuroaii des Longi-

tudes, 1842, p. 409, 410, 411.) M. Arago »t exprcttly contending for reflected light.

If iho envelope be self-luminous, his reasoning is pertuctly sound.

' riiil. Trans., 1633. Plate vii.

•The classes hero referred to are not the species described in Art. 8f)8, but lists of

nebuliH; eight in iisimhsr, arfririKiMl occording to brightness, size, density of clustering,

&c., in one or other if which all nebulus were originally classed by him. Class I.

contains " Bright nebulas ;" II. " Fainl do. ;" III. " Very foint do. ;" IV. " Plsnetttry
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59° 40'), in which stars of the 8th magnitude are surrounded by photo-

spheres of the kind above described respectively of 12" and 25" in dia-

meter. Among stars of larger magnitudes, 55 Andromedse and 8 Canum

Yenaticorum may be named as exhibiting the same phsenomenon with

more brilliancy, but perhaps with less perfect regularity.

(880.) The connexion of nebulae with double stars is in many instances

extremely remarkable. Thus in R. A. 18" 7- 1', N. P. D. 109" 56',

occurs an elliptic nebula having its longer axis about 50", in which, sym-

metrically placed, and rather nearer the vprticcs than the foci of the ellipse,

are the equal individuals of a double star, each of the 10th magnitude.

In a similar combination noticed by M. Struve (in R, A. IS"" 25", N. P. D.

25° 7'), the stars are unequal and situated precisely at the two extremities

of the major axis. In R. A. 13" 47" 33', N. P. D. 129° 9', an oval

nebula of 2' in diameter has very near its centre a close double star, the

individuals of which, slightly unequal, and about the 910 magnitude, are

not more than 2" asunder. The nucleus of Messier's 64th nebula is

" strongly suspected" to be a close double star—and several other instances

might bo cited.

(881.) Among the nebulae which, though deviating more from sym-

metry of form, are yet not wanting in a certain regularity of figure, and

which seem clearly entitled to be regarded as systems of a definite nature,

however mysterious their structure and destination, by far the most re-

markable are the 27th and 51st of Messier's Catalogue.' This consists

of two round or somewhat oval nebulous masses united by a short neck

of nearly the same density. Both this and the masses graduate ofiF how-

ever into a fainter nebulous envelope which completes the figure iuto an

elliptic form, of which the interior masses with their connexion occupy the

lesser axis. Seen in a reflector of 18 inches in aperture, the form has

considerable regularity ; and though a few stars are hero and there scut-

tered over it, it is unresolved. Lord llosse, viewing it with a reflector of

double that aperture, describes and figures it as resolved into numerous

stars with much intermixed nebula ; while the symmetry of form by ren-

dering visible features too faint to be seen with inferior power, is rendered

considerably less striking, though by no means obliterated.

(882.) The 51st nebula of 3Iossier, viewed through an 18-inch re-

flector, presents the appearance of a largo and bright globular nebuln,

nehiiliE, stars with bnrs, milky rlioveiurps, Bhort rays, rpinnrkntiii' slinpcs, Slc. ;" ^'.

" Very large nebuJB;" VI. " Very compressed rich rlusters;" VII. " Pretty tmich

rDiiiprusscd do. ;" VIII. " Coarsely scultorod clusters."

' VUiCAi for 1830! R. A. 19" 52™ 12', N. P. D. 67° 44', and R. A. 13" 22'" 39', N. P.

P. 41° 56'.
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surrounded by a ring at a considerable distance from the globe, very une-

qual in brightness in its different parts, and subdivided through about two-

fifths of its circumference as if into two laminae, one of which appears

as if turned up towards the eye out of the plane of the rest. Near it

(at about a radius of the ring distant) is a small bright round nebula.

Viewed through the 6-feet reflector of Lord Rosse the aspect is much

altered. The interior, or what appeared the upturned portion of the ring,

assume! 'he aspect of a nebulous coil or convolution tending in a spiral

form towards the centre, and a general tendency to a spiroid arrangement

of the streaks of nebula connecting the ring and central mass which this

power brings into view, becomes apparent, and forms a very striking

feature. The outlying nebula is also perceived to be connected by a

narrow, curved band of nebulous light with the ring, and the whole, if

not clearly resolved into stars, has a '^ resolvable" character which evi-

dently indicates its composition.'

(883.) We come now to a class of nebulae of totally different character.

They are of a very great extent, utterly devoid of all symmetry of form,

— on the contrary, irregular and capricious in their shapes and convolu-

tions to a most extraordinary degree, and no less so in the distribution of

their light. No two of them can be said to present any simildrity of

figure or aspect, but they have one important character in common.

They are all situated in, or very near, the bordc s of the Milky Way.

The most remote from it is that in the sword handle of Orion, which

being 20° from the galactic circle, and 15° from the visible border of the

Via Lactca, might seem to form an exception, though not a striking one.

But this very situation may bo adduced as a corroboration of the general

view which this principle of localization suggests. For the place in ques-

tion i.s situated in the prolongation of that faint offset of the Milky Way
which we traced (Art. 787.) from a and s Persei towards Aldebaran and

the Hyades, and in the zone of Great Stars noticed in Art. 785. as an

appendage of, and probably bearing relation to that stratum.

(884.) From this it would appear to follow, almost as a matter of

course, that they must be regarded as outlying, very distant, and as it

were detached fragments of the great stratum of tho Galaxy, and this

view of the subject is strengthened when we find on mapping down their

•^laccs that they may all bo grouped in four great masses or nebulous

regions,— that of Orion, of Argo, of Sagittarius, and of Cygnus. And
thus, inductively, we may gather souie information respecting tho struc-

' Tliis drsrriniinn is from the reroiieciiiin of a sketch exhibited by his Lordship at

the Biiiish A«Booiiiiion. Every nsiroiioiner must long for tho publication of his own
occount of the worders disclosed by tiiis niagnincent iriHtrument.

Ik;
'
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ture and form of the Galaxy itself, which, could we view it as a whole,

from a distance such as that which separates us from these objects, would

very probably present iteelf under an aspect quite as complicated and

irregular.

(885.) The great nebula surrounding the stars marked fl 1 in the eword

handle of Orion was discovered by Huyghens in 1656, and has been re-

peatedly figured and described by astronomers since that time. Its

appearance varies greatly (as that of all nebulous objects does) with the

instrumental power applied, so that it is difficult to recognize in represent-

ations made with inferior telescopes, even principal features, to say

nothing of subordinate details. Until this became well understood, it

was supposed to have changed very materially, both in form and extent,

during the interval elapsed since its first discovery. No doubt, however,

now remains that these supposed changes have originated partly from the

cause above-mentioned, partly from the difficulty of correctly drawing,

and, still more, engraving such objects, and partly from a want of suffi-

cient care in the earlier delineators themselves in faithfully copying that

which they really did see. Our figure (Plate IV., fig. 1,) is reduced

from a larger one made under very favourable circumstances, from draw-

ings taken with an 18-inch reflector at the Capo of Good Hope, where its

meridian altitude greatly exceeds what it has at European stations. The

area occupied by this figure is about one 25th part of a square degree,

extending in R. A. (or horizontally) 2™ of time, equivalent almost ex-

actly to 80' in arc, the object being very near the equator, and 24' verti-

cally, or in polar distance. The figure shows it reversed in both direc-

tions, the northern side being lowermost, and the preceding towards the

left hand. In form, the brightest portion offers a resemblance to the head

and yawning jaws of some monstrous animal, with a sort of proboscis run-

ning out from the snout. Many stars are scattered over it, which for the

most part appear to have no connexion with it, and the remarkable sex-

tuple star B 1 Orionis, of which mention has already been made (Art.

887), occupies a most conspicuous situation close to the brightest portion,

ut almost the edge of the opening of the jaws. It is remarkable, how-

ever, that within the area of the trapezium no nebula exists. The general

aspect of the less luminous and cirrous portion is simply nebulous and

irresolvable, but the brighter portion immediately adjacent to the trape-

zium, forming the square front of the head, is shown with the 18-inch

reflector broken up into masses (very imperfectly represented in the figure),

whose mottled and curdling light evidently indicates by a sort of granular

texture its consisting o!A C3M4tO« anu Wiicn exuniioed under the great light

of Lord Rosse's reflector, or the exquisite defining power of the great



NEBULA OF ARGO. 613

achromatic at Cambridge, U. S., is evidently perceived to consist of clus-

tering stars. There can therefore be little doubt as to the whole consist-

ing of stars, too minute to be discerned individually even mth. these

powerful aids, but which become visible as points of light when closely

adjacent in the more crowded parts in the mode already more than once

suggested.

(886.) The Htjbula is not confined to the limits of our figure. North-

ward of about 83', and nearly on the same meridian are two stars

marked C 1 and C 2 OrionLi involved in a bright and branching nebula

of very singular form, and south of it is the star ( Orionis, which is also

involved in strong nebula. Careful examination with powerful telescopes

has traced out a continuity of nebulous light between the great nebula

and both these objects, and there can be little doubt that the nebulous

region extends northwards, as far as s in the belt of Orion, which is in-

volved in strong nebulosity, as well as several smaller stars in the immadi-

ate neighbourhood. Professor Bond has given a beautiful figure of the

great nebula in Trans. American Acad, of Arts and Sciences, new series,

vol. iii.

(887.) The remarkable variation in lustre of the bright star tj in Argo,

has been already mentioned. This star is situated in the most condensed

region of a very extensive nebula or congeries of nebular masses, streaks

and branches, a portion of which is represented in fig. 2, Plate IV. The

whole nebula is spread over an area of fully a square degree in extent,

of which that included in the figure occupies about one-fourth, that is to

say, 28' in polar distance, and 32' of arc in R. A., the portion not in-

cluded being, though fainter, even more capriciously contorted than that

here depicted, in which it should be observed that the preceding side is

towards the right hand, and the southern uppermost. Viewed with an

18-iuch reflector, no part of this strange object shows any sign of resolu-

tion into stars, nor in the brightest and most condensed portion adjacent

to the singular oval vacancy in the middle of the figure is there any of

that curdled appearance, or that tendency to break up into bright knotq

with intervening darker portions which characterize the nebula of Orion,

and indicate its resolvability. The whole is situated in a very rich and

brilliant part of the Milky Way, so thickly strewed with stars (omitted

in the figure), that in the area occupied by the nebula, not less than 1200

have been actually counted, and their places in 11. A. and P. D. deter-

mined. Yet it is obvious that these have no connexion whatever with

the nebula, being, in fact, only a simple continuation over it of the general

ground of the galaxy, which on an average of two hours in Right Ascen-

sion in this period of its course, contains no less than 3138 stars to thu

83
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square degree, all, however, distinct, and (except where the object in

question is situated) seen projected on a perfectly dark heaven, without

any appearance of intermixed nebulosity. The conclusion can hardly be

avoided, that in looking at it we see through, and beyond the Milky Way,

far out iuto space, through a starless region, disconnecting it altogether

frouj our system. " It is not easy for language to convey a full impres-

sion of the beauty and sublimity of the spectacle which this nebula

offors, as it enters the field of view of a telescope fixed in llight Ascen-

sion, by the diurnal motion, ushered in as it is by so glorious and innu-

nioriiblo a procession of stars, to which it forms a sort of climax," and in

a part of the heavens otherwise full of interest. One other bright and

very remarkably formed nebula of considerable magnitude precedes it

nearly on 'the same parallel, but without any traceable connexion between

them.

(888.) The nebulous group of Sagittarius consists of several conspicuous

nebula)' of very extraordiuary forms, by no means easy to give an idea of

by mere description. One of them (/t, 1991*) is singularly trifid, con-

sisting of three bright and irregularly formed nebulous masses, graduating

awjiy insensibly externally, but coming up to a great intensity of light at

their interior edges, where they enclose and surround a sort of three-forked

rift, or vacant area, abruptly and uncouthly crooked, and quite void of

nebulous light. A beautiful triple star is situated precisely on the edge

uf one of these nebulous masses just where the interior vacancy forks out

two channels. A fourth nebulous mass spreads like a fan or aowny plume

from a star at a little distance from the triple nebula.

(889.) Nearly adjacent to the last described nebula, and no doubt cor-

nectod with it, though the connexion has not yet been traced, is situated

the 8th nebula of Messicr's Catalogue. It is a collection of nebulous

folds and masses, surrounding and including a number of oval dark vacan-

cies, and in one place coming up to so great a degree of brightness, as to

offer the appearance of an elongated nucleus. Superposed upon this

nebula, and extending in one direction beyond its area, is a fine and rich

r'uster of scattered stars, which seem to have no connexion with it, as the

' About R.A. Hh 52™, N.PD. 113° 1', four nebula), No. 41 of Sir Wm. Herschel's

4th chiss, and No8. 1, 2, 3, of his 5th, all connected into one great complex nebula —
In R.A. 17'' 53" 27', N.P.D. 114° 21', the 8th, and in 18" 11", 106° 15', the 17ih of

MesMicr's Catalogue.

» This number refers to the caialogue of nebulsc in Phil. Trans., 1833. The reader

will find figures of the several nebula; of this group in that volume, pi. iv., fig. 35, in the

Author's " Results of Observations, &c., at the Cape of Good Hope," Plates i. fig. 1,

and ii. figs. 1 and 2, and in Mason's Memoir in the collection, of the Amsric-" p'--'

vol. vii. art. xiii.

iCuR A liii. louv.
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nebula does not, as in the region o' v/Hon, show any tendency to congre-

gate about the stars.

(890.) The 19th nebula of Messicr's Catalogue, though some degrees

remote from the others, evidently belongs to this group. Its form is very

reninrkable, consisting of two loops like capital Greek Omegas, the one

bright, the other exceedingly faint, connected at their bases by a broad

and very bright band of nebula, insulated within which by a narrow

comparatively obscure border, stands a bright, resolvable knot, or what is

probably a cluster of exceedingly minute stars. A very faint round nebula

stands in connexion with the upper or convex portion of the brighter loop.

(891.) The nebulous group of Cygnus consists of several large and

irregular ncbuloo, one of which passes through the double star h Cygni,

as a long, crooked narrow streak, forking out in two or three places. The

others,' observed in the first instance by Sir W. Herschel and by the

author of this work as separate nebulae, have been traced into connexion

by Mr. Mason, and shown to form part of a curious and intricate nebulous

system, consisting, 1st, of a long, narrow, curved, and forked streak, and

2d]y, of a cellular effusion of great extent, in which the nebula occurs

intermixed with, and adhering to stars around the borders of the cells,

while their interior is free from nebula, and almost so from stsirs.

(892.) The Magellanic clouds, or the nubecula) (major and minor,) as

they are called in the celestial maps and charts, are, as their name imports,

two nebulous or cloudy masses of light, conspicuously visible to the naked

eye, in the southern hemisphere, in the appearance and brightness of their

light not unlike portions of the Milky Way of the same apparent size.

They are, generally speaking, round, or somewhat oval, and the larger, which

deviates most from the circular form, exhibits the appearance of an axis

of light, very ill defined, and by no means strongly distinguished from the

general mass, which seemc to open out at its extremities into somewhat oval

sweeps, constituting the preceding and following portions of its circumference.

A small patch, visibly brighter than the general light around, in its follow-

ing part, indicates to the naked eye the situation of a very remarkable

nebula (No. 30 Doradus of Bode's catalogue,) of which more hereafter.

The greater nubecula is situated between the meridians of 4'' 40'" and G""

0" and the parallels of 156° and 162° of N.P.D., and occupies an area

of about 42 square degrees. The lesser, between the meridians' 0" 28»

and 1" IS" and the parallels of 162° and 165° N.P.D. covers about ten

square degrees. Their degree of brightness may be judged of from the

effect of strong moonlight, which totally obliterates the lesser, but not

Quite the crreater.
a v.'

' R.A.20''49'»2(f, N.P.D. 58° 27'.

* It is laid down nearly un hour wrong in all the celestial charts and globes.

i!l J 12
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(893.) When examined through powerful telescopes, the constitution

of the nubecula^, and especially of the nubecula major, is found to be of

astonishing complexity. The general ground of both consists of large

tracts and patches of nebulosity in every stage of resolution, from light,

irresolvable with 18 inches of reflecting aperture, up to perfectly separated

stars like the Milky Way, and clustering groups sufficiently insulated and

condensed to come under the designation cf irregular, and in some cases

pretty rich clusters. But besides those, there are also nebulae in abun-

dance, both regular and irregular; globular clusters in every state of

condensation; and objects of a nebulous character quite peculiar, and

which have no analogue in any other region of the heavens. Such is the

concentration of these objects, that in the area occupied by the nubecula

major, not fewer than 278 nebulae and clusters have been enumerated,

besides 50 or 60 outliers, which (considering the general barrenness in

such objects of the immediate neighbourhood) ought certainly to be

reckoned as its appendages, being about 6 J per square degree, which very

far exceeds the average of any other, even the most crowded parts of the

nebulous heavens. In the nubecula minor, the concentration of such

objects is less, though still very striking, 37 having been observed within

its area, and 6 adjacent, but outlying. Tho nubeculae, then, combine,

each within its own area, characters which in the rest of the heavens are

no less strikingly separated,—viz., thos^e of ibe galactic and the nebular

system. Globular clusters (except in one region of GUiall extent) and

nebula) of regular elliptic forms are comparatively rare in the Milky Way,

and are found congregated in the greatest abundance in a part of the

heavens, the most remote possible from that circle ; whereas, in the nube-

culas, they are indiscriminately mixed with the general starry ground, and

with irregular though small nebulae.

(894.) This combination of characters, rightly considered, is in a high

degree instructive, affording an insight into the probable comparative dis-

tance of stars and nehulie, and the real brightness of individual stars as

compared one with another. Taking the apparent semidiameter of the

nubecula major at 3°, and regarding its solid form as, roughly speaking,

spherical, its nearest and most remote parts differ in their distance from

us by a little more than a tenth part of our distance from its centre. The

brightness of objects situated in its nearer portions, therefore, cannot be

much exaggerated, nor that of its remoter much enfeebled, by their differ-

ence of distance
;
yet within this globular space, we have collected upwards

of 600 stars of the 7th, 8th, 9th, and 10th magnitudes, nearly 300

nebulae, and globular and other clusters, of nil degrees ofresoltihUitij, and

smaller scattered stars innumerable of every inferior magnitude, from the
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10th to such as by their multitude and minuteness constitute irresolvable

nebulosity, extending over tracts of many square degrees. Were there

but one such object, it might be maintained without utter improbability

that its apparent sphericity is only an eflfect of foreshortening^ and that in

reality a much greater proportional difference of distance between it3

nearer and more remote parts exists. But such an adjustment, improba-

ble enough in one case, must be rejected as too much so for fair argument

in two. It must, therefore, be taken as a demonstrated fact, that stars of

the 7th or 8th magnitude and irresolvable nebula may co-exist within

limits of distance not differing in proportion more than as 9 to 10, a con-

clusion which must inspire some degree of caution in admitting, as certain,

many of the consequences which have been rather strongly dwelt upon in

the foregoing pages.

(895.) Immediately preceding the centre of the nubecula minor, and

undoubtedly belonging to the same group, occurs the superb globular

cluster, No. 47, Toucani of Bode, very visible to the naked eye, and one

of the finest objects of this kind in the heavens. It consists of a very

condensed, spherical mass of stars, of a pale rose-colour, concentrically

enclosed in a much less condensed globe of white ones, 15' or 20' in

diameter. This is the first in order of the list of such clusters in

Art. 867.

(896.) Within the nubecula major, as already mentioned, and faintly

visible to the naked eye, is the singular nebula (marked as the star 30

DoradCis in Bode's Catalogue) noticed by Lacaille as resembling the nu-

cleus of a srjall comet. It occupies about one-500th part of the whole

area of the nubecula, and is so satisfactorily represented in plate V., fig. 1,

as to render further description superfluous.

(897.) We shall concbido this chapter by the mention of two phaeno-

mena, which seem to indicate the existence of some slight degree of nebu-

losity about the sun itself, and even to place it in the list of nebulous

stars. The first is that called the zodiacal light, which may 'jb seen any

very clear evening, soon after sunset, about the months o^ March, April,

and May, or at the opposite seasons before sunrise, as a cone or lenticu-

larly-shaped light, extending from the horizon obliquely upwards, and

following generally the course of the ecliptic, or rather that of the sun's

equator. The apparent angular distance of its vertex from the sun varie?,

according to circumstances, from 40° to 90°, and the breadth of its base

perpendicular to its axis from 8° to 30°. It is extremely faint and ill

defined, at least in this climate, though better seen in tropical regions, but

cannot be mistaken for anv atmosoheric meteor or aurora borealja. It is

manifestly in the nature of a lenticularly-formed envelope, surrounding

M\.
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the sun, and extending beyond the orbits of Mercury and Venus, and

nearly, perhaps quite, attaining that of the earth, since its vertex hu» been

seen fully 90° from the sun's place in a great circle. It may bo cnnjec-

tured to be no other than the denser part of that medium, which, we

have some reason to bolieve, resists the motion of comets j loaded, per-

haps, with the actual materials of the tails of millions of those bodies, of

which they have been stripped in their successive perihelion passiiges

(Art. 5G6). An atmospJiere of the sun, in any proper sense of the word,

it cannot be, since the existence of a gaseous envelope propagating pres-

sure from part to part; subject to mutual friction in its strata, and there-

fore rotating in the same or nearly the same time with the central body,

and of such dimensions and ellipticity, is utterly incompatible with dyna-

mical laws. If its particles have inertia, they must necessarily stand with

respect to the sun in the relation of separate and independent minute

planets, each having its own orbit, plane of motion, and periodic time.

The total mass being almost nothing compared to that of the sun, mutual

jicrturlation is out of the question, though coUisions among such as may

cross each other's paths may operate in the course of indefinite ages to

effect a subsidence of at least some portion of it into the body of the sun

or those of the planets.

(898.) Nothing prevents that these particles, or some among them,

may have some tangible size, and be at very great distances from each

other. Compared with planets visible in our most powerful telescopes,

rocks and stony masses of great size and weight would be but as the im-

palpable dust which a sunbeam renders visible as a sheet of light, when

streaming through a narrow chink into a dark chamber. It is a fact,

established by the most indisputable evidence, that stony masses and

lumps of iron do occasionally, and indeed by no means unfrequeutly, fall

upon the earth from the higher regions of our atmosphere (where it is

obviously impossible they can have been generated), and that they have

done so from the earliest times of history. Four instances are recorded

of persons being killoil by their fall. A block of stone fell at ^-gos

Potamos, B. c. 465, as largo as two mill-stones; another at Narni, in 921,

projected, like a rock, four feet above the surface of the river, into which

it was seen to fall. The omporor Joliiingirc had a sword forged from a

mass of meteoric iron which fell, in 1620, at Jal.linder, in the Punjab.'

Sixteen instances of the fall of stones in the Britisl Isles are well authen-

ticated to have occurred since 1620, one of them in London. In 1803,

on the 26th of April, thousands of stones were scattered by the explosion

' See the emperor's own very remarkablo account of the occurrence, irunsliiicii in

Phil. Trans. 1793, p. 202.
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into fragments of a large fiery globe over a region of twenty or thirty

square miles around the town of L' Aigle, in Normandy. The fact occurred

at mid-day, and the circumstances were officially verified by a commission

of the French government.' These, and innumerable other iustances,'

fully establish the general fact ; and after vain attempts to account for it

by volcanic projection, either from the earth or the moon, the planetary

nature of these bodies seems at length to be almost generally admitted.

The heat which they possess when fallen, the igneous phaanomena which

accompany them, their explosion on arriving within the denser regions of

our atmosphere, &c., are all sufficiently accounted for on physical princi-

ples, by the condensation of the air before them in consequence of their

enormous velocity, and by the relations of air in a highly attenuated state

to heat.'

(899.) Besides stony and metallic masses, howevor, it is probable that

bodies of very different natures, or at least states of aggregation, are thus

circulating round the sun. Shooting stars, often followed by long trains

of light, and those great fiery globes, of more rare, but not vdry uncommon

occurrence, which are seen traversing the upper regions of our atmosphere,

sometimps leaving trains behind them, remaining for many minutes, some-

times bursting with a loud explosion, sometimes becoming quietly extinct,

may not unreasonably be presumed to be bodies extraneous to our planet,

•which only become visible wlion in the act of grazing the confines of our

atmosphere. Among tli .ast mentioned meteors are some which can

hardly be supposed solid masses. The remarkable meteor of Aug. 18;

1783, traversed the whole of Europe, from Shetland to Rome, with a

velocity of about "v> miles per second, at a height of 50 miles from the

surface of the earth, with a light greatly surpassing that of the full moon,

and a real diameter of fully half a mile. Yet with these vast dimensions,

it changed its form visibly, and at length quietly separated into several

distinct bodies, accompanying each other in parallel courses, and each fol-

lowed by a tail or train.

(900.) There are circumstances in the history of shooting stars, which

very strongly corroborate the idea of their extraiioous or cosmical origin,

and their circulation round the sun in definite orbits. On several occa-

sions they have been observed to appear in unusual, and, indeed, astonish

II i'

1' '^

i^if !l

' See M. Plot's report in M^m. de I'lnstitut. 1806.

* See )'. list of upwards of 200, published by Chladni, Annates du Bureau des Lon
gitudef de Trnnce, 1825.

° Ed nburgh Review, Jan. 1848, p. 195. It is very remarkable that no new chemical

pl'''!ipnt hna bpen detected in any of the numerous mcteorolites which have been sub-

jected to analysis.
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ing numbers, so as to convey the idea of a shower of rockets, or of suow-

flakcs falling, and brilliantly illuminating the whole heavens for hours

together, and that not in one locality, but over whole continents and

oceans, and even (in one instance) in both hemispheres. Now it is ex-

tremely remarkable that, whenever this groat display has been exhibited

(at least in modern times), it has uniformly happened on the night be-

tween the 12th and 13th, or on that between the 13th and 14th of No-

vember. Such cases occurred in 1799, 1823, 1832, 1833, and 1834.

On tracing back the records of simiLir phecnomena, it has been ascertained,

moreover, that more often those identical nights, but sometimes iLose

immediately adjaceni, have been, time out of mind, habitually signalized

by such exhibitions. Another annually recurring epoch, in which, tliough

far less brilliant, the display of meteors is more certain (for that of No-

vember is often interrupted for a great many years), is that of the 10th

of August, on which night, and on the 9th and 11th, numerous, large,

and bright shooting stars, with trains, are almost sure to be seen. Other

epochs of periodic recurrence, less marked than the above, have also been

to a certain extent established.

(901.) It is impossible to attribute such a recurrence of identical dates

of very remarkable phainomena to accident. Annual periodicity, irre-

spective of geographical position, refers us at once to the place ocupioJ by

the earth in its annual orbit, and loads direct to the conclusion tbut at thut

place the earth incurs a liability to /la^iicnt eucouuters or cuncurrouees

with a stream of meteors in their progres>s of circulation round liiu suu.

L6t us tost this idea by pursuing it into sonio of its couseciuoutcs. lu

the first places then, supposing the earth to plunge, in its yearly circuit,

into a uniform riiif/ of innumerable small meteor-planets, of such breadth

as would be traversed by it in one or two days j since during this small

time the motions, whether of the earth or of each individual meteor, may

bo taken as uniform and rectilinear, and those of all the latter (at the

place and time) parallel, or very nearly so, it will follow tliat the relative

motion of the meteors referred to the earth as at rest, will be also uniform,

roctiliucar, anil jiara lid. Viewed, therefore, from the centre of tbo eurtU

(or from any point in its eireumference, if wo neglect the diurnul velocity

as very snuiU compared with the annual) they will all appear to diverge

from a common point, fuaf in nlittlmi to the celestial qihtre, as if ema-

nating from a sidereal apex (Art, llu).

(002.) Now this is preciwely what actually happens. The meteors of

the 12tli—14th of November, or at least the vawt mnjorlty of them, de-

Kcribo apparently ares of groat i-ircloy, pansisig through or near y Jiconis.

No matter what the situation of that star with respect to the horizon or
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to its east and west points may be at the time of observation, the paths

of the meteors all appear to diverge from that star. On the 9 th—11th

of August the geometrical fact is the same, the apex only diifering; 13

Camelopardali being for that epoch the point of divergence. As we need

not suppose the meteoric ring coincident in its plane with the ecliptic,

and as for a ring of meteors we may substitute an elliptic annulus of any

reaaonablo excentricity, so that both the velocity and direction of each

meteor may differ to any extent from the earth's, there is nothing in the

great and obvious difference in latitude of these apiues at uU militating

against the conclusion.

(903.) If the meteors be uniformly distributed in such a ring or ellip-

tic anuulus, the earth's encounter with them in every revolution will bo

certain, if it occur once. But if the ring bo broken, if it bo a succession

of groups revolving in an ellipse in a period not identical with that of tho

earth, years may pass without a rencontre; and when such happen, they

may differ to any extent in tleir intensity of character, according a« richer

or poorer groups have been encountered.

(901.) No other plausible explanation of these highly characteristic

features (the annual periodicity, and divergence from a common apex,

ahniyri (dilccfor each respective vpucli) have been ven attempted, and ac-

cordingly tho opinion is generally gaining ground among astronomers that

shooting htiirs belong to their department of science, and great interest is

cxeiteJ in their observation and tho further development of their laws.

The most connected and .systematic scries of observations of thcni, having

for their object to trace out their relative paths with respect to the earth,

are tlKL-^e of IJt n/.enbcrg and Brandos, who, by noting tho instants and

apparent places of appearance and extinction, as well as the precise appa-

rent paths among the stars, of individual meteors, from tho extremities

of a measured base lino nearly 50,000 feet in length, were led to con-

clude that their heights at the instant of their appearance and disappear-

ance vary from 10 miles to 140, and their relative velocities from 18 to

80 miles per second, velocities so great as clearly to 'adicato an indepen-

dent planetary circulation round the sun. [A very remarkable meteor

or bolide, which appeared on tho 19th Augup^, 1847, was observed at

Dieppe iind at Paris, with sufficient precision to admit of calculation of tho

elements of its orltit in absolute space. This calculation has been per-

formed by M. Petit, director of tho observatory of Toulouse, and tho fol-

lowing lij/perliofle elements of its orbit round the nun are stated by him

(Astr. Nachr. 701) as its result; viz., Seniitnajor axis = — 0-3240083;

exeeiifrieify — HnBinn
;

perihelion distance = 0-95020
; incliiiaticm to

plane of the earth's equator, IS" *J0' lS"j ascending node on tho samo

! ii

!
i
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plane, 10" 34' 48" ; motion direct. According to this calculation, the

body would have occupied no less than 37340 years in travelling from the

distance of the nearest fixed star supposed to have a parallax of 1".]

(905.) It is by no means inconceivable that the earth approaching to

such as differ but little from it in direction and velocity, may have at-

tached many of them to it as permanent satellites, and of these there may

be some so large, and of such texture and solidity, as to shine by reflected

light, and become visible (stich, at least, as are very near the earth) for a

brief moment, suffering extinction by plunging into the earth's shadow
j

in other words undergoing total eclipse. Sir John Lubbock is of opinion

that such is the case, arid has given geometrical formulae for calculating

their distances from observations of this nature.' The observations of M.

Petit would lead us to believe in the existence of at least one such body,

revolving round the earth, as a satellite, in about 3 hours 20 minutes, and

therefore at a distance equal to 2 '513 radii of the earth from its centre,

or 6000 miles above its surface.'

> Phil. Mag. Lond. Ed. Dub. 1848, p. 80.

CoiDptus Rendus, Oct. 12, 1846, and Aug. 9, 1G47.
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PART IV.

Ih'

OP THE ACCOUNT OP TIME,

CHAPTER XVIII.

NATUBAL UNITS OF TIME.—RELATION OF THE SIDEREAL TO THE SOLAR

C ' * "VECTED BY PRECESSION.—INCOMMENSURABILITY OF THE DAY
A^l• R.— ITS INCONVENIENCE.—HOW OBVIATED.—THE JULIAN

Oi . .. ^AR.— IRREGULARITIES AT ITS FIRST INTRODUCTION.— RE-

FORMED BY AUGUSTUS.— GREGORIAN REFORMATION.— SOLAR AND
LUNAR CYCLES.— INDICTION.—JULIAN PERIOD.— TABLE OP CHRO-

NOLOGICAL ERAS.— RULES FOR CALCULATING THE DAYS ELAPbED

BETWEEN GIVEN DATES.— EQUINOCTIAL TIME.

(906.) Time, like distance, may be measured by comparison with stan-

dards of any length, and all that is requisite for ascertaining correctly the

length of any interval, is to be able to apply the standard to the interval

throughout its whole extent, without overlapping on the one hand, or

leaving unmeasured vacancies on the other; to duterniine, without the

possible error of a unit, the number of integer standards which the inter-

val admits of being interposed between it,"* beginning and end ; and to

estimate precisely the fraction, over and above an integer, which remains

when all the possible integers are subtracted.

(907.) But though all standard units of time are equally possible, the-

oretically speaking, yet all are not, practically,, equally convenient. Tbo

solar day is a natural interval which the wants and occupations of muu in

every state of society force upon him, and compel him to adopt aa his

fuudmii'Mital unit of time. Its length ns estimated from the departure

of the sun from a given meridian, and its next return to the same, is sub-

ject, it is true, to uu annual fluctuation in excess and defect of its mean

valuo. aTiinuDtinir at its muxiinum to full half a minute. Dut cxccut fnr

astrouomioul purposes, this is too small a change to interfere in the sliirht*

est degree with its use, or to attract any attention, and the tacit substitu*

" via

i

1 i I
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tron of its mean for its true (or variaMc) value may be considered as

having been made from the earliest ages, by the ignorance of mankind

that any such fluctuatioi existed. •

("08.) The time occi ieu by one complete rotation of the earth on its

axis, or the mean' sidereal day, may be shown, on dynamical principles, to

be subject to no variation fkom any external cause, and although its dura-

tion would be shortened by contraction in the dimensions of the globe

itself, SL"h as might arise from the gradual escape of its internal heat,

and consequent refrigeration and shrinking of the whole mass, yet theory,

on the one hand, has rendered it almost certain that this cause cannot have

effected any perceptible anuiant of change during the history of the human

race; and, on the other, the comparison of ancient and modern observa-

tions affords every corroboration to this conclusion. From such compari-

sons, Laplace has concluded that the sidereal day has not changed by so

much as one hundredth of a second since the time of Hipparehus. The

mean sidereal day therefore possesses in perfection the essential quality of

a stiindard unit, that of complete invariuh'dt(i/. The same is true of the

mean sidereal year, if estimated upon an average sufficiently large to com-

pensate the minute fluctuations arising from the periodical variations of tiio

major axis of the earth's orbit due to planetary perturbation (Art. G68.)

(909.) The mean solar day is an immediate derivative of the sidereal

day and year, being connected with them by tho same relation wlildi de-

termines the synodic from the sidereal revolutions of any two planets or

other revolving bodies (Art. 418.) The exact determination of the ratio

of the sidereal to the solar day, which is a point of the utmost inii)ortaueo

in astr aomy, is however, in some degree, complicated by tho eireet of

precr !on, which renders it necessary to distinguish between the absolute

tii'ij oi' tho earth's rotation on its axis, (the real natural and in\ariablo

standard of comparison,) and the menu interval between two wutces.;ivc

returns of a given star to the same meridian, or rather of a given

meridian to the same star, which not only differs by a minute (juautity

from the sidereal day, but is actually not tho same for all stars. As

this is a point to which a little difficulty of conception is apt to attach,

it will be necessary to explain it in some detail. Suppose then rt

tho pole of tho ecliptic, and P that of tho equinoctial, A B C I> tho sol-

Btitial and equinoctial coluros at any given epoch, and Vp (^ r the small

circle described by P about h iu one revolution of the equinoxes, i. c. in

25870 years, or 0448300 solar days, uU iirujected on the plane of the

'The true eidercnl dny is variulilo l>y the illnot of niunlion ; but thevaiiiiiori (an

oxcoBsivuly minute Iractiuu u' tho whulu) cuiiiiiuiisuius itanli' ni tx ruvuluiiuii ui iiie

!XSCCii B iiuiica.
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ecliptic A B C D. Lot S bo a star anywhere situated on the ecliptic, or

between it and the small circle P j r. Then if the pole P were at rest, a

meridian of the earth setting out from P S C, and revolving in the direc-

tion C I), will come again to the star after the exact lapsi of one sidereal

day, or one rotation of the earth on its axis. But P is not at rest. After

the lapse of one such day it will have come into the situation (suppose)

p, the vernal equinox B having retreated to h, ."nd the coluro P C having

taken up the new position 2^ '"• Now a conical movement impressed on

the axis of rotation of a globe already rotating is equivalent to a rotation

impressed on the whole globe round the ax's of the cone, in addition to

that which the globe has and retains round its own independent axis of

revolution. Such a new rotation, in transferring P to j>, being performed

round an axis passing through rt, will not alter the situation of that point

of the globe which has ft in its zenith. Hence it follows that jyrc c. p .ss-

ing tlirough tt will bo the position taken up by the meridian P « C after

the la))Ho of an exact sidereal day. But this does not pass through S, but

falls ,'liort of it by the hour-angle xpS, which is yet to be described

before the meridian comes up to r.he star. The meridian, then, has lost

so much on, or lagged so much behind, the star in the lapse of that in-

terval. The same is true whatever be the arc P^). After the lapse of

any number of days, the pole being transferred to ^>, the spherical angle

rt /) S will measure the total houi-angle vhich the meridian has lost on tho

star. Now where S lies any where between C and r, this angle con-

tinually incr ises (though not uniformly), attaining 180° when p comes

to /•, and still (aa will appear by following out tho movement beyond r)

increasing thence till it attains 300" when j> has completed its circuit
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Thus in a whole revolution of the equinoxes, the meridian will have lost

one exact revolution upon the star, or in 9448300 sidereal days, will have

re-attained the star only 9448299 timos : in other words, the length of the

day measured by the mean of the successive arrivals of any star outside

of the circle Pp qr on one and the same meridian is +0 the absolute time

of rotation of the earth on its axis as 9448300 : 9448299, or as 100000011

tol.

(910.) It is otherwise of a star situated xoithin this circle, as at o. For

such a star the angle ttp^., expressing the lagging of the meridian, in-

creases to a maximum for some situation of p between q and r, and

decreases again to o at r; after which it takes an opposite direction, and

th'. meridian begins to get in advance of the star, and continues to get

more and more so, till p has attained some point between s and P, where

the advance is a maximum, and thence decreases again to o when p has

completed its circuit. For any star so situated, then, the mean of all the

days so estimated through a whole period of the equinoxes is an absolute

sidereal day, as if precession had no existence.

(911.) If we compare the sun with a star situated in the ecliptic, the

sidereal year is the mean of all the intervals of its arrival at that star

throughout indefinite ages, or (without fear of sensible error) throughout

recorded history. Now, if we would calculate the synodic sidereal revo-

lution of the sun and of a meridian of the earth hy reference to a star so

situated, according to the principles of Art. 418, wo must proceed as fol-

lows : Let D be the length of the moan solar day (or synodic day in

question) d the mean sidereal revolution of the meridian with reference,

to the same star, and y the sidereal year. Then the arcs described by the

sun and the meridian in the interval D will be respectively 360° — and

360°

360°,

d
we have

y

And since the latter of these exceeds the former by precisely

360° ^ = 360° -+ 360°:
d y

whence it follows that

^^ 1 + -=100273780,
d y

taking the value of the sidereal year y as giveu in Art. 383, viz. 305* 6"

9" I* 6'. But, as we have seen, d is not the absolute sidereal day, but

exceeds it in the ratio 1-00000011 : 1. Hence to get the value of the

mean solar as expressed in absolute sidereal days, the number above set

down must be increaaeu in the same raiio, which brings it to 100273791,
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which is the ratio of the solar to the sidereal day actually ia use amosg

astronomers.

(912.) It would be well for chronology if mankind would, or could

have contented themselves wuu this one invaviable, natural, and conve-

nient standard in their reckoning of time. The ancient Egyptians did

so, and by their adoption of an historical and official year of 365 days

have afforded the only example cf a practical chronology, free from all

obscurity or complication. But the return of the seasons, on which de-

pend all the more important arrangements and business of cultivated life,

is not conformabe to such a multiple of the diurnal unit. Their return

is regulated by the tropical year, or the interval between two successive

arrivals of the sun at the vernal equinox, which, as we have seen (Art.

383), differs from the sidereal year by reason of the motion of the equi-

noctial points. Now this motion is not absolutely uniform, because the

ecliptic, upon which it is estimated, is gradually, though very slowly,

changing its situation in spaco under the disturbing influence of the planets

(Art. G40.) And thus arises a variation in the tropical year, which is de-

pendent on the place of the equinox (Art. 383.) The troj^icul year is

actually about 4-21' shorter than it was in the time of Ilipparchus. This

absence of the most essential requisite for a standard, viz. invariability,

renders it necessary, since we cannot help employing the tropical year in

our reckoning of time, to ac opt au arbitrary or artiflcial value for it, so

uciir the truth, as not to aduut of the accumulation of its error for several

centuries producing any practical mischief, and thus satisfying the ordi-

nary wants of civil life ; while, for scientific purposes, the tropical year,

so adopted, is considered only as the representative of a certain number

of integer days and a fraction—the day being, in eflSect, the only standard

employed. The case is nearly analogous to the reckoning of value by

guiucas and shillings, an artificial relation of the two coins being fixed by

law, near to, but scarcely ever exactly coincident with, the natural one,

determined by the relative market price of gold and silver, of which

either the one or the other— whichever is really the most invariable, or

the most in use with other nations,— may be as'^umed as the true theo-

retical standard of value.

(913.) The other inconvenience of the tropical year as a greater unit

is its incommensurability with the lesser. In our measure of space all

our subdivisions ».re into alicjuot parts : a yard is three feet, a mile eight

furlongs, &c. But a year is no exact number of days, nor an integer

number with any exact fraction, : s one third or one fourth, over and above

;

but the surplus is an incommensurable fraction, composed of hours,

minutes, seconds, &c., which produces the same kind of inconvenience in

I
I

II 'ii.:

i
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"^4..

in the reckoning of time that it would do in that of money, if we had

gold coins of the value of twenty-one shillings, with odd pence and far-

things, and a fraction of a farthing over. For this, however, there is no

remedy but to keep a strict register of the surplus fractions ; and, when

they amount to a whole day, cast them over into the integer account.

(914.) To do this in the simplest and most convenient manner is the

object of a well-adjusted calendar. In the Gregorian calendar, which we

follow, it is accomplished with as much simplicity and neatness as the

case admits, by carrying a little farther than is done above, the principle

of an assumed or artificial year, and adopting two such years, both con-

sisting of an exact integer numb.r of days, viz. one of 365 and the other

of 366, and laying down a simple and easily remembered rule for the

order in which these years shall succeed each other in the civil reckoning

of time, so that during the lapse of at least some thousands of years the

sum of the integer artificial, or Gregorian, years elapsed shall not differ

from the same number of real tropical years by a whole day. By this

contrivance, the equinoxes and solstices will always fall on days similarly

situated, and bearing the same name in each Gregorian year; and the

seasons will for ever correspond to the same months, instead of running

the round of the whole year, as they must do upon any other system of

reckoning, and used, in fact, to do before this was adopted as i matter of

ignorant haphazard in the Greek and Roman chronology, and of strictly

defined and superstitiously rigorous observance in the Egyptian.

(915.) The Gregorian rule is as follows :—The years are denominated

as years current (not as years elapsed) from the midnight between the

31st of December and the 1st of January immediately subsequent to the

birth of Christ, according to the chronological determination of that event

by Dionysius Exiguus. Every year whose number is not divisible by 4

without remainder, consists of 365 days j every year which is so divisible,

but is not divisible by 100, of 366; every year divisible by 100, but not

by 400, again of 365 ; and every year divisible by 400, again of 360.

For example, the year 1833 not being divisible by 4, consists of 365

days; 1836 of 366; 1800 and 1900 of 365 each ; but 2000 of 366. In

order to see how near this rule will bring us to the truth, let us see what

number of days 10000 Gregorian years will contain, beginning with the

year A. D. 1. Now, in 10000, the numbers not divisible by 4 will be % of

10000 or 7500 ; those divisible by 100, but not by 400, will in like manner

be f of 100, or 75 ; so that, in the 10000 years in question, 7575 consist

of 366, and the remaining 2425 of 365, producing in all 3652425 dayt,

which would give for an average of each year, one with another, 365''-2425.

'jB actual value of the tropical year, (art. 383) reduced into a decimalTl
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fraction, is 365-24224, so the error in the Gregorian rule on 10000 of

the present tropical years, is 2-6, or 2'' 14'' 24"' j that is to say, less than

a day in 3000 years j which is more than sufficient for all human purposes,

those of the astronomer excepted, who is in no danger of being led into

error from this cause. Even this error is avoided by extending the

wording of the Gregorian rule one step farther than its contrivers probably

thought it worth while to go, and declaring that years divisible by 4000

should consist of 365 days. This would take oflF two integer days from

the above calculated number, and 2*5 from a larger average; making the

sum of days in 100000 Gregorian years, 36524225, which diflFers only by

a single day from 100000 real tropical years, such as they exist at present.

(916.) Id the historical dating of events there is no year A. D. 0. The

J ear immediately previous to A. D. 1, is always called b. c. 1. This must

always be borne in mind in reckoning chronological and astronomical

intervals. The sum of the nominal years B. c. and A. D. must be dimin-

ished by 1. Thus, from Jan. 1, b. c. 4713, to Jan. 1, 1582, the years

elapsed are not 6295, but 6294.

(917.) A.S any distance along a high road might, though in a rather

inconvenient and roundabout way, be expressed without introducing error

by setting up a series of milestones, at intervals of unequal lengths, so

that every fourth mile, for instance, should be a yard longer than the rest,

or according to any other fixed rule ; taking care only to mark the stones

so as to leave room for no mistake, and to advertise all travellers of the

diflFerence of lengths and their order of succession j so may any interval

of time be expressed correctly by stating in what Gregorian years it begins

and ends, and whereabouts in each. For this statement coupled with the

declaratory rule, enables us to say how many integer years are to be

reckoned at 365, and how many at 366 days. The latter yefirs are called

bissextiles, or leap-years, and the surplus days thus thrown into the

reckoning are called intercalary or leap days.

(918.) If the Gregorian rule, as above statea, had always and in all

countries been known and followed, nothing would be easier than to reckon

the number of days elapsed between the present time, and any historical

recorded event. But this is not the case ; and the history of the calendar,

with reference to chronology, or to the calculation of ancient observations,

may be compared to that of a clock, going regularly when left to itself,

but sometimes forgotten to be wound up; and when wound, sometimes

set forward, sometimes backward, either to serve particular purposes and

private interests, or to rectify blunders in setting. Such, at least, appears

to have been the case with the Roman caleuuar, In which our own origi-

nates, from the time of Numa to that of Julius Caesar, when the lunar

34
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year of 13 months, or 355 days, was augmented at pleasure to correspond

to the solar, by which the seasons are determined, by the arbitrary inter-

calations of the priests, and the usurpations of the decemvirs and other

magistrates, till the confusion became inextricable. To Julius Caesar,

assisted by Sosigenes, an eminent Alexandrian astronomer and mathema-

tician, we owe the neat contrivance of the two years of 365 and 866 days,

and the insertion of one bissextile after three common years. This im-

portant change took place in the 45th year before Christ, which he ordered

to commence on the 1st of January, being the day of the new moon im-

mediateli/ following the win/' r solstice of the year before. We may judge

of the state into which the reckoning of time had fallen, by the fact, that

to introduce the new system it was necessary to enact that the previous

year, 46 B. c, should consist of 44o days, a circumstance which obtained

for it the epithet of " the year of confusion."

(919.) Had Caesar lived to carry out into practical effect, as Chief

Pontiff, his own reformation, an inconvenience would have been avoided,

which at the very outset threw the whole matter into confusion. The

words of his edict establishing the Julian system have not been handed

down to us, but it is probable that they contained some expression equi-

valent to " every fourth year," which the priests misinterpreting after his

death to mean (according to the sacerdotal system of numeration) as

counting the leap year newly elapsed as No. 1 of the four, intercalated

every third instead of every fourth year. This erroneous practice con-

tinued during 36 years, in which therefore 12 instead of 9 days were

intercalated, and an error of three days produced ; to rectify which, Au-

gustus ordered the suspension of all intercalation during three complete

quadrtennia.,— thus restoring, as may be presumed his intention to have

been, the Julian dates for the future, and re-establishing the Julian

system, which was never afterwards vitiated by any error, till the epoch
' when its own inherent defects gave occasion to the Gregorian reformation.

According to the Augustan reform, the years A. u. o. 761, 765, 709, &c.,

which we now call A. D. 8, 12, 16, &c., are leap years. And starting

from this as a c^ertain fact, (for the statements of the transaction by clas-

sical authors are not so precise as to leave absolutely no doubt as to the

previous intermediate years,) astronomers .and chronologists have agreed

to reckon backw ards in unbroken succession on this principle, and thus to

carry the Julian chronology into past time, as if it had never suffered

Buch interruption, and as if it were certain (which it is not, though we con-

ceive the balance of probabilities to incline that way') that Caesar, by way

' With Scaliger, Kdeler, and all the best authorities. Yet it has been argued that

Caesar would natura !ly begin iiia first quadriennium with three ordinary years, defer-
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of securing the intAj-calation as a matter of precedent, made his initial

year 45 b, o. a leap year. Whenever, therefore, in the relation of any

event, either in ancient history or in modem, previous to the change of

style, the time is specified in our modern nomenclature, it is always to be

understood as having been identified with the assigned date by threading

the mazes (often very tangled and obscure ones) of special and national

chronology, and referring the day of its occurrence to its place in the

Julian system so interpreted.

(920.) Different nations in different ages of the world have of course

reckoned their time in different ways, and from different epochs, and it is

therefore a matter of great convenience that astronomers and chronologists

(as they have agreed on the uniform adoption of the Julian sj tern of

years and months) should also agree on an epoch antecedent to them all,

to which, as to a fixed point in time, the whole list of chronological eras

can be differentially referred. Such an epoch is the noon of the 1st of

January, b. c. 4713, which is called the epoch of the Julian period, a cycle

of 7980 Julian years, to understand the origin of which we must explain

that of three subordinate cycles, from whose combination it takes its rise,

by the multiplication together of the numbers of years severally contained

in them, viz. :—the Solar and Lunar cycles, and that of the indictions.

(921.) The Solar cycle consists of 28 Julian jears, after the lapse of

which the same days of the week on the Julian bystem would always

return to the same days of each month throughout the year. For four

such years consisting of 1461 days, which is not a multiple of 7, it is

evident that the least number of years which will fulfil this condition

must be seven times that interval, or 28 years. The place in this cycle

for any year A. D., as 1849, is found by adding 9 to the year, and divi-

ding by 28. The remainder is the number souj^ht, being counted as 28.

(922.) The Lunar cycle consists of 19 years or 235 lunations, which

differ from 19 Julian years of 365J days only by about an hour and a

half, so that, supposing the new moon to happen on the first of January,

in the first year of the cycle, it will happen on that day (or within a very

short time of its beginning or ending) again after a lapse of 19 years, and

almost certainly on that day, and within an hour and a half of the same

hour of the day, after the lapse of four such cycles, or 76 years ; and all

the new moons in the interval will run on the same days of the month as

in the preceding cycle. This period of 19 years is sometimes called the*

Metonic cycle, from its discoverer Meton, an Athenian mathematician, a

ring the rectification of their accumulated error to the fourth, by inserting there the

intercalary day. For the eorreciior. of Roman dates during the fifty-two years between

the Julian and Augustan reformations, see Ideler, " Handbuch der Mathematischen

und Techiiischen Clironologie," which we take for our guide throughout this chapte;
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discovery duly appreciated by his countrymen, as ensuring the correspon-

dence between the lunar and solar years, the former of which was followed

by the Greeks. Public honours were decreed to him for this discovery,

a circumstance very expressive of the annoyance which a lunar year of

necessity inflicts on a civilized people, to whom a regular and simple

calendar is one of the first necessities of life. The cycle of 76 years, a

great improvement on the Metonic cycle, was first proposed by Callippus,

and is therefore called the Callippic cycle. To find the place of a given

year in the lunar cycle, (or as it is called t Golden Number,) add 1 to

the number of the year A. D., and divide by 19, the remainder (or 19 if

exactly divisible) is the Golden Number.

(923.) The cycle of the indictions is a period of 15 years used in the

courts of law and in the fiscal organization of the Roman empire, under

Constantino and bis successors, and thence introduced into legal dates, as

the Golden Number, serving to determine Easter, was in to ecclesiastical

ones. To find the place of a year in the indiction cycle, add 3 and divide

by 15. The remainder (or 15 if remain) is the number of the indic-

tional year.

(924.) If we multiply together the numbers 28, 19, and 15, we get

7980, and therefore, a period or cycle of 7980 years will bring round the

years of the three cycles again in the same order, so that each year shall

hold the same place in all the three cycles as the corresponding year in

the foregoing period. As none of the three numbers in question have any

common factor, it is evident that no two years in the same compound

period can agree in all the three particulars : so that to specify the numbers

of a year in each of these cycles is, in fact, to specify the year, if within

that long period; which embraces the entire of authentic chronology.

The period thus arising of 7980 Julian years, is called the Julian period,

and it has been found so useful, that the most competent authorities have

not hesitated to declare that, through its employment, light and order

were first introduced into chronology.' We owe its invention or revival

to Joseph Scaliger, who is said to have received it from the Greeks of Con-

stantinople. The first year of the current Julian period, or that of which

the number in each of the three subordinate cycles is 1, was the year 471B

B. C, and the noon of the 1st of January of that year, for the nioridian

of Alexandria, is the chronological epoch, to which all historical eras are

most readily and intelligibly referred, by computing the number of integer

days iqtervening between that epoch and the noon (for Alexandria) of the

day, which is reckoned to be the first of the particular era in question.

The meridian of Alexandria is chosen as that to which Ptolemy refers the

coibmeacement of the era of Nabonassar, the basis of all his calculations.

' Ideler, Handbuch, &.c., vol. 1, p. 77.
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(925.) Given the year of the Julian period, those of the subordinate

cycles are easily determined as above. Conversely, given the years of the

solar and lunar cycles, and of the indiction, to determine the year of the

Julian period proceed as follows :— Multiply the number of the year in

the solar cycle by 4845, in the lunar by 4200, and in the Cycle of the

Indictions by 6916, divide the sum of the products by 7980, and the

remainder is the year of the Julian period sought.

(926.) The following table contains these intervals for some of the more

important historical eras :
—

Intervals in Days between the Commencement of the Julian Pei-iod, and

that of some other remarkable chronoloyical and astronomical Eras.

1

Names by which the Era is usually cited.

First day
current of
the era.

Chronolog'l
deniguatinn
of the year.

Current year
of the Ju-

lian I'eriod.

l<.'.i.erTaI

days.

Julian Epochs,
Julian period

Julian. Dates.

Jan. 1.

(Jan. 1.)

Feb. 18.

(Jan. 1.)

Oct. 1.

July 12.

(May 1.)

July 1.

April 22.

Feb. 26,

July 15.

June 28.

Nov. 12.

Oct. 1.

Sept. 1.

Jan. 1.

Jan. 1.

Jan. 1.

Aug. 29.

Jan. 1.

Aug. 29.

July 15.

June Ifi,

March 14.

Oct. 4.

Sept. 2.

Gregorian
Dates.

Oct. 15.

Sept. 14.

Jan. 1.

Jan. 1.

Jan. 1.

B.C.m3
4U04

3102
2348
2015
1184
1015

776

753
747
432
330
324
312
49
/(5

Hi

Z't

30
A.D. 1

284

622
632

1079

1582
1752

1582
1752

1801

1830

1850

1

710

1612
2366
2699
3530
3699

3938

3961
3967
4282
4384
4390
4402
4665
4669
4676
4684
4684
4714
4997

5335
5345
5792

6295
6465

6295
6465

6514

\to-±o

6563

t. .. ,963

588,466
863,817
985,718

1,289,160

1,350,815

1,438,171

1,446,502

1,448,638

1,563,831

1,599,608

1,603,398

1,607,739

1,703,770

1,704,987

1,707,544

1,710,466

1,710,706

1,721,424

1,825,030

1,948,4.39

1.952,063

2,115,285

2,299,160

2,361,221

2,299,161

2,361,222

2,378,862

2,389,454

2,396,759

Creation of tiie world fUsher)
Era of the Deluge (Aboulhassua Kus-

chiar) , .•••..*

Ditto Vulvar ComDutation
Era of Abraham (Sir II. Niciiolas) ....

Destruction of Troy, (ditto)

Dedication of Solomon's Temple
Olympiads (moan epoch in general

use)

Building of Home (Varronian epoch,
u. c.)

Era of NabonasRar
Metonic cycle (Astronomical epoch)...

GalliDDic cvelo. do. MJiot^

Philippic era, or era of Philip Ariducus
Era of the Seleucidffi

GflQsarcan era of Antiooh
Julian reformation of the Calendar...

Spanish era

Actian era in Rome
Actian era of Alexandria
Vulgar or Dionysian era

Era of Diocletian

Hejira (astronomical epoch, new
moon)

Era of Yezdeirird

Gelnlioan era fSir H. Nichnlas) ,

Last day of Old Style (Catholic na-
tions)

Last day of Old Style in England)....

Gregorian Epochs,
New Style in Catholic nations

Ditto in England
Commencement of the 19th century,

epoch of Bodo's catalogue of stars..

Epoch of the catalogue of stars of the
R. Astronomical Society...

Epoch of the catalogue of the British

Association

;

I
1

1

I Mil
II

li. i

m !
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N. B. Tbo olvil opoohs of tho Motonio oyolo, and the Ilojira, aro oaoh ono day Inter

thiin the aatronnmiciil, tlio latter being thu opoohi of tho abHoluto ticio moout, tliu I'onnur

those of tho earliest possiblo viHibility of tho lunar crescent in n tropical «ky. M. Hiot

haH Hbown that the lolHtioo and new moon not only ooineidod on tho day here set down

aa tho oommonoemont of tho Callippio oyolo, but that, by a happy colucidonce, a Imyn

poBHibilityoxiated of seeing the orOHoont uioon at AthenB t«i(/iiH that day, rvokoneil from

mitliiii/ht to midiiii/hl.

(027.) Tho determination of tho exact interval between any two given

dates is a matter of euch importance, and, unless methodically performed.

ia so very liable to error, that the following rules will not bo found out of

place. In tho first place it must bo remarked, generally, that a date,

whether of a day or year, always expresses the day or year current and nor.

t((ij)ml, and that tho designation of a year by A. l). or n. o. is to bo re-

garded as the unine of that yenr, and not a» a mere nitmher uniiUerriijX-

edii/ deslynat in(j the place of the year iu the »cah of time. Thus, in

tho date, Jan. 5, Ti. c. 1, Jan. ft docs not mean that 5 days of January in

the year in (juestion have elapsed, but that 4 have elapsed, and the 5th is

current. And the li. c. 1, indicates that the J}rut day of tho year so

named, (tho first year current before Christ,) preceded tho first day of Ihn

vulgar era by ono year. Tho scale of A. i). and u. 0. is not continuous,

tho year in both being wanting; so that (supposing tho vulgar reckon-

ing correct) our Saviour was born in tho year u. 0. 1.

(028.) To find the year current of the Julian j)criodf (j. P.) corre-

»pondin>j to any yivcn year current H. C. or A. I). If B. 0., subtract the

ijumbcr of tho year from 471-t : if A. D., add iUi number to 4713. For

example, seo tho f<)regoing table.

(020.) To find the day current of the Julian period corrcspondinij to

any ijivcn date, Old Style. Convert tho year u. 0. or A. n. into tho cor-

responding year j. v. as above. Subtract 1 and divide tho number so

diminished by 4, and call Q tho integer quotient, and R tho remainder.

Then will Q bo tho number of entire quadrinrnia of 1461 days each, and

K the rcsidiuil year;;, the first of which in always a leap-year. Convert

Q into days by the help of tho first of tho annexed tabloi', and 11 by the

eoeond, and tho sum will bo tho interval between tho Julian epoch, and

tho commencement, Jan. 1, of tiu) year. Then find tho days interveniii|j

between tho beginning of Jan. 1, and that of tho date-day by the tiiinl

table, using tho column for a leap-year, where U = 0, and that for a com-

inon year when II is 1, 2, or H. Add tho days so found to those in

Q -f R, and tiic sum will bo tho days elapsed of tho Juliau period, the

number of which incroasod by 1 gives tho day current.
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Taui,r I. MultipluH of 1401, the days in a
Taiu,k 2. DiiyM in

RuNidiinl yonri.

U

1

2
3

1

1

2

3

1401

21)22

4383

4

6

6

6844
7305
8700

7

8

g

102'.!7

11088
I3I4U

800
731

101)6

Tadlk 3. Days elapsed from Jan. 1 to the liit of each Month.

In Konm.
nion yuiir.

In n leap
1

yiiiir.

In a mm-
moil yuur.

In A lunp
yuur.

Jiin. 1

31
69
UO

120
161

U

31
00

Ul
121
152

July 1 181

212

243
273
804
334

182

213
244
274
305
836

Il'ul). 1 Auif. 1

March I Sept. 1

April I Oct. I

May 1 Nov. 1

Juno 1 l)«c I

ExAMi'iiK.—What 18 tlic current duy of the Julian period corrcspoad*

ing to the lust day of 01^ Stylo in England, on Sept. 2, A. D. 1752 ?

I7r)2 1000 1,401,000

4713 600 876,f)00

G4(i5 year current. 10 14,(110

1 6 8,760

4)U4()4 yuaru elapsed. R«0
Q-lGKi^
R- OS

Jan. 1 to R?pt. 1, 344

Sept. 1 to Hepi. 2, 1

'2,36!,2'^1 r'.ayg elapied.

Current day the 2,301,222 ''.

(0.30.) To find tlio panie for nny given date, New Style. Proceed aa

above, conHidering tlio date as a Julian date, and disrogardiiig the change

of Btylo. Then, from the resulting days, subtract as follows :

—

For nny dnln of Npw Slyir, nnlorndrnt to March 1, a. p. 1700... 10 dnyi.

After Fell. 2H, 17(K), and before March 1 , a. n. IWM) 11 days.

" 1H(M)
" "

19(K) 12 duyn.

•« 1<J00
" " SlOO 13 days, (Stc.

(OJJl.) Titjind Old interval hrhrcm ant/ two dafrs, v^hrthrr nf Old or

New Sfi//r, or one. of one, and one of ffir otlur, l''ind tlio day current

of the .liilian poriod corrcHponding to eiieh diitc, and their difference if

the iiitcrvjil recjuired. If the dates contain hours, tninutcH, and seconds,

they must be atinexcd to their reHpeetive days current, and the subtraction

performed us usual.

(OlVi.) The Julian rule inndo every f(mr<h year, without exeeptinn, h

luuunvtili) TIliu in in fiict iin nvor-itiirrix,.* j<>n • if ui,»>»)j>oncj tUn ]<.,.j>tl< /vf
"• •* " •

I
*•* "'*' "I ' ? I I 15

the tropical year to be 805
J

""j which is too great, and thereby induces ftu

>
'

t 11 Si

'

. ,1

I
^

! I

'Mku
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error of 7 days in 908 years, as will easily appear on trial. Accordingly,

m early as the year 1414, it begun to bo perceived that the cquinoxoa

were gradually creeping away from the 21st of March and September,

where they ought to have always fallen had the Julian year been exact,

and happening (as it appeared) too early. Tho necessity of a fresh and

effectual reform in tho calendar was from that time continuully urged, and

at length admitted. Tho change (which took place under tlio popedom

of Gregory XIII.) consisted in tho omission of ten' nominal days after

the 4th of October, 1582, (so that the next day was called tho 15th, and

not the 5th,) and the promulgation of tho rule already explained for future

regulation. Tho change was adopted immediately in all Catholic coun-

tries; but more slowly in Protestant. In England, "tho change of style,"

as i* was called, took place after tho 2d of September, 1752, eleven no-

minal days being then struck out j so that, the last day of Old Stylo being

the 2d, tho first of New Style (the next day) was called the 14th, instead

of tho 3d. The same legislative enactment which established the Gre-

gorian year in England in 1752, shortened tho preceding year, 1751, by

a full (puirter. Previous to that time, the year was held to begin with

the 25th March, and the year A. l). 1751 did so accordingly ; but that

year was not suffered to run out, but was supplanted on the Ist of .January

by tho year 1752, which it was enacted should commence on that day, as

well as every subse(iuent year. Russia is now tho only country in

Europe in which the Old Stylo is still adhered to, tind (another Mocular

year having elapsed) the difference between tho Europeau and Uussiun

dates amounts, at present, to 12 days.

(933.) It is fortunate for astronomy that tho confusion of dates, and

the irreconcilable eontradetions which historical statements too often ex-

hibit, when confronted with tho best knowledge we possess of the ancient

reckonings of time, affect recorded observations but little. An astrono-

mical observation, of any striking and well-marked phiunonionon, carries

with it, in most eases, abundant means of recovering its exact date, when

any tolerablo pproxinuUion is afforded to it by chronological records;

and, 80 far from being abjectly dependent on the obscure and oflcu con-

tradictory dates, which the comparison of ancient authorities indicates, is

often itself tho surest and most convincing evidence on which a clirono-

logieal epoch can bo brought to rest. Remarkable eclipses, for instance,

now that the lunar theory is thoroughly understood, can be calculated

back for several thousands of years, without tho possibility of mi.staking

the day of their occurrence. And, whenever any such eclipse is so inter-

* Sao note at the end nt thii chapter, p. 540.
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woven with the account given by an ancient author of some historical

event, aa to indicate precisely the interval of time between tlie eclipse and

the event, and at the same time completely to identify the eclipse, that

date is recovered and fixed for ever.'

(984.) The days thus parcelled out into years, the next step to a per-

fect knowledge of time is to secure the identification of each day, by im-

posing on it a name universally known and employed. Since, however,

the days of a whole year are too numerous to admit of loading the

memory with distinct names for each, all nations have felt tiiu ncccHsity

of breaking them down into parcels of a more moderate extent; giving

names to each of these parcels, and particularizing the days in each by

Dumbens, or by some special indication. The lunar month Las been re-

sorted to in many instances; and some nations have, in fact, preferred a

lunar to a solar chronology altogether, as the Turks and Jew.s cDntinue to

do to this day, making the year consist of 12 lunar months, or libi days.

Our own division into twelve unequal months is entirely arbitrary, and

often productive of confusion, owing to the equivoque between the lunar

and calendar month ' The intercalary day naturally attaches itself to

February as the shortest.

(935.) Astronomical time reckons from the noon of the current day,

civil from the preceding midnight, so that the two dates coincide only

during the earlier half of the astronomical, and the later of the civil day.

This is an inconvenience which might be remedied by Hhifting the a.stro-

nomical epoch to coincidence with the civil. There is, however, another

inconvenience, and a very serious one, to which both are liable, inherent

in the nature of the day itself, which is a local pliajnr)menon, and com-

mences at different instants of absolute time, under different meridians,

whether wo reckon from noon, midnight, sunrise, or sunset. In conse-

quence all astronomical observations require, in addition to their date, to

render them comparable with each other, the longitude of the place of

observation fron? some meridian, commonly respected by all astronomers.

For geographical longitudes, the Isle of Ferroo has been chosen by some

as a common meridian, indifTorent (and on that very account offensive) to

all nations. Were astronomers to follow such an example, they would

probably fix upon Alexandria, as that to which Ptolemy's observations

r

iHii

>
I

' See the remnrkablo cnlciilBtions of Mr. Baily relative to tho ccleltratfJ solar oolipio

which pill an und to thf hiiitio between the kin^^s of Media and Lydia, h. c. CIO,

Hepi. m Fhil. TronR. ci. 'iiO.

' " A month in law is n liiiinr month or twenty-eight days, (! !) uidess otherwise »»»

pfoiRed.''

—

Riackitone, li, chap. 9. "A Iuoro for twclvo montlu is only fur forty-eight

weeks."

—

Ibid,
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and computations were reduced, and as claiming on that account the ro-

epcct of all while offending the national egotism of none. But even this

will not meet the whole difficulty. It will still remain doubtful, on a

meridian 180° remote from that of Alexandria, what day is intended by

any given date. Do what we will, when it is the Monday, the Ist of

January, 1849, ia one part of the world, it will be Sunday, the Slst of

December, 1848, in another, so long as time is reckoned by local hours.

This equivoque, and the necessity of specifying tI\o geographicvl locality

as an element of the date, can only be got over by a reckoning of time

which refers itself to some event, real or imaginary-, common to all the

globe. Such an event is the passage of the sun through the vernal

equinox, or rather the passage of an imaginary sun, supposed to move

with perfect equality, through a vernal equinox supposed free from the

inequalities of nutation, and receding upon the ecliptic with perfect uni-

formity. The actual equinox is variable, not only by the eflFect of nuta-

tion, but by that of the inequality of precession, resulting from the change

in the plane of the ecliptic due to planetary perturbation. Both varia-

uons are, however, periodical j the one in the short period of 19 years,

the other in a period of enormous length, hitherto uncalculated, and

whose maximum of fluctuation is also unknown. This would appear, at

first sight, to render impracticable the attempt to obtain from the sun's

motion any rigorously uniform measure of time. A little consideration,

however, will satisfy us that such is not the case. The solar tables, by

which the apparent place of the sun in the heavens is represented with

almost absolute precision from the earliest ages to the present time, arc

constructed upon the supposition that a certain angle, which is called '' the

sun's mean longitude," (and which is, in effect, the sum of the mean side-

real motion of the sun, plus the mean sidereal motion of the equinox in

the opposite oirection, as near as it can In oJitaincd from the accumu-

lated aliservations of twenty-five centuries,) increases with rigorous uni-

forniity as tin*-; advances. The conversion of this mean longitude into

time it the rate of 360° to the mean tropical year, (such as the fables

assume it,) will therefore give us both the unit of time, and the uniform

measll'^' of its lapse which wo seek, ^t will also furnish us with an epoch,

not indeed marked by any real event, but not on that account the loss

positively fixed, being connected, through the medium of the tables, with

every single observation of the sun on which they have been constructed

and with which compared.

(930.) Such is the simplest abstract conception of e(|uinoctial time. It

ia the mean longitude of the sun o{ soinc one approved set nf solar tiblcs,

cyavuiiod into iimo at the rate of 300° to the tropical year. Its unit ia
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the mean tropical year which those tables assume and no other, and itf

epoch is the mean vernal equinox of these tables for the current year, or

the instant when the mean longitude of the tables is rigcrously 0, accord-

ing to the assumed mean motion of the sun and equinox, the assumed

epoch «)f n'.ean longitude, and the assumed equinoctial point on which the

tables have been computed, and no other. To give complete effect to this

idea, it only remains to specify the particular tables fixed upon for the

purpose, which ought to be of j^reat and ndmitted excellence, since, once

decided on, the very essence of the conception is that no subsequent altera-

tion ill ai\ij respect should he made, even when the continual progress of

astronomical science shall have shown any one or all of the elements con-

cerned to he in some minute dvfjree erroneous (as necessarily they must,)

and shall have even a .ccrtained the correctimis they require (to be them-

selves again corrected, when another step in refinement shall have been

made.)

(937.) Delambre's solar tables (in 1828) when this mode of reckoning

time was first introduced, appeared entitled to this distinction. According

to these tables, the sun's mean longitude was 0°, or the mean vernal ocjui-

nox occurred, in the year 1828, on the 22d of March at 1" 2™ 59" 05

mean time at Greenwich, and therefore at l"" 12" 20*'55 mcr.i time at

Paris, or l*" 50" 34'-55 mean time at Berlin, at which instant, therefore,

the equinoctial time was 0* O** 0" O'-OO, being the commencement of the

1828th year current of equinoctial time, if we choose to date from the

mean tabular equinox, nearest to the vulgar era, or of the 0541 st year of

the Julian period, if we prefer that of the first year of that period.

(938.) Equinoctial time then dates from the ncan vernal equinox of

Delambre's solar tables, and its unit is tlic mean tropical y.ar of these

tables (3G5''-242264.) tlence, having the fractional part "f a day ex-

pressing the difference between the mean local time at any }>i ice (Huppo.so

Orccnwich) v>n any oui: by between two consecutive mean vernal e(|ui-

noxcH, that difference will be the same for every other day in the same

interval. Thus, between the mean equinoxes of 1828 and 182!», the

difference between equinoctial an I Hreenwich time is 0'''950201 or O""

22'' 57" 0'05, which expresses the equinoctial da^ hour, minute, and

second, corresponding <o mean noon at Greenwich uti March 23, 1S2^,

and for the noonn of the 24th, 25th, &c., Wv- have on'y to substitute Id,

2'', ivi., for O"*, retaining flic same decimals of a il.iy, or the same hours,

minutes, &c., up to and including March 22, 1829. Between (Jrccnwieh

noon of the 22d and 23d of March, 1829, the lS28;h equinoctial year

terminnt^^H, and tho 1829th commences. This linppons at r»"'2Hn003. or

at G" 51" 50*GG Greenwich m«!an time, after which hour, and until the

' nil

li

I i: nil
r III

,\'\
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TjJit noon, the Greenwich hour added to equinoctial Vvno SGV^056261

will amount to rnoro than 365'242264, a complete yoar^ Tvhich ha« then -

fore to be subtract:d to get the equinoctial date \a t!i 3 aext yt ar, cor-

responding to the Gi .enwich time. For example, at 12''
'J'-'-' 0* Gieenw' !t

mean time, ov 0*'50(>000, the equinoctial time vi'l he SGi-to . J61

0-500000=865-4562!U, which being greater than 365-2422o4, showa

that the equinoctial year current bus changt d, and he latter number

being subtracted, we get 0*'2139V'' for the equinoctial time of the

1829th year current porrt-^ponding to March 22, 12'' Greenwich noan

time.

(939.) Having, therefore:, l^^he fractional pnrt oV a day for an* '^ne ye^r

expressing the '(|uinoctial hour, &c., at the meah noon of snygivj place,

thaf } »r siicceedng years will be had bj subtracting 0*'2i2264, and its

mui .f;l! a, lrr)m tnch fr,» it?onal part (increased if necessary by unity,) and

for preoedir>', veins 1} adding them. Thus, having found 0*198525 for

the fractu " > part for 1827, we find for the fractional parts for succeeding

je;irs rip t) 1853 as follows':

—

•110981

•868717
•626463

•384189

•141925

•899661

1828 •9.-)62«l 183:< •260413 1842 •564oC..j 1848
1829 713997 1836 •018149 1843 •322.M 1 1849
1830 •471733 1837 •775885 1844 •0800.17 1850
1831 •229469 1838 •533621 1846 •837773 1851
1832 •987205 1839 •291357 1846 •595509

; 1852
1833 •744941 1840 •049093 1847 •353245

1
1853

1834 •5U2677 1841 •806829 \

' Those numbers differ from those in the Nautical Almanack, and would require to

be substituted for thein, to cnrry out the idea of equinociial time as above laid down.

In the years 1828-1833, the late eminent editor of that work used an equinox slightly

dift'ering from tiiat of Delamlire, which accounts for the difference in those years. In

1834, it would uppear thai a drviitioii both from the principle of the text and from the

previous practice of that epli .meris took place, in deriving the fraction for 1834 from

that for 1833, which has been ever since perpetuated. It consisted in rejecting the

mean longitude of Delambre's tables, and adopting Bessel's correctio"
'

" t.t element.

The ei'iCct of thia alteration was to insert 3°" 3"'68 ofpurely imaginai , ti,re, between

the end of the equinoctial year 1833 and the beginning of 1834, or, in other words, to

make the interval between the noons of March 22 and t3, 1834, 24'' 3"" 3i'68, whf n

reckoned by equinoctial time. In 1835, and in all subsequent years, a further depar-

ture from the principle of the text took place by substituting Bessel's tropical year of

365'2422175, for Delambre's. Thus the whole subject has fallen into confusion.

[Note on Art. 932.

The reformation of Gregory was, after all, incomplete. Inri 1 ! : f 10 days he ought

to have omitted 12. The interval from Jan. 1, a. d. 1, to Jp s.n. 1582, reckoned

as Julian years, is 577400 days, and ns tropical, .')77448, wit

C'Ol, the difft^rence being 12 days, whose omission would hi

'.ulian epoch. F. "Jregory assumed for his fixed t/'...

but one later by i. /ears, viz. Jan. 1, a.d. 325, th -.

assuming whicl.,

number, 10 daysO

ror not exceeding

ipletely restored the

urture, not that ijioch,

the Council of Nice;

-.flferonce of the two reckonings . ^'^;7, or, to the nearest whole
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Note.—The elements of the orbits of Mercury, Venus, the Earth, Mars, Jupiter,

Saturn, and Uranua, are those given by the late F. Baily, Esq., in his " Astronomical

Tables and Formulae," and are the same with those which form the basis of Delam-

hre's tables, embodying the formula of Laplace. The elements of Uranus and Nep-

tune can only be regarded as provisional; those of the former requiring considerable

corrections, necessitated by the discovery of Neptune, but which, not being yet finally

ascertained, by reason of the uncertainty still attending on the mass and elements of

the latter planet, it was thought better to leave the old elements untouched than to give

an imperfect rectification of them. The masses of the planets are those most recently

adopted by Encke (Ast. Nachr. No. 443), on mature consirleration of all the autho-

rises, that of Neptune excepted, which is Prof. Pierce's determination from Bond's

and Lassell's observation of the satellite discovert 1 by the latter. The densities are

Hansen's (A. N. 443.)

The elements of Vesta, Juno, Ceres, and Pallas, are the osculating elements for

1850, computed by Eiicke (A. N. 636.) [Those of Flora are from the computations

of Brunnow (A. N. 645); of Victoria, Villarreaux (A. N. 741); of Iris, Schubers

V A. N. 730) ; of Metis, Wol|-ers (A. N. 761 of Hebe, Luther (A. N. 721) ; of Par-

thenope, Galen (A. N. 757); of Astreea, D'.vrrest (A. N. 626); of Egeria, D'Arresi

(A. N. 749); of Irene, Vogel and Riimker (A. N. 765): and of Hygeia, Santini (A.

N. -, )2.)

Of these last-mentioned small planets, Hygeia, Parthenope, and Egeria were dis-

covered by Dr. Gasparis, at Naples, on April 12, 1849, May 11 and Nov. 2, 1850,

respectively ; Iris, F'lora, Victoria, and Irene, by Mr. Hind, on Aug. 13 and Oct. 18,

1847, Sept. 13, 18.')0, and May 19, 1851, respectively. The elements of the recently-
' -covered small planets .nay undergo material corrections from further observation.

Ii\ 'e has a blut- liour and a faint nebulous envelope. The orbits of Astraea and

Ry 'a approarh .u one point (their common node) within 0"006 of the radius of the

eariii's orbit, li v-ill not be long before the planets themselves come within that prox-

imity \r. each other (A. N. 752.) Victoria and Astraea are subject to variations of

briglii. , which indicate rotations on their axes, and dark spots (A. N. 760.) D' Arrest

(A. N. 752) remarks that a relation subsists between the excentricities of the orbits of

the small plann nd the inclinations of the planes in which they lie to the sun's

equator, the nior vcentric orbits being the more inclined. While these sheets pass

through the press, another, yet unnamed, is announced by M. de Gasparis.]

III.

Synoptic Table of the Elements op the Orbits of the Satel-
lites, so FAR AS THEY ARE KNOWN.

1. The Moon.
Mean distance from earth 59'-96435000

Mean sidereal revolution 27''-321(;r)14 18

Mean synodical ditto 29^-5305t^8ri5

E.\centricity of orbit 0-0.54844200

Mean revolution of nodes 6793''-39I080

Mean revolution of apogee 3232''"575343

Mean longitude of node at epoch 13° 53' 17"7
Mean longitude of perigee at do 266 10 7 '5

Mean inchnation of orbit 5 8 47 "9

Mean longitude of moon at epoch 118 17 8 '3

Mass, that of earth being 1 011399
Diameter in miles .21 53

Density, that of the earth being 1 , 0-5657

• The distances are expres.sed in equaiorial radii of ibp primaries. The epoch is Jan. 1

,

1801, unless otherwise expressed. The periods, Slc are expressed in mean solar days.
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INDEX.

N. B. The references are to the articles, not to the pages.

... attached to a reference number indicates that the rcfercnco extends to the article cited, and
Mverol subsequent in succesdion.

A.

Aberration of light explaincfl, o29. Its

uranogrnpliical eflects, 3;!;i. Of an
object ill motion, 335. How distin-

gtiished from parallax, 805. System-
atic, 802.

Aboul We/a, 705.

Acceleration, secular, of moon's mean
motion, 740.

Adams, 606. 7G7.

Adjustment, errors of, in instruments,

130. Of particular instruments. (.Stc

those instruments.)

JEina, portion of earth visible from, 32.

Heif^lit of, 32. note.

Air, rarefaction of, 33. Law of density,

37. llcfractivo power att'ected by
moisture, 41.

Airij, G. Ji. Ksq., his results respecting

figure of the enrtli, 220. Researches
on perturbations of the earCii. by Ve-
nus, 72t). Kectification of the muss
of .lupiter, 757.

Afffo!, 821.

Allitudr mill nziniuth instrument, 187.

—s. Ki|ual, method of, 188.

Andrtiiiudii, neb\ilii in, 874.

Aiiglf of position, 204. Of situation, 311.

Amj/i's, measurement of, 103. 107. Hour,
107.

Annular velocity, law of, variation of,

850,

An'imallslic year, 884.

Anomalji of a jilanet, 499.

Annular iicliulu', 875.

Afer of ulicrratidU, 343. Of parallax,

313. OfretViiction, 313. Solar, 854.

Of shooting' stars, 902. 904.

Aphelion, 3'')H.

Apxjce of moon, 400. Period of its re-

volution, 087.

Apti'li's, 4110. Motion of iiivestijiufed,

67'i. .Applicatidn to lunar, )'>70 ...

Motion of, illustrated by experiment,

692. Of planetary orbits, 694. Li-

bration of, 694. Motion in orbits

very near to circles, 696. In exoen-
tric orbits, 097...

Areas, Kepler's law of, 490.

Argelandcr, his researches on variable

stars, 820..., on sun's proper motion,

854.

Argo, ncbulio in, 887. Irregular star i;

in constellation, 830.

Ascension, right, 108. {See Right ascen-

sion.

>

Aateroids, their existence suspected pre-

vious to their discovery, 605, Ap-
pearance in telescojios, 625. Gravity
on surface of, 525. Elements, Appen-
dix, Synoptic Table.

Astrwa, discovery of, 605.

Astromder, 783, 784.

Astronomy, Etymology, 11. General
notions, 11,

Almn.yt/iere, constitution of, 33... Possi-

ble limit of, 30. Its waves, 37. Strata,

37. Causes refraction, 38. Twi-
light. 44. Total mass of, 148. Of
Juiiiter, 513.

Attraction of a sphere, 445—460. (See

Gravitation.)

Aii'jiiiiutation of moon's apparent dia

meter, 404.

Aiii/usius, his reformation of mistake*

in tiio Julian calendar, ('Jl9). Era
of, 920.

Ansinilia, excessive summer tempera-
ture of, 309.

Aris of the earth, 82. Rotation perma-
nent, 5<i. Miijdr of the earth's orbit,

373. Of sun's rotation, 392.

Axis of a plaiu'tiiry orl>it. Momentary
viiriiitiiui of, caused by the taii^entiiil

fiirt'o only, O-'H. OGO. Its variations

jieriudir-al, Oill... Invariability of,

and how understood, OilH.

Aziiiinth, 103.—a'ul oltitudo instrumont.,

187.

If

J
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B.

Baroiru',ter, nature of its indication, 33.

Use in calculnting refraction, 43. In
determining lieiglits, 287.

Belts of Jupiter, 512. Of Saturn, 614.

Bemenberff'a principle of coUimation,

179.

Beasel, his results respecting the figure

of tlie earth, 220. Discovers parallax

of Gl Cygui, 812.

Biela's comet, 679...

Biot, his aiironautio ascent, 32.

Bode, his (so called) law of planetary

distances, 605. Violated in the case

of Neptune, 607.

Borda, his principle of repetition, 198.

Bouvard, his suspioton uf extraneous

iutlutinco on Urunus, 760.

0.

Ccetar, his reform of tlie Roman calen-

dar, 917.

Calendar, Julian, 917. Gregorian, 914...

Cause and effect, 439, and note.

Centre of the earth, 80. Of the sun, 462.

Of gravity, 360. llevolution about,

452.

Centrifugal force. Elliptic form of earth

produced by, 224. Illustrated, 225.

Compared with gravity, 229. Of a

body revolving on the earth's surface,

452.

Cores, discovery of, 605.

Challis, Prof, 506, note.

tVmrM, celestial. 111. Construction of,

291... Bremiker's, 606, and note.

Chinese records of comets, 574. Of ir-

regular 8*ar8, 831.

Chronometers, how used for determining

differences of longitude, 255.

Circle, arctic and antarctic, 94. Verti-

cal, 100. Hour, 106. Divided, Itl.t.

Meridian, 174. Retlccting, 197. Ke-
peatiiig, 198. Galactic, 793.

Clrj>.v/dra, 160.

Clock, 151. Error and rate of, how
found, 253.

Clouds, greatest height of, 84. Magel-
lanic, 892...

Clusters of stars, 864... Globular, 867.

Irregular, 86tt.

CoUimation, lino of, 156.

Collimator, 178...

C'lloured stars, 851...

' \ilnrts, ;!07.

i'umtU, 654. iSeen in day time, 656.

590. Tails of, 656...566. 699. Ex-
treme tenuity of, 658. General de-
scription of, 560. Motions of, and
described, 561... Parabolic, 504. El-

liptic, 567... Hyperbolic, 664. Di-

mensions of, 666. Of Ilalley, 567...

Of Cuisar, 673. Of Encke, 676. Of
Biela, 579. Of Faye, 684. Of Lex-
ell, 586. Of De Vico, 686. Of Bro.-
sen, 587. Of Peters, 688. Synopsis
of elements (Appendix). Increase of

visible dimensions in rcutJing from
the sun, 671. 580. Great, of 1843,

589... Its supposed identity with
many others, 694... Interest attached
to subject, 697. Cometary statistics,

and conclusions therefrom, 601.

Commemurahility (near) of mean mo-
tions ; of Saturn's satellites, 550. Of
Uranus and Neptune, 669, and note.

Of Jupiter and Saturn, 720. Earth
and Venus, 726. Effects of, 719.

Compensation of disturbances, how ef-

fected, 719. 725.

Compression of terrestrial spheroid, 221.

Configurations, inequalities depending
on, 655...

Conjunctions, superior and inferior, 473.

Perturbations cliictly produced at, 713.

Consciousness of effect when force is ex-

erted, 439.

Constellations, 60. 301. ^Tow brought
into view by change of latitude, 62.

Rising and setting of, 58.

Copernican explanation of diurnal mo-
tion, 76. Of apparent motions of sun
and planets, 77.

Correction of astronomical observations,

324... 8. Uranographical summary,
view of, 342...

Culminations, 125. Upper and lower,

126.

Ci/cle, of conjunctions of disturbing and
disturbed planets, 719. Metouic, 926.

Callippie, ih. Solar, 921. Lunar 922.

Uf iudictious, 923.

JJai/, Bolnr, lunar, and sidereal, 143.

Ratio ot Hidereal to solar, 3U5. 90;i.

911. Solar unequal, 146. Mean
ditto Invarinbli', UOH. (]lvil and astro-

nomical. 147. Intercalary, 916.

l)ai/s ebipsi'! between principal chrono-

logical eras, 926. Itules for reckon-

ing botwoeu giveu dates, 927.
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Declination, 105. How obtained, 295,

Jhfinilions, 82...

Degree of meridian, how measured, 210..

,

Error admissible in, 215. Length of

in various latitudes, 216. 221.

Diameters of the earth, 220, 221. Of
planets, synopsis, Appendix. (&e
also each planet.)

Dilatation of comets in receding from
the sun, 578.

Diane, 648.

Discs of stars, 816.

Distance of the moon, 403.; the sun, 357.;

fixed stars, 807. 812...
;

polar, 105.

Districts, natural, in heavens, 302,

Disturbing forces, nature of, 009... Ge-
neral estimation of, Gil. Numerical
values, 012. Unresolved in direction,

614. Uesolution of, in two modes,
G15. 018. Effects of each resolved

portion, 010... On moon, expressions

of, 07'^. Gcomtrical representations

of, 070. 717.

Diurnal motion explained, 58. Paral-

lax, 339. Rotation, 1 14.

Double refraction, 202. Image micro-
meter, a new, described, 203. Comet,
580. NebuliP, 878.

Double Stars, 833... Specimens of each
class, 835. Orbitual motion of, 839.

Subject to Newtonian attraction, 843.

Orbits of particular, 843. Dimen-
sions of tlieso orbits, 844. 848. Co-
loured, 851... Apparent periods af-

fected by motion of light, 803.

Dove, his law of temperature, 370.

B.

Earth. Its motion admissible, 15, Sphe-
rical form of, 18. 22... Optical eti'ect

of its curvature, 25. Diurnal rotation

of, 52. Uniform, 50. rermaiience
of its axis, 57. Figure spheroidal,

219... Dimensions of, 220. Elliptic

figure a result of theory, 229. Tem-
perature of surface, how maintained,

300. Appearance as seen from moon,
430. Velocity in its orbit, 474. Dis-

turbance by Venus, 720.

KcUjm^x, 1 1 1 ... Solar, 420. Lunar, 421 ...

i\Muiilar, 425. Periodic return of,

42li. Number possible in a year, 420.

<Jf Jupiter's satellites, 538. Of Sa-
turn't, 549.

/•Jrlij'lii; 305... Its plane slowly varia-

ble, 300. Cause of this variatioa ex-

plained, 640. Poles of, 307. Limits,

solar, 412. Lunar, 427.

Egyptians, ancient, their chronology, 912.

Elements of a planet's orbit, 493. Varia-
tions of, 652... Of double star orbits,

843. Synoptic table of planetary,

&G., Appendix
Ellipse, vRriable, of a planet, 653. Mo-
mentary or osculating, 654.

Elliptic motion a consequence of gravi-

tation, 440. Laws of, 489... Their
theoretical explanation, 491.

Ellipticily of the earth, 221.

Elongation, 341. Greatest, of Mercury
and Venus, 467.

Enceladiis, 548, note.

Enckc, comet of, 570. His hypothesis
of the resistance of the ether, 577.

Epoch, one of the elements of a planet's

orbit, 496. Its variation not inde-

pendent, 730. Variations incident

on, 731. 744.

Equation of light, 835. Of the centre,

375. Of time, 379. Lunar, 452.

Annual, of the moon, 738.

Equator, 84.

Equatorial, 185.

Equilibrium, figure of, in a rotating body,
224.

Equinoctial, 97. Time, 936.

Equinox, 293. 303.

Equinoxes, procession of, 312 Its ef-

fects, 313. In what consisting, 314...

Its physical came explained, 042...

Erai, chronologici.! list of, 926.

Errjrs, classifi. ation of, 133, Instru

mental, 135... Tbeir detection, 140.

Destruction of accidental ones by tak-

ing means, 137. Of clock, how ob-
tained, 293.

Establishvcnt of a port, 754.

Ether, resistancu of, 577.

Erection of moon, 748.

Excenlricitics, stability of Lagrange'H
theorem respecting, 701.

Exccntrieitg of 'Mirth's orbit, 354. How
ascertained, 377. Of the moon's, 405.

Momentary pi'rturbation of, investi-

gated, 070. Application to lu'iar

theory, 088. Variations of, in orbits

nearly circular, 090, In o.xcentrio

orbits, 097, Permanent iuci|UaUtieH

depending on, 719,

Fuiula; 888.

Faye, comet ot, 584, aud Appendix.

Lil
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552 INDEX.

Flora, discovery of, 505.

Focus, upper. Its momentary change of

place, 070, 671. Path of, in virtue of

both elements of disturbing force, 704.

Traced in the cose of the moon's vari-

ation, 70G... And pai-allactic inequa-

lity, 712. Circulation of, about a

mean situation in planetary p^ rturba-

tioud, 727.

Force, metaphysical conception of, 439.

Forced vibration, principle of, (ioO.

Forces, disturbing. See Disturbing force.

G.

Oalaciic circle, 793. Polar distance,

ib.

Galaxy composed of stars, 302. Sir W.
Herschel's conception of its form and

Structure, 78i). Distributiou of sturs

generally referable to it, 7!S(). Its

course among the constellations, 787...

Difficulty of conceiving its real form,

792. Telescopic analysis of, 797. In

some directions unfathomable, in

others not, 798.

Oalk, Dr., 50'j. Finds Neptune in place

indicated by theory, 7(J8.

Oallowai/, his researches on the sun's

proper motion, 855.

Oaspuris, Si;/. De, discovers a new pla-

net (.\ppeudix).

GaiKjing the heavens, 793.

Gail Liissac, his aeronautic ascent, 32.

Giocdilric longitude, 503, Place, 371,

497.

Geoiksical measurements,—their nature,

247...

Geoff rapiii/, 111, 205...

Globular clusters, 805. Their dynaiui-

cii! stability, 800. Specimen list of,

8(i7.

Goldi'ii number, 922.

Gooitrirke, his discovery of variable stars,

821...

Gravilation, how deduced from phnnio-

muiiii, 4 (4... Elliptic motion u cou-

seiiuenco of, 490...

Gravity, centre of, aee Centre of gra-

vity.

Graritif diminished by centrifugal force,

231. .Mi'iisures of, statical, 234. Dy-
namical, 235. Force of, on the moon,
433... On bodies at surface of tlu'

sun, 140, Of other planets, sec their

names.
< ,' rci/oriaii reform of culcudur, 016...

H.

Ilalley. His comet, 507. First notices

proper motions of the stars, 852.

Ilunscn. His detection of long inequa-

lities in the moon's motions, 745...

Harding discovers Juno, 505.

Heat, supply of, from sun alike in sum-
mer and winter, 308. How kept up,

400. Sun's expenditure of, estimated

397. lleceived from the sun by di/-

fernnt jjlanets, 608. Endured by cc

mets in perihelio, 592.

Ilehe, discovery of, 505.

Ilt'ights above the sea, how measured
28t'). Mean, of the continents, 289.

Heliocentric place, 500.

Iklinmiter, 201.

Hemispheres, terrestrial and aqueous, 284.

Hcrsekel, Sir Wui., discovers Uranus,

505, and two satellites of Saturn, 548.

His method of gauging the heavens,

793. Views of the structure of the

Milky Way, 780. Of nebular subsi-

dence, and sidereal aggregation, 809,

874. His catalogues of double stars,

835. Discovery of their binary con-

nexion. 839. Of the sun's proper mo-
tion, <'<54. Classifications of nebula-,

808, 879, note.

Horizon, 22. Dip of, 23, 195. Rational

anil sensible, 74. Celestial, 98. Arti-

ticiiil, 103.

UorizunUil point of a mural circle, how
determined, 175...

Hour circles, 100 ; angle, 107 ;
glass,

150.

Hi/jierion, Appendix, Saturn's satellites.

I.

fapctus, 548.

Inclination of the moon's orbit, 400, Of
planet's oridts distuibed iiy orthogo-

nal force, 019. Ph\>ical impoitanco

of, as an element, 032. Munieutary

variation of, estiiuaiud, 033. Ciite-

rion of momentary increase or dimi-

nution, ()35. Its changes periodiciil

and self-correcting, 030. Application

to case of the moon, 038.

Inclinations, stability of, l,agi'an(,'o'b the-

orem, 039. Analogous in tlieir per-

turb) tions to excentricities, 099.

Imlnti, IIS, 923.

Ini'i/naltti/. Parallactic of moon, 712.

Ureat, of Jupiter and Saturn, 720...
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1

Inequalities, independent of excentricity,

theory of, 702... Dependent on, 713.

Intercalation, 916.

Iris, discovery of, 505.

Iron, meteoric, 888.

J.

Julian Period, 924. Date, 930. Re-
formation, 918,

Juno, discovery of, 505.

Jupiter, physical appearance aud de-

scription of, 511. Ellipticity of, 512.

Belts of, 512. Gravity on surface,

508. Satellites of, 510. Seen without
satellites, 543. llecoinmended as a

photometric standard, 783. Elements
of, &c. {Sec Synoptic Table, Appen-
dix.)

Jupiter and Saturn, their mutual pertur-

bations, 700, 720...

E.

Kater, his mode of measuring small in-

tervals of time, 150. His collimator,

178.

Kiplcr, his laws, 352, 487, 489. Their

physical iuterpretution, 490...

L.

LoSJO^^'O of tides, 753.

Layraui/e, his thcoroms rcf-peoting the

stability of the planetary system, CG9,

039, 701.

Laplace accounts for tlio secular accele-

ration of the iaoon, 740.

Lassell, his discovery of the satellite of

Neptune, 524. Of nn eighth satellite

of Saturn, Appendix. Ke-discovers

two of the satellites of Uranus, 551.

Latitude, terrestrial, 88. Parallels of,

89. llow ascertained, 119, 129. Rii-

nier's mode of obtaining, 248. On a

spheroid, 247. Celestial, 308. Helio-

centric, how calculated, 500. Geo-
centric, 603.

Lairs (if nature how arrived at, 139.

Subordinate, appear first m fcrm of

errors, 139. Kepler's, 352, ASi ...

/-(?rc/, spirit, 17f5. Sea, 286. Strata, 287.

l.everricr, 500, 507, 707.

J,excll, comet of, 685.

Lili'aliun of the moon, 436. Of apsides

tj'.il.

Lii/lit, aberration of, 331. Velocity of,

331. How ascertained, 545. Equa-
tion of, 336. Extinction of, in tra-

versing space, 798. Distance mea-
sured by its motion, 802... Of certain

stars compared with the sun, 817...

Eifect of its motion in altering appa-
rent period of a double star, 803.

Zodiacal, 897.

Local time, 252.

London, centre of the terrestrial hemi-
sphere, 284.

Longitude, terrestrial, 90. How i!''ter-

mined, 121, 251... By chronuim ki'h,

255. By signals, 2G4. By ek-ctiio

telegraph, 2(32. By shooting stars,

205. By Jupiter's satellites, &c., 26G.

By lunar observations, 207... Celes-

tial, 308. Mean and true, 375. He-
liocentric, 500. Geocentric, 503. Of
Jupiter's satellites, curious relations

of, 542.

Lunation (synodic revolution of the

moon), its duration, 418.

M.

Magellanic cloud?, 892...

Magnitudes of stars, 780... Common
'ind photometric scales of, 780... and
Appendix.

Maps, geographical, construction of, 273.

Celestial, 290... Of the moon, 437.

Mars, phases of, 484. Gravity on sur-

face, 5)8. Continents and seas of,

610. Elements (Appendix).

Masses of planets determined by their

satellites, 532. By their mutual j.er-

turbations, 7''»7. Of Jupiter's satel-

lites, 758. Of the moon, 759.

Menstrual equation, 528.

Mcrcator's projections, 283.

Mercury, synodic revolution of, 472. Ve-
locity in orbits, 474. Stationary points

of, 470. Phases, 477. Greatest elon-

gations, 482. Transits of, 483. Heat
received from sun, 608. I'liysical ap-

pearance and description, 50',i. Ele-

ments of (Appendix).
Meridian, terrestrial, 85. Celestial, 101.

Line, 87, 190. Circle, 171 Marc,
190. Arc, how measured, 213. ,\rcs,

len;;thH of, in va)ioiis latitudes, 210.

Messier, his catalogue of nel)uia', 805.

Meteors, H'.IS. Periodical, 900., . lleightu

of, 904.

Mef.'s, discovery of, 50').

Mirrometirs, 199.

li:; "
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Milky way. (See Galaxy, 302.)
Mimas, 550, and note.

Mira Ceti, 820.

Moon, her motion among the stars, 401.

Distance of, 403. Magnitude and ho-

rizontal parallax, 404. Augmenta-
tion, 404. Her orbit, 405. Revolution
of nodes, 407. Apsic'es, 409. Oc-
cultation of stars by, 414. Phases
of, 410. Brightness of surface, 417,
note. Redness in eclipses, 422. Phy-
sical constitution of, 429... Destitute

of sensible atmosphere, 431. Moun-
tains of, 430. Climate, 431... Inha-
bitants, 434. Influence on weather,

432, and note. Rotation on axis, 435.

Appearance from earth, 436. Maps
and models of, 437. Real form of

orbit round the sur, 462. Gravity on
surface, 608. Motion of her nodes
and change of inclination explained,

638... Motion of apsides. 676... Va-
riation of excontricity, 688... Paral-

lactic inequality, 712. Annual equa-
tion. 738. Evection, 748. Variation,

705... Tides produced by, 751.

Motion, apparent and real. 15. Diurnal,

52. Parallactic, 08. Relative and
absolute, 78... Angular, how mea-
sured, 149. Proper, of stars, 852...

Of sun, 854.

Mountains, their proportion to the globe,

29. Of the moon, 430.

Mowna lloa, 32.

Mural circle, 168.

N.

Nabonanmr, era of, 926.

Nadi^, 99.

NebuloB, classifications of, 868, 879, note.

Law of "istribution, 868. Resolvable,

870. Elliptic, 873. Of Andromeda,
874. Annular, 875. Planetary, 876.

Coloured, ib. Double, 878. Of sub-

regular forma, 881, 882. Irregular,

883. Of Orion, 885. Of Argo, 887.

Of Sagittarius, 888. Of Cygnus, 891.

Nebular hypothesis, 872.

Nebulous matter, 871. Stars, 880.

Neptune, discovery of, 606, 708. I'ertur-

bations produced on Uriiiuis by, ana-
lysed. 766... Place indicated by the-

ory, 767. Elements of, 771... Per-
turiiing forces of, on UranUfi, geomo-
trioally cxliibited, 773. Their effects,

771...

Newton, his theory of graritation, 490...

et passim.

Nodes of the sun's equator, 890. Of the
moon's orbit, 407. Passage of pla-

nets through, 460. Of planetary or-

bits, 495. Perturbation of, 620...

Criterion of their advance or recess,

622. Recede on the disturbing orbit,

624... Motion of the moon's theory
of, 638. Analogy of their variations

to those of perihelia, 699.

Nomenclature of Saturn's satellites, 548,
note.

Nonagesimal point, how found, 310.

Normal disturbing force and its effects,

618. Action on oxcentricity and pe-

rihelion, 673. Action on lunar ap-

sides, 676. Of Neptune on Uranus,
its effects, 775.

NubeculoB, major and minor, 8!)2...

Number, golden, 922.

Nutation, in what consisting, 321. Pe-
riod, 322. Co-^mon to all celestial

bodies, 323. Explained on physical

principles, 648.

0.

Obliquity of ecliptic, 303. Produces the

variations of season, 362. Slowly
diminishing, and whj% 040.

Observation, astronomical, its peculiari-

ties, 138.

Occultation, perpetual, circle of, 113.

Of a star by the moon, 413... Of Ju-

piter's satellites by the body, 641.

Of Saturn's, 649.

Olbers discovers Pallas and V^esta, 505.

His hypothesis of the partial opacity

of space, 798.

Opacity, partial, of space, 798.

Oscillations, forced, principle of, 650.

Orbits of planets, their elements (Ap-

pendix) of double stars, 843. Of
comets. {See Comets.)

Orthogonal disturbing 'orce, and its ef-

fects, 616, 619.

Orthoyrii^ '<

'c projection, 280.

P.

Paliizch discovers the variability of Al-

gol, 821.

Pallas, discovery of, 505.

Par.illaclic instrument, 185. Inequality

of the moon, 712. Of planets, 713.

Unit of sidereal distances, b04. Mo-
tion, 68.
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Parallax, 70. Geocentric or diurnal,

839. Heliocentric, 841. Horizontal,

855. Of the moon, 404. Of the sun,

357, 479, 481. Annual, of stars, 800.

How investigated, 805... Of particu-

lar stars, 812, 813, 815. . ystematic,

862.

Peak of Teneriflfe, 32.

Pendulum-c\o<i\i, 89. A measure of gra-

vity, 235.

Penumbra, 420.

Perigee of moon, 406.

Perihelia and excentricities, theory of,

670...

Perihelion, 368. Longitude of, 495.

Passage, 496. Heat endured by co-

mets in, 592.

Period, Julian, 924. Of planets (App.).

Periodic time of a body revolving at the

earth's surface, 442. Of planets, how
ascertained, 486. Law of, 48. Of a

disturbed planet permanently altered,

734...

Periodical stars, 820... List of, 825.

Perspective, celestial, 114.

Perturbations, 602...

Peters, his researches on parallax, 815.

Phases of the moon explained, 416. Of
Mercury and Venus, 465, 477. Of
superior planets, 484.

Photometric scale of star magnitudes, 780.

Piazzi discovers Ceres, 505.

Pigott, variable stars discovered by,

824...

Places, mean and true, 374. Geometric
and heliocentric, 371, 497.

Planetary nebulaa, 876.

Planets, 466. Zodiacal and ultra-zodia-

cal, 457. Apparent motions, 459.

Stations and retrogradations, 459.

Reference to sun as their centre, 462.

Community of nature with the eart'i,

463. Apparent diameters of, 404.

Phases of, 465. Inferior and superior,

467. Transits of {see Transit) Mo-
tions explained, 468. Distances, liow

concludeil, 471. Periods, how found,

472. Synodical revolution, 472. Su-

perior, theif stations and retrogradii-

tions, 485. Magnitude of orbit.n, hdw
concluded, 4H5. Elements of, 495.

{Sec Appenilix for Synoptic Table.)

l)ensiti«»», 60H. Phyt^icalpeculiurities,

&i:., ."lOU... Illustration of their rolu-

tivc !<i/,es and distances, 526.

Plaut(iiiii'ii\ his calculations respecting

the double comet of liiela, 583.

Pleiades, 865. Assigned by Madler ad
the central point of the sidei'eal sys-

tem, 861.

Plumb-line, direction of, 23. Use of, in

observation, 175.

Polar distance, 105. Point, on a mural
circle, 170, 172.

Poles, 83. Of ecliptic, 307.

Pole-star, 59. Useful for finding the
latitude, 171. Not always the same,
318. What, at epoch of the building

of the pyramids, 31S.

Pores of the sun's surface, 387.

Position, angle of, 204. Micrometer, ib.

Precession of the equinoxes, 312. In what
consisting, 314... Effects, 313. Phy-
sical explanation, 642.

Proesepe, Cancri, 865.

Priming and lagging of tides, 753.

Principle of areas, 490. Of forced vibra-

tions, 650. Of repetition, 198. Of
conservation of vis viva, 663. Of col-

limation, 178.

Problem of three bodies, 608.

Problems in plane astronomy, 127...

309...

Projection of a star on the moon's limb,

414, note.

Projections of the sphere, 280...

Proper motions of the stars, 852. Of tho
sun, 853.

Pyramids, 319.

R.

Radial disturbing force, 615...

Radiation, solar, on planets, 508. On
comets, 592.

Rate of clock, how obtained, 293.

Heading off, methods of, 165.

Reflexion, observations by, 173.

Refraction, 38. Astronomiciil and its

effects, 39, 40. Meaisure of, and law
of variation, 43. How detected by
observation, 142. Terrestrial, 44.

How best investigated, 191.

Repetition, principle of, 198.

Resistance of ether, 577.

Retrogradations of planets, 459. Of
nodus. (See Nodes.)

Rhea, 518, note.

Right asccnsicn, 108. How determined,

293.

Rings of Saturn, dimensions of, 514.

I'henomciui of tlicir dissappeurance,
51')... IJiuilibriuui of, olb... .Niul-

tiple, 521, and Appendix Appear

I! :. :
!

i I ^ li
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ance of from Saturn, 522. Attraction

of on a point within, 735, note.

Rittenhouse, his principle of collimation,

178,

Rosse, Earl of, his great reflector, 870,
882.

Rotation, diurnal, 58. Parallactic, 68.

Of planets, 509... Of Jupiter, 612.

Of fixed stars on their axes, 820.

S.

Saros, 426.

Satell^i'- , of Jupiter, 511. Of Saturn,

518, 547. Discovery of an eighth

(Appendix). Of Uranus, 523, 552.

Of Neptune, 524, 553. Used to de-

termine masses of their primaries,

532. Obey Kepler's laws, 533. Eclipses

of Jupiter's, 635... Other phaenomena
of, 540. Their dimensions and masses,

540. Discovery, 544. Velocity of

light ascertained from, 545.

Saturn, remaikable deficiency of density,

508. Rings of, 614. Physical descrip-

tion of, 514. Satellites of, 647, and
Appendix. (See also elements in Ap-
pendix.)

Sea, proportion of its depth to radius of

the globe, 31. Its action in modelling

the t ternal form of the earth, 227.

ScasonK explained, 302... Temperature
of, 300.

Sector, zenith, 192.

Secular vai'iations, 655.

Seknographij, 437.

Sextant, 193...

Shadow, dimensions of the earth's. 422,

428. Cast by Venus, 407. Of Jupi-

ter's satellites seen on disc, 540.

Shooting stars used for finding longi-

tudes, 265. Periodical, 900. {Sec

Meteors.

)

Sidereal time, 110, 910. lear. {See

"iear.) Day. {See Bay.)

Si;/ns of zodiac, 380.

Siriiix, its parallax *nd absolute light,

818.

Solar cycle, 921.

Sphere, 9o. Projections of, 280. Attrac-

tion of, 735, note.

Spheroidal form of Knrth [see P]arth) pro-

duces ineijualities in the moon's mo-
tion, 749.

1^0/4 on Sun, 380...

Stars visible by day, 61. Fixed, 777...

Thei.. apparent magnitudes, 778...

Compt risen by an astrometer, 783.

Law of distribution over heavens,

785... alike in either hemisphere, 794.

Parallax of certain, 816. Discs of,

816. Real size and absolute light,

817. Periodical, 820. Temporary,
827. Irregular, 830. Missing, 832.

Double, 833... Coloured, 851, and
note. Proper motions of, 852. Irre-

gularities in motions not verified, 859,

CI -sters of, 864... Nebulous, 879...

Nebulous-double, 880.

Stationary points of planets, 459. How
determined, 475. Of Mercury and
Venus, 476.

Stereographic projection, 281.

Stojiea, meteoric, 898. Great shower of,

ib.

Struve, his researches on the law of dis-

tribution of stars, 793. Discovery of

parallax of a Lyra), 813. Catalogue

and observation of double stars, 835.

Struve, Otto, his researches on proper

motions, 854.

Style, old and new, 932,

Sun, oval shape and great size on hori-

zon explained, 47, Apparent motion
not uniform, 34. Oi'bit elliptic, 349.

Greatest and least distances, 350.

Actual distance, 357. Magnitude,

358. Rotation on axis, 359, 390.

Mass, 3t;0. Physical constitution,

380. Spots, ib... Situation of its

equator, 390... Maculiferous zones

of, 393. Atmosphere, 395. Tempe-
rature, 396. Expenditure of heat,

397. Eclipses, 420. Density of, 447.

Natural centre of planetary system,

402. Distance, how determined, 479.

Its size illustrated, 526, Action in

producing tides, 751, Proper motion

of, 854,.. Absolute velocity of in

space, 858, Central, speculations on,

861.

Sunsets, two, witnessed in one day, 26.

Survey, trigonometrical, nature of, 274.

Synodic revolution, 418. Of sun and

moon, ib.

Tangential force and its effects, 618.

Momentary action on perilielia, 073.

Wholly inttuentiul on velocity, 660.

Produces variations of axi.s ih...

Doubles the rate of advance ol lunar

aphides, 686. Of Neptune on Uranus,

and its eflects, 774.
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Telescope, 154. Its application to astro-

nomical instruments, 117.

Telescopic sights, invention of, 1
, '>ote.

Temperature of earth's surface ai iffer-

eut seasons, 366. la South Africa

and Australia, 869. Of the sun, 396.

Tethys, 648, note.

Theodolite, 192. Its use in surveying,

276.

Theory of instrumental errors, 141. Of
gravitation, 490... Of nebulous sub-

sidence and sidereal aggregation, 872.

Tides, a system of forced oscillations,

651. Explained, 750... Priming and
lagging of, 753. Periodical inequali-

ties of, 765. Instances of very high,

756.

Time, sidereal, 110, 327, 911. Local,

129, 152. Measures angular motion,

149. How itself measured, 150...

Very small intervals of, 150. Equi-
noctial, 257, 925... Measures, units,

and reckoning of, 906...

Titan, 548, note.

Titius, Prof., his law of planetary dis-

tances, 505, note.

Trade tcinds, 239...

Tranisit instrument, 159...

Transits of stars, 152. Of planets across

the siiu, 407. Of Venus, 479... Mer-
cury, 483. Of Jupiter's satellites

across disc, 640. Of their shadows,
649.

Transparency of space, supposed by 01-

bers imperfect, 798.

Transversal disturbing force, and its

effects, 616...

Trigonometrical survey, 274.

Tropics, 93, 380.

Twilight, 44.

U.

Umbra in eclipses, 420. Of Jupiter, 538.

Uranography, 111, 300.

Uranograpkical corrections, 342... Pro-

blems, 127... 30:J...

Uranus, discovery of, 506. Heat received

from sun by, 508. Physical descrip-

tion of, 523. Satellites of, 551. Per-
turbations of by Neptune, 760... Old
observations of, 760.

Vanishing point of parallel lines, 116.

Line of parallel planes, 117.

Variation of the moou explained, 706, .,

Variations of elements, 653. Periodical
and secular, 656. Incident on the
epoch, 731.

Velocity, angular, of sun not uniform,
360. Linear, of sun not uniform, 351.

Of planets, Mercury,Venus, and Earth,

474. Of light, 645. Of bhooting
stars, 899, 904.

Venus, synodic revolution of, 472. Sta-

tionary points, 476. Velocity of, 474.

Phases, 477. Points of greatest

brightness, 478. Transits of, 479.

Physical description and appearance,
609. Inequality in eartli's motion
produced by, 726. In that of tlie

moon, 743...

Vernier, 97.

Vertical, prime, 102. Circiii'j, 100.

Vesta, discovery of, 505.

W.

Weight of bodies in different latitudes,

322. Of a body on the moon, 608.

On the sun. 450.

Winds, trade. J*0...

Y.

Year, sidertal, 305. Tropical, 383.

Anomalistic, 384, and day incommen-
surable, 913. Leap, 914. Of confu-

sion, 917. Beginning of, in England,
changed, 932.

Z.

Zenith, 99. Sector, 192.

Zodiac, 305.

Zodiacal light, 899.

Zones of climate and latitude, 882.

t
ill
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ili; ,1
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THE END.
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CAMPBELL'S LORD-CHANCELLORS. New Edition. (Just Iteaed.)

LIVES OF THE LORD CHANCELLORS
AND

KEEPERS OF THE GREAT SEAL OF ENGLAND.
FROX TBI BARLIBST TI1IB8 TO THB BBIGIf OF KINO QBOROB IV.

BY LORD CHIEF-JUSTICE CAMPBELL, A.M., P.R.SE.

Second American, from the Third London Edition.

Complete in aeven handsome crown 8ro. volumea, extra cloth, or half morocco

This has been reprinted from the author's most recent edition, and embrae3i
his extensive modifications and additions. It will therefore be found eminently
worthy a continuance of the grea> favor with which it has hitherto been received.

Of the solid merit of the work Ou ' judgment may be gathered fh>m what has already
been said. We will add that, from its infinite fund of anecdote, and liappy variety of style,

the book addresses itself with equal claims to the mere general reader, as to the legal or
historical inquirer; and while we avoid the stereotyped oommonplaoe of afllrmlng that no
library can be complete without it, we feel constrained to afford it a higher tribute by pro-
nouncing it entitled to a distinguished place on the shelves of every scholar who is fortunate
enough to possess it.—JVocer's Magatine.
A work which will take its place in our libraries as one of the most brilliant and valuable

contributions to the literature of the present day.

—

AUunaum.

BY THB SAME AUTHOR— TO MATCH— (Now Ready).

LIVES OFTHE CHIEF-JUSTICES OF ENGLAND,
From tli0 Kornuui Oonqaest to the Death of Lord Tenterd?n.

BOOMD iDrrioir.

In three Tery neat toIi., crown 8to., extra cloth, or half morocco.

To match the " Lirei of th« Chancellora" of the same author. >

Also, now ready, and for sale separate, to complete sets—
VOL. IIL, CONTAINING THB LIVES OP LORDS KENYON, ELLEN-
BOROUGH, AND TENTERDBN. Crown 8vo., various styles of binding, to

match seta.

MEMOIRS OF THB LIFE OF WILLIAM WIRT.— Sy John P. KENHiDr,
Eiq. In two handsome royal 12mo. volumes, extra cloth, with a Portrait.

Also, a handsome Library Edition, in two octavo volumes.
».

GRAHAM'S HISTORY OF THE UNITED STATES; From tiir FouNi.isa
OF TUB British Colonibs till thbir Assumptioii or Indbpbndbncb. — Re-
vined Edition, from the Author's MSS. With a Portrait, and a Memoir l)y

I'uBsiUBNT QuiNOY. In two large and handsome octavo volumes, extra cloth.

OVIZOT'S OLZVSB OEOMWELL.
HISTORY OF OLIVER CROMWELL AND THB ENGLISH COMMON.
WEALTH, fVom the Execution of Chnrles I. to the Death of Cromwell. In two
large and handsome royal 12mo. volumes, extra cloth

RUBBXLL'S LIFE OF FOX.
MEMORIALS AND CORRESPONDENrg OP CHARLES JAMES FOX.

Edited by LoRO John Rosbrli.. In two handsome royal 12mo. volumes, cloth.
a)

I
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BLANCHAUD k LEA'S PUBLICATIONS.—(irt«re»flneoM«.)

THE ENCYCLOPEDIA AMERICANA;
A POPULAR DICTIONARY OP ARTS, SCIENCES, LITERATURE, HIS-
TORY, POLITICS, AND BIOGRAPHY. In fourteen large octavo volumes
of over 600 double-columned pages each. For saJe very low, in various stvlea
of binding.

MURRAY'S ENCYCLOPEDIA OF GEOGRAPHY,
THE ENCYCLOPAEDIA OF GEOGRAPHY, comprising a Complete Description

of the Earth, Physical, Statistical, Civil, and Political ; exhibiting its Relation
to the Heavenly Bodies, its Physical Structure, the Natural History of each
Country, and the Industry, Commerce, Political Institutions, and Civil and
Social State of all Nations. Revised, with Additions, by Thomas O. Brad.
FORn. In three large octavo volumes, various styles of binding.

YOUATT AND SKINNER ON THE HORSE.
THE HORSE.—Br William Youatt. A New Edition, with numerous Illustra-

tions. Together with a General History of the Horse ; a Dissertation on the
American Trotting Horse; bow Trained and Jockeyed; an Account of b<8 Re.
markabie Performances ; and an Essay on the Ass and the Mule. By J. S.
Skinner, Assistant Postrauster-Gcneral, and Editor of the Turf Register. In
one handsome octavo volume, extra cloth.

YOUATT AND LEWIS ON THE DOG.
THE DOG. By William Youatt. Edited by E. J. Lrwis, M.D. With nu-
merous and beautiful Illustrations. In one very handsome volume, crown 8vo.,

crimson doth, glib

THE YOUNG MILLWRIGHT AND MILLER'S GUIDE. By Oliver Evans.
With Additions and Corrections by Thomas P. Jonrs ; and a Description of an
Improved Merob«nt Flour-Mill, by C. and 0. Evans. With twenty-eight

Plates. Fourteenth Edition. In one neat Octavo volume, leather.

ACTON'S MODERN COOKERY, in all its Branches, rkdddbd to a System
OP East Practice. Edited by Mrs. S. J. Hale. In one neat royal 12mo.
volume, extra cloth, with numerous Illustrations.

NARRATIVE OF THE UNITED STATES' EXPEDITION

TO THE DEAD SEA AHD RIYEB JORDAN.
BY W. F. LYNCH, U. S. N. (Cohmandbb or the Expeditior).

In one very large and handsome octavo volume, with twenty-eight beautiful

Plates, and two Maps.

This book, so long and anxionsly expeoted, A>U7 sustains the hopes of the most sanguine
nnd ftiRtidlous. It is truly • msKDifloent work. The type, paper, bindlDK, style, and execu
tion, are all of the beat and higheRt character, as are also the msps and eniraTlngi. It will

do more to elvTste the cbnraotnr of our national literature than any work that has appeared
for years. The intrinpio intereKt of the suh|e<!t will vlTe H popufsrlty and immortality at

o> t. It muKt be read fo be appreciated: and It will be read exteniively, and valued, both
In this and other oountries.—Z^iiy's Book.

Also, to be had—
CONDENSED EDITION, one neat royal 12mo. volume, extra cloth, with » Map.

f^IEBVHR'S ANOTeHT HISTORY.
LECTURES ON ANCIENT HISTORY; prom the Earliest Times to trr
Takinu op Albxani>ria B'* Octatiancs. Comprising the History of the

Asiiitu- Nations, the Kj^yptians, Greeks, Macedonians, and Carthagenians. Ity

B. G. NiKRi'HR. Translated from the German Edition of Dr. Marcus Nirbi'Hh,

by l>i(. Lkomhard S<;hmitx ; with Additions and Corrections from his own MS.
Notes. In three handsome crown ootavo volumes, extra ololb.
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NEW AND IMFHOV£D EDITION.

LIVES OF THE QUEENS OF ENGLAND,
FROM THE NORMAN CONQUEST. Witb Anecdotes or their Courts.
Now first published from Official Records, and other Authentic Documents,
Private as well as Public. Now Edition, with Additions «od Corrections. By
Agnes Strickland. In six volumes, crown octavo, extra crimson cloth, or

half morocco, printed on fine paper and large type. Copies of the Duodecimo
Edition, in twelve volumes, may still be had.

A valuable eontributlon to historical knowledge, to young persons especially. It contains
a mass of every kind of historical matter of interest, which industry and resource could
collect. We have derived much entertainment and instruction from the work.—^(Axtusum.
The execution of this work is equal to the conception. Great pains have been taken to

make it both intereitin;; and valuable.

—

Literary GcueUe.
A charming work—full of interest, at onoe serious and pleasing.—J/orutiittr Ouimt.

TO BE HAD SEPARATE.

LIVES OF THE QUEENS OF HENRY VIII., and of his mother, Elisabeth

of York. By Miss Strickland. Complete in ope hanisome crown octavo
volume, extra cloth. (Just Issued.)

MEMOIRS OF ELIZABETH, Second Queen Regnant of England and Ireland.

By Miss Strickland. Complete in one handsome crown octavo volume, extra

cloth. (Just Issued.)

IMTRODUCTORT VOLITHB TO STRICKLAND'S QUEENS. (Just Isioed.)

LIVES OF THE QUEENS OF ENGLAND BEFORE THE NORMAN
CONQUEST. By Mrs. M. Hall. In one handsome crown 8to. rolumei
various styles of binding.

This work, which may be ref;ardcd as a necessary introduction to Miss Strick-

land's charming volumes, is printed in uniform style, and can be bad in bindings
to match.

GRAHAM'S INORGANIC CHEMISTRY. (Now complete.)

ELEMENTS OF INORGANIC CHEMISTRY, including the Applications
of the Science in the Arts. By Thomas Uuakam, F. R. S., iso. New and
much enlarged Edition, by Henry Watts and Robkrt Bkidobs, M. D. With
225 Engravings on Wood. Complete in one largo octavo volume, of over 800
large pages. Price, $4.00 In extra cloth.

Part II., completing the work, from page 431 to the end, with Index, Title-

matter, Ac, may bo had separate, cloth back and paper sides. Price, $2.60.

The long delay which has occurred since the appearance of the first portions

of this Work baa rendered necessary an Appendix embodying the investigations

and discoveries of the lust few years in the subjects contained in Part I. This
occupies a large portion of Part II., and will be found to present a complete ab>
Btract of the most advanced position of the general principles of the science, as

well as all details necessary to bring the whole work thoroughly up to the present

time, in all departments of inorganic chemistry. The groat reputation which the

work has everywhere obtained— in England, on the Continent, and in this

country— ooth as a text-book for the student, and as a work fur daily reference

by the practical chemist, will, it is hoped, be fully maintained by the present
enlarged and improved edition.

Gentlemen desirous of procuring Part II., to complete their copies, are re-

quested to make application for it without delay.

ABEL AND BLOXAM'S CHEMISTRY.
A HAND-BOOK OF CHEMISTRY, THEORETICAL, PRACTICAL, AND
TECHNICAL. By F. A. Abel and C. L. Bloxah. In one large and hand-
some octavo volume, of over 050 pages, with numerous Illustrations. $3.25.

DE LA BECHK'S OEOLOQY.
THE GEOLOGICAL OBSERVER. By Siu IIrniiv T. De i.l Bechb, F.tt.S., Ac.

In ODO large and handsome octavo volume, with over 'iW Illustrations. $4.00.
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Lately PnbUshed,

PRINCIPLES OF COMPARATIVE PHYSIOLOGY.
BY W. B. CARPENTER, M.D., F.R.S., etc.

A new American, from the fourth and revised London edition. In one large and
handsome octavo volume of 750 pages, with 309 beautiful illustrations. $4.80.

The present edition of this work will ba found in every way worthy of its high
reputation as the standard text-book on this subject. Thoroughly revised and
brought up by the author to the latest date of scientific investigation, and illus-

trated with a profusion of new and beautiful engravings, it has been printed in

the most careful manner, and forms a volume which should be in the possession

of every student of natural history.

BT THB SAMB AUTHOR. (Now Ready.)
THE MICROSCOPE AND ITS REVELATIONS. With an Appendix con-

taining the Applications of the Microscope to Clinical Medicine, etc. By F.
G. Smith, M. D. Illustrated by 434 beautiful engravings on wood. In one
large and very handsome octavo volume of 724 pages; extra cloth, $4.00,
leather, $4.50.

Dr. Carpenter's position as a miorosoopist and physiologist, and his great expe>
rienoe as a teacher, eminently qualify him to produce what has long been wanted
—a good text-book on the practical use of the microscope. In "he present volume,
his object has been, as stated in his Preface, "to combine, within a moderat*
compass, that information with regard to the use of his 'tools,' which is most
essential to the working microscopist, with such an account of the objects best

fitted for his study, as might qualify him to comprehend what he observes, and
might thus prepare him to benefit science, whilst expanding and refreshing his

own mind." That he has succeeded in accomplishing this, no one acquainted
with his previous labors can doubt.

BY THE RAMB AUTHOR. (Just isSUed.)

ON THE USE AND ABUSE OP ALCOHOLIC LIQUORS IN HEALTH
AND DISEASE. In one neat royal 12mo. volume, extra cloth. 50 cts.

BUSHNAN'S POPULAR PHYSIOLOGY.
THE PRINCIPLES OF ANIMAL AND VEGETABLE PHYSIOLOGY.
By J. Stevenson Bushnan, M.D. In one handsome royal 12mo. volume, with

over 100 Illustrations.

OWEir ON TEE SKELETON AND TEETH. (Now ready.)

THE PRINCIPAL FORMS OF THE SKELETON AND OF THE TEETH.
By PnorsBSOR R. Owen, author of "Comparative Anatomy," &o. In one

handsome royal 12mo volume, extra cloth, with numerous Illustrations. $1.25.

PRINCIPLES OF PHYSICS AND METEOROLOGY,

By Professor J. MUller. Revised, and illustrated with over 500 Engravings

on wood, and two handsome colored Plates. In one large and beautiful octavo

volume of nearly 660 pages. $3.50.

PRINCIPLES OF THE MECHANICS
OF MACHINERY AND ENGINEERING. By Puofbhsor Julius Wbisbach.

Translated and edited by Profkssor Gordon. Edited, with Amcricnn addi-

tions, by Profe8!>or Walter R. Johnson. In two very handsome octavo

volumes, of nearly 900 pages, with about 900 superb Illustrations. $0.50.

CHEMICAL~T£GHN0L0OY

;

Or. CHEMISTRY APPLIED TO THE ARTS AND TO MANUFACTURES.
By Dr. F. Knapp. Edited, with nunifrous Notes and Additions, by Dii. I'ii)-

tiiiNii RoNAi.DH and Dii. Thomah Ukiiahhson. Witii Ainorionn Additions, dy

PiioF. Walter U. .lonNanv. t.. j.vo linrifisoirie ortnvo vuiumcs, of about 1000

pages, with nearly 500 splendid lilustmiioii*. $0.00.
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TffkW « AUVY Ri*ir

HANDBOOKS OF NATURAL PHIiOSOPHY AND ASTRONOMY.
BY DIONYSIUS LARDNER, D.C.L.,

Pormerly Professor of Natural Philosophy and Astrouomy In University College, London.

This valuable Series is now complete, consisting of three Cottrses, as fallows :--

FIRST COURSE
MECHANICS, HYDROSTATICS, HYDRAULICS, PNEUMATICS, SOUND, & OPTICS,

la one large royal 12mo. volume, of 750 pages, with 424 I' .ustrations. $1.7^.

SECOND COUR SE,
HEAT. MAGNETISM, COMMON ELECTRICITY. AND VOLTAIC ELECTRICITY.

la one royal ISmo. Tolume^ of 450 pages, with 244 IlluBtrations. $1.25.

THIRD COLIRSE
ASTRONOMY AND METEOROLOGY.

In one very large royal 12mo. volume, of nearly 800 pages, with 37 Plates, and
over 200 Illustrations. $2.00.

These volumes can be had either separately or in uniform seta, contunlng about

2000 pages, and nearly 1000 Illustrationa on steel and wood.

To accommodate those who desire separate treatises on the leading departments

of Natural Philosophy, the First Course may also be had, divided in three por-

tions, viz

:

Part I. Mechanics.— Part II. Hydrostatics, Hydraiilics, Prbuhatics,
and Sound.— Part III. Optics.

It will thus be seen that this work furnishes either a complete oonrse of instruc-

tion on these subjects, or separate treatises on all the different branches of Physical

Science. The object of the author has been to prepare a work suited equally for

the collegiate, academical, and private student, who may desire to tcquaiot him>

self with the present state of science, in its most advanced condition, without pur-

suing it through its mathematical consequences and details. Oreat industry has

been manifested throughout the work to elucidate the principles advanced by their

practical applications to the wants and purposes of civilised life, a task to which

Dr. Lardner's immense and varied knowledge, and his singular felicity and clear-

ness of illustration render him admirably fitted. This peculiarity of the work
recommends it especially as the text-book for a practical age and country such as

ours, as it interests the student's mind, by showing him the utility of bis studies,

while it directs his attention to the further extension of that utility by the fulness

of its examples. Its extensive adoption in many of our most distiaguhhed col-

leges and seminaries is sufficient proof of the skill with which the author's inten-

tions have been carried out

BIRD'S NATURAL. PHILOSOPHY.
ELEMENTS OF NATURAL PHILOSOPHY; bbino ah Experimental Intro-

DUCTioN TO THE PHYSICAL SCIENCES. Illustrated with over 300 wood-cuts. By
OOLDINQ Bird, M.D., Assistant Physician to Ouy's Hospital. From the Third

London edition. In one neat volume, royal 12mo. $1.26.

M'e are astonished to find that there is room in so small a book for even the bare recital

of so many oul^rcts. Where eTerything is treated succinrtly, great Judgment and oiuch

tliue are uonded in mskintc a selection and winnowing the wheat fh)m the chaff. Dr. Bird

has no need to ploud tlio puruliarlty of his position as a shield against criticism, so long as

his book continues to he the best epitomo in the English language of this wide range of

physical subjects.—A'or<A Ammcan Kevievi.

For those dvslrinK as oxtensiTe a work, T think it decidedly superior to anything of tht

kind with which I am aoiuaiuted.—/V</. John Johntton, WetUyan Univ., JHuUutown, Ct

ABXrOT'S ELEMENTS OF PHTSIC8.
ELEMENTS OF PHYSICS; or. Natural Philosophy, General and Medical.

written for 1lni«er:al Use in Plain or Non-technical Language. By Ngii
Aknot, M.I>. In one octavo volume, with about 20U Illustrations. $2.50.
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A COMPLETE COURSE OF NATURAL SCIENCE. (Just issued.)

THE BOOK OF NATURE.
An Elementaiy Introduction to the Sciences of Physics, Astronomy, Chemistry,

Mineralogy, Geology, Botany, Zoology, and Physiology. By Fbkderick
ScH(BDLER, Ph. D., Professor of the Natural Sciences at Worms. First Ame>
rican Edition, with a Glossary, and other additions and improvements. From
the Second English Edition, translated from the Sixth German Edition, by
Henrt Medlock, F.C.S., Ac. Illustrated by 679 Engravings on wood. In one

handsome rolnme, crown ootaTO, of about 700 large pages, extra cloth. $1.80.

As a work for popular instraotion in the Natural and Physical Soienees, it certainly is

unriTalled, so far as my knowledge extends. It admirably combines perspicuity witli bre-

vity ; while an excellent Judgment and a rare discrimination are manifest in the selection

and arrangement of topics, as well as in the description of oljecta, tbe illustration of phe-

nomena, and the statement of principles. A more careful perusal of those departments of
the work to which my studies have been particularly directed, has been abundantly suffi-

cient to satisfy me of its entire reliableness—Uiat the object of the author was not so much
to amnH as really to imtmel.—Prof. Allen, ObtHxn hutitute, Ohio.

I do not know of another book in which so much that is important on these suhjects can
be found in the same space.

—

I^f. John$ton,}Vede!/an UnivertU]/, Conn.

Though a very comprehensive book, it contains about as much of the details of natural
science as general students in this country have time to study in a regular academical
course; and I am so well pleased with it that I shall recommend its use as a text-book in
this institution.— H^ H. Alien, Jh-etidaU qf Oirard OoUegt, PhUaddphia.

I am delighted with Dr. Schcedler's "Book of Natnre;" its tone of healthAil piety and
reverence for God's word add a charm to the learning and deep research which the volume
everywhere manifests.—fVo/. /. A. Sptnoer, N. Y.

BROWNE'S CLASSICAL LITERATURE.
Second and improved Edition. (Now ready.)

A HISTORY OP GREEK CLASSICAL LITERATURE.
BY THE BEV. R. W. BROWNE, M.A.,

Professor of Classical Literature in King's College, Londoa.

In one very handsome crown octavo volume. $1.50.

B7 tha lui* Aathor, to mateh, (now ready,)

A HISTORY OF ROMAN CLASSICAL LITERATURE.

In one very handsome crown ocUtvo volume. (1.50,

These two volumes form a complete Course of Classical Literature, designea
either for private reading or for collegiate text-bocks. Presenting, in a moderate
compass and agreeable style, the results of tho nsost recent investigations of
English and continental scholars, it gives, in a succescion of literary biographies
and criticisms, a body of information necessary to all educated persons, and which
cannot elsewhere be found in so condensed and attractive a shape.

I am very favourably impressed with the work, from what I have seen of it, and hope to
And in it aci important help (br my class of history. Such a work is very much needed.—
Prqf. Otitner Harriton, Univerrity qf Virginia,

Mr. Brow na's present publication has great merit. His selection of materials is Judiciously
sdapted to tbe purpose of conveying, within a moderate compass, some dellnita idea of tha
loading characteristics of the great clasaiaal authors and their works. •••«*••
Mr. Browne has the happy art of conveying information in a most agreeable manner. It is

inipOFslble to miss bis meaning,'or be insensible to the charms of his polished style. SufRce
it to say that he has, in a very readable volume, presented much that is usefUl to tbe clas-
sical reader. Besides biographical information in reference to all the Classical Qrtek au-
thors, he has furnished critical remarks on thoir intellectual peculiarities, and an analysis
of their works when they are of sufflolent importance to deserve It—London ^Aemntm.
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New and moeh improved Edition.—(Lately luued.)

PHYSICAL GEOGRAPHY.
BY MARY SOMERVILLE.

A new American, from the third and revised London edition.

WnH H0TB8 AND A aT.088ART,

BY W. S. W. RUSCHENBERQER, M.D., U. S. Navt.

In one large royal 12mo. volume, of nearly six hundred pages. $1.25.

Eulogy is unnecessary with regard to a work like the present, which has passed
through three editions, on each side of the Atlantic, within the space of a few
years. The publishers therefore only consider it necessary to state that the last

London edition received a thorough revision at the hands of the author, who in-

troduced whatever improvements and corrections the advance of science rendered
desirable ; and that the present issue, in addition to this, has bad a careful ezami*
nation on the part of the editor, to adapt it more especially to this country. Great
care has been exercised in both the text and the glossary to obtain the accuracy
to essential to a work of this nature ; and in its present improved and enlarged
state, with no corresponding increase of price, it is confidently presented is in

every way worthy of a continuation of the striking favor with which it has been
everywhere received.

BUTLER'S ANCIENT ATLAS.
AN ATLAS OF ANCIENT GEOGRAPHY. By Samuei, Bctlek, D.D., lata

Lord Bishop of Litchfield. In one handsome octavo volume, containing twenty-
one coloured quarto Maps, and an accentuated Index. $1.50.

TEXT-BOOK OF SCRIPTURE 6E0GRAPHY AND HISTORY. (Just Issued.)

OUTLINES OF SCRIPTURE^OGRAPHY AND HISTORY;

niutratiiig th* Hiatorical Fortioni of the Old and Hew Tettamenti.

DESIGNED rOR THE USE OF SCHOOLS AND PRIVATE READING.

BY EDWARD HUGHES, F.R.A.S., F.O.S.,

Head Master of the Royal Naval Lower School, Greenwich, Ac.

BASKD DPON COLKMAR'S BISTORICAL GIOGRAPHT OP THE BIBLK.

With twelve handaome colonred Mapa.

In one very neat royal 12mo. volume, extra cloth. $1.00.

The intimate connection of Sacred History with the geography and physical

features of the various lands occupied by the Israelites, renders a work like the

present an almost necessary companion to all who desire to read the Scriptures

understandingly. To the young, especially, a clear and connected narrative of

the events recorded in the Bible, is exceedingly desirable, particularly when
illustrated, as in the present volume, with succinct tut copious accounts of the

neighboring nations, and of the topography and political divisions of the countries

mentioned, coupled with the results of the latest investigations, by which Messrs.

Layard, Lynch, Olin, Durbin, Wilson, Stephens, and others, have succeeded in

throwing light on so many obscure portions of the Scriptures, verifying its aocU'
racy in minute particulars. Few more interesting class-books could therefore be
found for schools where the Bible forms a part of education, and none, perhaps,

more likely to prove of permanent benefit to the scholar. The influence which
the physical geography, climate, and productions of Palestine had upon the Jewish
people will be found fally set forth, while the numerous maps present the varioua

regions connected with the subject at their most prominent periods.
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Now Beady.

A MANUAL OF ANCIENT GEOGRAPHY.
BY LEONHARD SCHMITZ, Ph. D.

Iteotor of the High School, Edinburgh, Ao.

With a Hap by General Xonteith, ihowing the Betreat of the Ten Ihoniand.

In one neat royal 12mo. volume, of about 300 pages. 91.00.

The object of the author has been to prepare a manual for the student, which,
within convenient limits, shall present a clear and complete outline of the geography
of the Ancient World. The recent investigations, both of critics and travellers,

have opened new sources of information and corrected numerous errors, rendering

comparatively useless many of the older authorities. On all these points full

information will be found in the present volume, which is, therefore, well calcu*

lated to supply a want that bus been long felt and acknowledged.

BY THE SAME AUTHOR— (Latbly PuBtismtD.)

A MANUAL OF ANCIENT HISTORY,
FROM THE REMOTEST TIMES TO THE OVERTHROW OF

THE WESTERN EMPIRE, A. D. 476.

BY Dr. LEONHARD SCHMITZ, F. R. S. E.,
Rector of the High School, Edinburgh.

With CopionB Chronolo^cal Tables.

In one handsome royal 12mo. volume of four hundred and sixty-six pages,

extra cloth. $1 00.

"The bi!>tory is oonBtructcd with art, and
evpr}* Icnilini; orpiit in fturrounded nrith such
acruHDories aswill plao« its importanctt clearly

Iwforc tlu! mind. The difficulty, rarely over-
come l)y cnmvilurg of manuals, is, to present

a broad historical view uniformly over a vast
space of time, and including many nations
and systems, and to reconcile the introduction

of characteristic details with the general pro-

portions of the narrative. Dr. Sclimitis has
happily surmounted these hardships of his

task, and has produced a fUU and masterly
survey of ancient history. His miinuitl is one
of the best that can be placed in the student's
)xi\,'aAs."—Athtnaum.

"The work is all that, and more than, he
represents it to be. We have closely exnminiHl
such portions of the history as we are l)est

acquainted vith, and have been unable to

detect a single error of fact. The general ac-

curacy of the work, therefore, seems to us
nnimpeacbable. while the diction is concise,

lucid, fluent, and vigorous. The chronological

table appended is comprehensive and well

arranged ; and the minute index added to this

renders the volume one of the most valuable
historical works of reference ever printed. We
•ball be surprised if it does not become a

popular text-book In our high schools and
colleges, as well as a favorite volume with
intelligent general readers."

—

N. Y. Commtr-
rtai Advertiter,

From Prqf. J. T. ChampUn, WattrvilU
OMegt, Maine.

" T have no hesitation in saying that it ii

by far the best manual of Ancient History
with which I am acquainted. The introduc-
tion of the history of the non-classical nations
Is an entirely new and importantfeature. and,
with the greater completeness of the chrono-
logical tables, and the general excellence of
the whole, cannot fail to commend it to

public favor. I shall recommend it to my
classes with pleasure."

From W. J. Clarke, Esq., Oeorgetovm, D. C,

" One of the best compends of Ancient His-
tory with which I am familiar. The most
philosophical in its arrangement, it combines
most admirably the two elements most diffi-

cult to unite— conciseness and fulness. I
shall substitute it for the work at present
used in my classes, to which I give it an im-
mense preference."
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Now COHPLETK.

SCHMITZ AND ZUMPT'S CLASSICAL SERIES.

By the completion of this series, tlie classical student is now in possession of a
thorough and uniform course of Latin instruction, on a definite system. Besides
the advantages which these worlcs possess in their typographical accuracy and
careful adaptation to educational purposes, the exceedingly low price at which
they are offered is a powerful argument in favor of their general introduction, as

removing a barrier to the general diffusion of classical education in the size and
costliness of the text-books heretofore in use. *

The series consists of the following volumes, clearly and handsomely printed,

on good paper, in a uniform large 18mo. size, strongly and neatly bound, and
accompanied with notes, historical and critical introductions, maps, and other

illustrations.

ScBMiTz's Elshkntart Latin Gramhar anb Exercises, extra cloth, price $0.50
Kaltschhidt's School Latin DiCTioNARr, in two Parts, Latin-English,

and English-Latin, nearly 900 pages, strongly bound in leather $1.30
Part L, Latin-English, about 600 pages, " " " 90
Part IL, English-Latin, nearly 400 pages, " " " 76

ScHuiTz's Advanced Latin Grahmar, 318 pages, half bound, .60

Advanced Latin Exercises, with selections for Readino, extra cloth, .50

CoRNELii Nbpotis Liber db Excellentibus Ddcibus, Ac, extra cloth, .50

CiRSARis DB Bello Gallico, Libri IV., 232 pages, extra cloth, .60

C. C. Sallustii Catilina et Juourtra, 168 pages, extra cloth, .50

Exoerpta ex p. Ovidii Nasonis Carminibus, 246 pages, extra cloth, .60

Q. Ccrtii Rufi db Alexandri Maoni Qujb Supersunt, 326 pp., ex. cloth, .70

P. ViROiLii Maronis Caruina, 438 pages, extra cloth, .75

Eclog^ ex Q. Horatii Flacci Poematibus, 312 pages, ..extra cloth, .60

T. Livii Patavini Hisioriarum Libbi L IL XXI. XXII., 360 fp., ex. cloth, .70

M. T. CicERONis Orationes SBLECTiS XII., 300 pages, extra cloth, .60

Also, uniform with the Series,

Baird's Classical Manual of Ancient Geography, Anti-
quities, Chronology, &e., extra cloth, .50

The volumes in cloth can also be had, strongly half-bound in leather, with cloth

sides, at an extra charge of live cents per volume.
The very numerous recommendations of this series from classical teachers of the

highest standing, and their adoption in many of our best academies and colleges,

sufficiently manifest that the efforts of the editors and publishers have not been
unsuccessful in supplying a course of classical study suited to the wants of the

age, and adapted to the improved modern systems of education.

With your Clansical Series I am well acquainted, and have no hesitancy in recommending
them to all my friends. In addition to your Vir|i;ll, which we use, we shall probably adopt
other books of the series as we may have occasion to introduce them.— iVo/. J. J. Owen,
N. T. Free Academy,

I regard this series of Latin text-books as decidedly superior to any others with whirh I

am acquainted. The Livy and Horace I shall immediately introduce for the use of the
college classes.

—

Pruf. A. KoUint, Delaware College.

Having examined several of them with some deforce of care, we have no hesitation In pro
nouncing them among the very best extant.

—

Prof. A. C. Knox, Hanover College, Indianu.

I can give you no better proof of the value which I set on them than by making une of

them in my own classes, and recommending their uf>e in the preparatory department of our
InHtitutlon. T have read them through carefully, that I might not speak of them witlimit

ilue examina Ion ; and I flatter myself that my opinion Is fully borne out by fact, wlien 1

pronounce them to be the most useful and the most correct, as well as the cheapest editions

of Latin OlaxHlcH ever introduced in this country. The Latin and English Dictionary con-

tnlns as much as the student can want in the earlier years of his course; it contains mi)i-e

than I have ever seen compressed Into a book of this kind. It ought to be the student's

constant companion in his recitations. It has the extraordinary recommendation of being
at once portable and oomprehenstve.

—

Prof. R. N. Newell, JUaionic OcMegt, linn.

That Invaluable little work, the Classical Manual, has been used by me for some time. I

WDiikl not, on any account, be without it. You have not perhaps l)een Informcii that It has
recently been Introduced in the High School of this place. Its typographical accuracy is

remarkable.—i{^ina<d H. CJuue, Harvard Univertity.
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Shaw's English Literature—Lately Published.

OUTLINES OF ENGLISH LITERATURE.
By Thokas B. Shaw, Professor of English Literature in the Imperial Alezandet
Lyceum, St. Petersburg, Second American Edition. With a Sketch of Ame-
rican Literature, by Henry T. Tuckehhak, Esq. In one large and haudsomo
volume, royal 12mo., of about five hundred pages. «1.15.

The object of this work ifl to present to the student, within a moderate compass,

a clear and connected view of the history and productions of English Literature.

To accomplish this, the author has followed its course from the earliest times to

the present age, seising upon the more prominent " Schools of Writing," tracing

their causes and effects, and selecting the more celebrated authors as subjects for

brief biographical and critical sketches, analyzing their best works, and thus pre-

senting to the student a definite view of the development of the language and
literature, with succinct descriptions of those books and men of which no educated

person should be ignorant. He has thus not only supplied the acknowledged
want of a manual on this subject, but by the liveliness and power of his style, the

thorough knowledge he displays oPhis topic, and the variety of his subjects, ha

has succeeded in producing a most agreeable reading-book, which will captivate

the mind of the scholar, and relieve the monotony of drier studies.

Its merits I had not now for the first time to learn. I have used it fortwo years as a text-

book, with the greatest satisfaction. It was a happy conception, admirably executed. It is

all that a text-txMk on such a su^eet can or need be, oomprising ajudioious selection of
materials, eaiUv yet effectively wrought. The author attempts Just as much as he ought to,

and does well all that he attempts; and the best of the book is the genial spirit, the genuine
love of genius and its works which thoroughly pervades it, and makes it Just what you want
to put into a pupil's hands.—iV^Mior J. V. Raymond, Vnintrtitjf <ff Rw^nuUir.

Of " Shaw's Knglish Literature" I can hardly say too much in praise. I hope its adoption
and use as a testrbook will correspond to its great merits.—i>({f. J. C. Pickard, JU. OoUitgt.

BOLMAR'S COHPLirE FRENCH SERIES.
Blanchard and Lea now publish the whole of Bolmar's Educational Works, form-

ing a complete series for the acquisition of the French language, as follows

:

BOLMAR'S EDITION OF LEVIZAC'S THEORETICAL AND PRACTICAL
GRAMMAR OF THE rRENCU LANGUAGE. With numerous Corrections
and Improvements, and the addition of a complete Treatise on the Genders of
French Nouns and the Conjugation of the French Verbs, Regular and Irregu-
lar. Thirty-fifth edition. In one 12mo. volume, leather. $1.00.

BOLMAR'S COLLECTION OF COLLOQUIAL PHRASES, on every topic

necessary to maintain conversation ; arranged under diffierent heads ; with nu-
merous remarks on the peculiar pronunciation and use of various words. The
whole so disposed as considerably to facilitate the acquisition of a correct pro-
nunciation of the French. In one 18mo. volume, half bound. 38 ots.

BOLMAR'S EDITION OF FENELON'S AVENTURBS DE TBLEMAQUE.
tn one 12mo. volume, half bound. 55 cts.

BOLMAR'S KEY TO THE FIRST EIGHT BOOKS OF TELEMAQUE, for

the literal and free translation of French into English. In one 12mo. volume,
half bound. 55 cts.

BOLMAR'S SELECTION OP ONE HUNDRED OF PERRIN'S FABLES,
accompanied with a Key, containing the text and a literal and a free transla-
tion, arranged in such a manner as to point out the difference between the
French and the English idiom; also, a figured pronunciation of the French.
The whole preceded by a short treatise ou the Sounds of the French languago
as compared with those of English. In one 12uo. volume, half bound. 75 ctti.

BOLMAR'S BOOK OF FRENCH VERBS, wherein the Model Verbr, and seve-
ral of the most diflScuIt, are conjugated Affirmatively, Negatively, Interroga-
tively, and Negatively and Interrogatively, containing also numerous Notes
and Directions on the Different Conjugations, not to be found in any other book
published for the use of English scholars ; to which is added a complete list of
all the Irregular verbs. In one 12mo. volume, half bound. 50 cts.

Tho long and extended sale with which these works have been favoured, and
the constantly increasing demand which exists for them, renders unnecessary any
•zplanation or recommendation of their merits.
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HERSCHELL'S ASTRONOMY.

OUTLINES 0T"a STRONG MY.
BT SIR JOHN F. W. HERSCHEL, Bast., F.R.S., kf>.

A New Amerioan, firom the Fourth and Revised London Edition.

In one handsome orown oetaro rolnme, with Plates and Wood-cnts. 91.60.

The present work is reprinted from the last London Edition, which was oare-

ftilly revised by the author, and in which he embodies the latest investigations and
discoveries. It may therefore be regarded as fully on a level with the most ad'
yanced state of the seienoe, and even better adapted than its predecessors as a
full and reliable tezt-book for advanced classes.

A few commendatory notices are subjoined, from among a large number with
which the publishers have been favored.

A rich mine of all that Is most valuable in modem AstTonomy.

—

Profttior D. (Hnukad,
TaUOoBigt.

As a work of reference and study for the mora advanoed pupils, who yet are not prepared
to avail tbempelves of tbe bigtaer matbemstios, I know of no work to be eompsrcd witb
it.—Prof. A. Omnttt, Broun Vniteriitjf, R. I.

TbU treatise is too well known, and too blgbly appreciated in the sdentUc world, to need
new praise. A distinguisbing merit in tbis, as in tiie otber productions of tbe autbor, is,

tbat tbe language in wblcb tbe profound reasonings of sdenee are oonveyed is so perspicuous
that the writer's meaning can never be misunderstood.— /Vo/l Samtui Jmtt, Jtfftrum
Colltgt,Bt.

I know no treatise on Astronomy comparable to " Hersehel's Outline*.** It is admirablv
adapted to tbe necessities of the student. We have adopted It as a tezt-book in our Col-

lege.—JfVo/. J. F. Oroditr, Maditon Cutttgt, Pa,

As flff as I am able to Judge, it is tbe best work of its class in any language.—A^. Jama
Curley, Georgetown OoBtg*.

It would not become me to speak of tbe scientifle merits of such a work by such an author

;

hut I may be allowed to say, tbat I most earnestly wish tbat it might supersede every book
used as a tezt^xiok on Astronomy in al< our institutions, eicept perhaps those where it is

studied mathematically.—iVq/: N. TOUnghatt, BritlgewaUr, Mat*.

CHEDAICAL TEXT-BOOK FOR STUDENTS. (Just Issued.)

BLEHENTA RT~0 H E n I S T R T,
THBOBETIOAL AND PRACTICAL.

BY OEOROE FOWNES, Ph. D., Ac.

With KTuneront Illiutratioiu.

WITH ADDITI0M8,

BT ROBERT BRIDGES, M.D.

In one large royal 12mo. volume, containing over 550 pages, elearly printed on

small type, with 181 Illustrations on Wood. $1.35.

We know ofno better text-book, especially in the difficult department of Organic Chemistry,
upon which it is particularly fall and satisfactory. We would recommend it to preceptors
nx a capital " offlee-book" for their students who are beginners in Chemistry. It is copiously
illustrated with excellent wood-euts, and altogether admirably "got up."— Al /. Afedteui

Kqporttr.

A standard manual, which has long enjoyed the reputation of embodying much know-
ledge in a small space. The author ban Hchieved tbe dillicult task of condensation with
masterly tact. His book is concise without being dry, and brief without being too dug
mstical or general.

—

Virginia Medieal and Surgical Journal.

Tbe work of Dr. Fownes has long been before the public, and its merits have been ftally

appreciated as the best tezt-book on CbemiRtiy now in existence. We do not, of eouree^
place it in a rank superior to the works of Brands, Qraham, Turner, Gregory, or Gmalii^
but we say that, as a work for students, it is preferable to any of them.—XothImi Jowwaly
Medicine.
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A N£W AND COlin.rnS CLASSICAL ATLAS.—(Just Beady.)

AN ATLAS OF CLASSICAL GEOGRAPHY.
CoNSTiuoTKD BY WILLIAM HUGHES, and bditbd by QEORQE LONG.
With a sketch •/ Ancient (leography* and other Additions,? THE AHEBICAN EDITOR.

Containing Ji/ty-tieo Colored Mapt and Plant, on twenty-two large imperial quarto
Plate*.

BEAUTIFULLY BNORAVBD ON STEEL, IN THE CLBAnRST AMD U08T FINISHED STYLI.

WITH AN INDEX OF PLACES.
In one very handsome volume, strongly half bound, (3.00.

LIST OF
1. THE GEOGRAPHY OF THE AN-
CIENTS.

—

The Would according to
HoMRR (B.C. 900).

—

The World ac-
coupino to Hecatakus (about B.C.

600).— The World accordino to
Herodotus (about B.C. 440).— The
World according to Democr!TU8
(about B.C. 300).— The World ac-
cording to Eratosthenes and
Strabo (from about B.C. 200 to a.d.

20).

—

Western Europe according
TO Strabo.—The World according
TO Ptolemy (about a.d. 160).

—

India
according to Ptolemy.— Britain
ACCORDING TO PtOLEMY.

2. THE WORLD AS KNOWN TO
THE ANCIENTS, with the Boun-
dary OP the Persian Empire under
Cyrus.

3. EMPIRE OF ALEXANDER THE
GREAT, WITH the adjoining Re>
OIONS.

4. THE PROVINCES OF THE RO-
MAN EMPIRE (A.D. 119).

6. BRITANNIA.
6. GALLIA.
7. IirSPANIA.
8. ITALIA (Northern Part).
V. ITALIA (Southern Part).—Cor-
sica AND Sardinia.

10. PLAN OF ROME.
11. THE ROMAN TERRITORY and
the neighboring CouMitY, on an
enlarscd Rcale.

12. SICILIA.
13. 8YRACUSJE.—THE BAY OP NA-
PLES and adjacent Part op Cam-

PLATES.
PANiA.— Thb two Porta oj Bnuu-
UUSIUH.

14. MACEDONIA, THRAOIA, ILLY-
RICUM, AND the Provinces or thb
Middle and Lower Danube.

15. GnAECIA, INCLUDING EPIRUS
AND THESSALIA, WITH PART
OF MACEDONIA.

16. PART OF ATTICA, WITH BOEO-
TIA, PHOCIS, LOCRIS, MEGARIS,
etc., on an enlarged scale.

ir. PLAN OP ATHENS.—ATHENS
AND ITS HARBORS.

18. PELOPONNESUS, with Attica
AND Part op Boeotia.

19. THE COASTS AND ISLANDS OF
THE AEGEAN SEA.

20. ASIA MINOR AND THE NORTH-
ERN PART OF SYRIA.

21. PALABSTINA, WITH PART OF
SYRIA.

—

Plan op Jerusalem.
22. ASSYRIA AND THE ADJACENT
COUNTRIES.

23. MAURITANIA, NUMIDIA, AND
AFRICA.

—

The African Coast from
THE Syrtis Minor to Egypt.— En-
larged Plan op the Carthaginian
Territory.

24. ARABIA PETRAEA AND PART
OF EGYPT. INCLUDING THE DeLTA.

25. GERM ^.* WAC^NA, with thb
PllOVINCBfe t;

• '< " n ;>PER DANUBE.
26. Troja \i N AE.— M^';»

thon. - ' ' .A. Mantinea. —
Lkuctra. — iiouTB OP Xbnophon.—
Granicus—Issus.

—

Arbela.—Thra
ciAN Bosporus.—Alexandria.

It will be obner/ed that, in addition to a very thorough series of maps of all

the countries known to the ancients, the Atlas contains a large number of topo-

irrapbieal pliins, on an enlarged scale, of important places, elucidating in many
iiys jiafnages in the classical writers. In this manner it is believed that much

M8iEt> .1 J will be rendered to the student who desires to obtain a clear eoaipre>

bev^A'D of ancient history.
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