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PREFACE.

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 Cyclopaidia,

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 opportunity having been afforded

me by the Proprietors, preparatory to its re-appear-

ance in a form of more pretension, I have gladly

availed myself of it, not only to correct some errors

which, to my regret, sub'^bied in the former volume,

but to remodel it altogether (though in complete

accordance with its original design as a work of ex-

planatiori) ; 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 ojf

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 chap-
A 3
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ters devoted to it inut^t, therefore, be considered as

addressed to a class of readers in possession of some-

what more mathematical knowledge than those who

will find the rest of the work readily and easily ac-

cessible ; to readers desirous of preparing themselves,

by the possession of a sort of carte du pays, for a

campaign in the most difficult, but at the same time

the most attractive and the most remunerative of all

the applications of modem geometry. More espe-

cially 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 tlie sake of the theory itself than for the

spirit of far-reaching thought, superior to and dis-

encumbered of technical aids, which distinguishes

that beyond any other production of the human in-

tellect.

In delivering a rational as distinguished from a

technical exposition 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 orjually lunaiious

can ever be substituted for his explanation. But as

respects the other disturbances, the point of view

chosen by Newton has been abandoned for another,

which it is somewhat difficult to perceive why he did

not, himself, select. By a different resolution of the

disturbing 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
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place, naturally and consecutively, as corollaries of

the seventeenth proposition of his first book (a pro-

position which seems almost to have been prepared

with a special view to this application), the moment-

ary change of place of the upper focus of the dis-

turbed ellipse is brought distinctly under inspection

;

and a clearness of conception introduced into the

perturbations of the excentricities, perihelia, and

epochs which the author does not think it presump-

tion 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 pro-

cedure here followed leads direct, and by steps (for

the subject) of the most elementary character, to the

general formulsB for these perturbations, delivered

by Laplace in the M^canique Celeste.*

The reader will find one class of the lunar and
planetary inequalities handled in a very difix3rent

manner from that in Avhich their explanation is usu-

ally 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

efi^ect of the disturbing force in altering the disturbed

orbit. I wU venture to hope that what is here

stated will tend to remove some rather generally

* Livre ii. chap. viii. art. 67.

A 4
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diffused misapprehensions as to the true bearings of

Newton's explanation of the annual equation.*

If proof were wanted of the inexhaustible fertility

of astronomical science in points of novelty and in-

terest, it would suffice to adduce the addition to the

list of members of our system of no less than eight

new planets and satellites during the preparation 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 ex-

position of the pcrturbative 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 re-

searches of Messrs. Leverrier and Adams exhibit.

To the latter of these eminent geometers, as well

as to my excellent and esteemed friend the Astro-

nomer Royal, I have to return my best thanks for

communications which would have effectually re-

lieved 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 committed in the early working of

* Principia, lib. i. prop. 66. cor. 6.

«
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the Julian reformation of the calendar, of which I

should have availed myself, had it not appeared pre-
ferable, on mature consideration, to present the sub-
ject ill its siiriplest form, avoiding altogether entering
into minutiiB of chronological discussion.

J. F. W. Hersch::l.

CoUingwood, April 12. 1849.
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NOTE
TO

THE FOURTH EDITION.

i

Several alterations and additions are made in this Edition,

besides 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

featUi.es, are noticed. Where such additions are intro-

duced in the text, they are indicated by being enclosed in

brackets [ ].

J. F. W. Herschel.

London, Aug. 5, 1851.
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(1.) Evert 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 un-

learn. Familiar objects and events are far from presenting

themselves to our senses in that aspect and with those con-

nections under which science requires them to be viewed, and

which constitute their rational explanation. There is, there-

fore, 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, becaus(i 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 something

of an eflFort and a resolve, for the unprejudiced admission of

any condusion 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 examination, on the credit of
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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 physi-

cal adaptation. It is the " euphrasy and rue " with Avhich

we must " purge our sight " before we can receive and con-

template as they are the lineaments of truth and nature.

(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 what-

ever 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 be-

come 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 contrary, the

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

which he stands, and which has served for ages as the un-

shaken foundation of the firmest structures, either of art or

nature, is divested by the astronomer 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 en-

larged in his imagination into vast globes,— the one ap-

proaching in magnitude to the earth itself, the other im-

mensely surpassing it. The planets, which appear only as

stars somewhat brighter than the rest, are to him spacious,

elaborate, and habitable worlds; several ot them much
greater and far more curiously furnished than the earth he

inhabits, as there are also others less so ; and the stars them-

selves, properly so called, which to ordinary apprehension

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

of various and 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
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ideas his calculations have called up, and exhausting his ima-

gination 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 in-

visible and unsuspected from some of its principal and remoter

members,

(3.) There is hardly any thing which sets in a stronger

light the inherent 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 conclusions are assented

to as soon as their evidence is clearly apprehended, and the

tenacious hold they acquire over our belief when once ad-

mitted. In 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 assump-

tion which will not only save the trouble of piling argument

on argument to convince the sceptical, but will greatly

facilitate his actual progress ; inasmuch 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 strictly 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 composition. 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 known. 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

ji a
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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

wliich 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 Coper-

nican 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 demonstration or

the superfluous tedium of eulogy, calling to mind that im-

portant remark of Bacon : — " Theoriarum vires, arcta et

quasi se mutuo sustinente partium adaptatione, qu^ quasi in

orbem cohrerent, firmantur * ; " not failing, however, to point

out to the reader, as occasion offers, the contrast which its

superior simplicity offers to the complication of other hypo-

theses.

(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 prac-

* " 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 colierent whole." This is what Dr. Whcwell expressively terms tlie

tontilienct of inductions.
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tice of decimal and sexageainial arithmetic ; some moilcratc

acquaintance with geometry and trigonometry, both piano

and splicrical ; the elementary principles of ..; chanicd ; and

enough of optics to understand the construction and use of

the telescope, and some other of the simpler instruments.

Of course, the more of such knowledge he brings to the

perusal, the easier will be his progress, and the more com-

plete the information gained; but we shall endca^'our in

every case, as far as it can be done without a sacrifice of

clearne?3, and of that useful brevity which consists in the

absence of prolixity and episode, 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 number will be few),

that its utmost pretension is to place them on the threshold

of this particular wing of the 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 sufficient know-

ledge 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 independent opinion on any subject of discussion

within their range. It is not without an effort that those who
possess this knowledge can communicate on such subjects

with those who do not, and adapt their language and their

illustrations to the necessities of such an intercourse. Pro-

positions which to the one are almost identical, are theorems

of import and difficulty to the other ; nor is their evidence

presented in the same way to the mind of each. In teaching

such propositions, under such circumstances, the appeal haa

to be made, not to the pure and abstract reason, but to the

sense of analogy— to practice and experience : principles and
}> 3
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modes of action have to be cstahHahed not by direct argument

from acknowledged axioms, but by continually recurring to the

sources from which the axioms themselves have been drawn

;

viz. examples ; that is to 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 particuliu' case, a separate induc-

tion, and constructing at each step a httle body of science to

meet its exigencies. The difference is that of pioneering a

road through an untraversed country and advancing at ease

along a broad and beaten highway ; that is to say, if wc arc

determined to make ourselves distinctly understood, and will

appeal to reason at all. As for the method of assertion, or a

direct demand on the faith of the student (though in some

complex cases indispensable, where illustrative explanation

would defeat its own end by becoming tedious and burdensome

to both parties), it is one which I shall neither willingly adopt

nor would recommend to others.

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

abandon the road of mathematical demonstration in the treat-

ment of subjects susceptible of it, and to teach any consider-

able branch of science entirely or chiefly by the way of il-

lustration and familiar parallels, it is yet not impossible that

those who are already well acquainted with our subject, and

whose knowledge has been acquired by that confessedly higher

practice which is incompatible with the avowed objects of the

present work, may yet find their account in its perusal,— for

this reason, that it is always of advantage to present any given

body of knowledge to the mind in as great a variety of dif-

ferent lights as possible. It is a property of illustrations of

this kind to strike no two minds in the same manner, or with

the same force; because no two minds are stored with the

same images, or have acquired their notions of them by
similar habits. Accordingly, it may very well happen, that a

proposition, even to one best acquainted with it, may be

placed not merely in a new and uncommon, but in a more

impressive and satisfactory light by such a course— some

obscurity may be dissipated, some inward misgivings cleared

I
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up, or even some rn«k3 supplied which may lead t> the ;• ,-•

ccption of connections and deductions altogether unknown
before. And the 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 may really possess.

(9.) Besides, there are cases in the application of mecha-

nical principles with which the mathematical 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 of his technical processes, and fairly arrived at hia

conclusion,— there is still something wanting in his mind—
not in the evidence, for he has examined each link, and finds

the chain complete— not in the principles, for those he well

knows are too firmly established to be shaken — but precisely

in the mode of action. He has followed out a train of rea-

soning by logical and technical rules, but the signs he has

employed are not pictures of nature, or have lost their ori-

ginal meaning as such to his mind : he has not seen, as it

were, the process of nature passing under his eye in an in-

stant 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 he has that

direct and individual impi'ession which gives it a reality and

associates 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 illustration, nor are the points to

be elucidated themselves always capable of being so para-

phrased (if I may use the expression) by any single in-
B 4
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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

effects of planetary pertur' ation than I had acquired by

^heir 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 theoretical astronomy shall find

consigned the minute description of methods of observation,

or the formulae he requires prepared to his hand, or their de-

monstrations drawn out in detail. In all these the presen.

work will be found meagre, and quite inadequate to his

wants. Its aim is entirely different ; being to present in each

case the mere ultimate rationale of facts, arguments, and

processes; and, in all cases of mathematical application,

avoiding whatever would tend to encumber its i)ages with

algebraic or geometrical symbols, to place under his inspec-

tion 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 themselves, is oiten con-

cealed from the eye of the gazer, and not always disposed in

the straightest and most convenient form to follow by those

who string them. This is no fault of those who have con-

ducted the inquiries to which we allude. The contention of

mind for which they call is enormous ; and it may, perhaps,

be owing to their experience of how little can be accomplished

in carrying such processes on to their conclusion, 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 equa-

tions and series, — than to those which enchain causes with

their effects, and both with the human reason,— that we
must attribute something of that indistinctness of view which

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

and still more commonly ascribed ironically to the native

'^
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cloudiness of an atmosphere too sublime for vulgar compre-
hension. 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 untutored
comprehension clearly what it can, and what it cannot, hopo
to attain.
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CHAPTER 1.

GKNERAL NOTIONS.— APPARENT AND KEAL MOTIONS.— SHAPE AND

SIZE OF THE EARTH. — THE HORIZON AND ITS DIP. — THE AT-

MOSPHERE. — REFRACTION. — TWILIGHT. — APPEARANCES RE-

SULTING FROM DIURNAL MOTION— FROM CHANGE OP STATION

IN GENERAL PARALLACTIC MOTIONS. TERRESTRIAL PARAL-

LAX. — THAT OF THE STARS INSENSIBLE.— FIRST STEP TO-

WARDS FORMING AN IPEA OF THE DISTANCE OF THE STARS.

—

COPERNICAN VIEW OI^ THE EARTIl's MOTION. RELATIVE

MOTION. — MOTIONS PAIvTLY REAL, PARTLY APPARENT. GEO-

CENTRIC ASTRONOMY, OR IDEAL REFERENCE OF PHENOMENA
TO THE earth's CENTRE AS A COMMON CONVENTIONAL

STATION.

(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 tl: oy can be traced by the effects produced,

and established by legitimate reasoning, form the assemblage

of objects to which the attention of the astronomer is directed.

The term astronomy * itself, which denotes the laio or rule of

the astra (by which the ancients understood not only the

stars properly so called, but the sun, the moon, and all the

visible constituents of the heavens), sufficiently Indicates this

;

and, although the term astrology, which denotes the reason,

theory, or interpretation of the stars f, has become degraded in

its application, and confined to superstitious and delusive at-

tempts to divine future events by their dependence on pre-

* Acrrrip, a star ; vofios, a law ; or vfjxtiv, to tend, as a shepherd his flock ; so

that aa-rpovofJLos means "shepherd of the stars." The two etymologies are, how-
over, coincident.

f Ao-yos, teason, or a word, the vehicle of reason ; the interpreter of thought.

i\
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tended 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, the

chief of all. It derives its importance, in a practical as well

as theoretical sense, not only from its proximity, and its re-

lation 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 different. For what, in

fact, can be more apparently different than the vast and

seemingly immeasurable extent of the earth, and the stars,

which appear but as points, and seem to have no size at all ?

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

brilliant. We perceive in it no motion, while in them we
observe a continual change of place, as we view them at dif-

ferent hours of the day or night, or at different seasons of the

year. The ancients, accordingly, one or two of the more en-

lightened of them only excepted, admitted no such commu-
nity of nature ; and, by thus placing the heavenly bodies and

their movements without the pale of analogy auu experience,

effectually intercepted 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 conventions, 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 be 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
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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, maj/ be nothing but a great star. How correct such

an idea may be, and with what limitations and modifications

it is to be admitted, we shall see presently.

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

arrangement, in space, of a number of objects which we can-

not approach and examine, but of which all the information

we can gain is by sitting still and watching their evolutions,

it must be very important for us to know, in the first

instance, whether what we call sitting still is really such;

whether the station from which we view them, with ourselves,

and all objects which immediately surround us, be not itself

in motion, unperceived by us ; and if so, of what nature that

motion is. The apparent places of a number of objects, and

their apparent arrangement with respect to each other, will

of course be materially dependent on the situation of the

spectator among them ; 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 ail the movements we think we perceive

among the stars will not be real movements, but that some

part, at least, of whatever changes of relative place we per-

ceive 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 in-

habitants : we must remember that it is of the earth as a

whole, with all that it holds within its substance, or sustains

si
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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 terres-

trial object from its relative situation 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 sudden changes of motion, produced,

as the laws of mechanics teach us, by sudden and powerful

forces acting during short times ; and these forces, applied to

our bodies, are what we fed. 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 per-

ceive a tremor arising from inequalities in the road, over

which the carriage is successively lifted and let fall, but we
have no sense of progress. As the road is smoother, our

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

accelerated. Railway travelling, especially by night or in a

tunnel, has familiarized every one with this remark. Tliose

who have made aeronautic voyages testify that with closed

eyes, and under the influence of a steady breeze communi-

cating no oscillatory or revolving motion to the car, the

sensation is that of perfect rest, however rapid the transfer

from place to place.

(16.) But it is on shipboard, where a great system Is main-

tained in motion, and where we are surrounded with a mul-

titude of objects which participate with ourselves and each

other In the common progress of the whole mass, that we feel

most satisfactorily the identity of sensation between a state

of motion and one of rest. In the cabin of a large and heavy

vessel, going smoothly before the wind in still ^fater, 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 fiills back into our hand ; or if we drop

it, it alights at our feet. Insects buzz around us as in the
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free air ; and smoke ascends in the same manner as it would

do in an apartment 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

— external, that is, to the system of which weform a part.

" Provehimur portu, terraeque urbesque reccdunt,"

(17.) In order, however, to conceive the earth as in mo-

tion, 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 definite outline, so as to admit

of our imagining it, at least, disconnected from other bodies,

and existing insulated in space. The first rude notion we
form of the earth is that of a flat surface, of indefinite extent

in all directions 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 our-

selves 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, ori-

ginate 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, and rise again in the east, as we cannot doubt that It Is

the sam,e sun we see after a temporary absence, we must do

.violence to all our notions of solid matter, to suppose it to

have made its way through the substance of the earth. It

must, therefore, have gone under it, and that not by a mere

subterraneous chaiinel ; for if we notice the points where it

I im\'
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seta nnd rises for many successive days, or for a whole year,

we shall find them constantly shifting, round a very large

extent of the horizon ; and, besides, the moon and stars also

set and rise again in all points^ of the visible horizon. The

conclusion is plain : the earth cannot extend indefinitely 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 sun, moon, and stars can pass

;

and that side must, at least, be so far like what we oce, that

it must have a sky and sunshine, and a day when it Is night

to us, and vice versa ; where, in short,

— "redit k nobis Aurora, diemque rcducit.

Nosquu ubi primus equis oricns afflavit anhelis,

Illic sera rubcns accendit lumina Vesper." Georg,

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

conception of an earth yixihowt foundations or fixed supports—
existing insulated in space from contact of every thing ex-

ternal, 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

any 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.

(19.) Let us first examine what we can actually see of its

shape. Now, it is not on land (unless, indeed, on un-

commonly 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

minute proportion to the whole earth, are yet too considerable

Avith 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 dis-

figured. But with the surface of the sea or any vastly ex-

tended 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
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itself in distance and mist, but terminated by a sharp, clear,

well-defined line or offint/ 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 similarity 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 instrument

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

atmospheric circumstances, which produce a temporary dis-

tortion of the outline), in whatever direction the measure is

taken,—properties which belong only to the circle among

geometrical figures. If we ascend a high eminence on a plain

(for instance, one of the Egyptian pyramids), the same holds

good.

(20.) Masts of ships, however, and the edifices erected by

man, are trifling eminences compared to what nature Itself

affords; JEtna, TenerifFe, Mowna Roa, are eminences from

which no contemptible aliquot part of the whole earth's surface

can be seen ; but from these again— in those few aud 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 are witnessed, but with this re-

markable addition, viz. that the angular diameter of the visible

area, as measured by the dip sector. 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 represented by the sphere LHN Q, whose centre Is C, and

let A, G, M be stations at different elevations above various

points of Its surface, represented by a, g, m respectively.

From each of them (as from M) let a line be drawn, as M N n,
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a tangent, to the surface at N, then will this line represent

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

visihle horizon; and as this tangent sweeps round ]M, and

comes successively into the positions M O o, M Pp, M Q y,

the point of contact N will mark out on the surface the

circle N O P Q. The area of the spherical surface compre-

h to

and

ious

/ely.

hended within this circle is the portion of the earth's surface

visible to a spectator at M, and the angle N M Q included

between the two extreme visual rays is the measure of its

apparent angular diameter. Leaving, at present, out of con-

sideration 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, i. e. the spherical

segment or slice N O P Q, increases ; 2dly, that the distance

of the visible horizon * or boundary of our view from the eye,

• 'Opi^u, to terminate.
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viz. the line MN, increases; and, 3tlly, that the angle NMQ
becomes less obtuse, or, in otlicr words, the ai)i)arcnt angidar

diameter of the earth diminiahes, being nowhere so great as

180°, or two right angles, but falling short of it by some sen-

sible 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 7^ N M,
M Q <7 to be the two logs of a ruler jointed at M, and kept

extended by the globe N ?n Q between them. It Is clear, that

as the joint M is urged home towards the surface, the legs

will open, and tlie ruler will become more nearly straif/hf,

but will not attain perfect straightness till M is brought

fairly up to contact with tho sui'face at m, in which case

its whole length will become a tangent to the sphere at vi, as

is the line xy.

(23.) This explains what Is meant by the dip of the horizon.

M m, 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 prolonged both ways, as

XM Y, the line so drawn will be at right angles to Mw,
and therefore parallel to x m y, 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 X Z Y, but also that

portion or zone of it which lies between X N and Y Q ; in

other words, his sky will be more than a hemisphere by the

zone Y Q X N. 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

* See these instruments described in Chap. III.
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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 observation) 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 irregu-

larities which exist on land, but whicii can of coui'se 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-offing, 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 at-

mospheric indistinctness. 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 i-ise 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

tvhcle 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 portion still continue to diminish in

apparent size, but the hull begins to disappear bodily, as if

sunk below the surface. When it has !|escl)ed a certain
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distance, na at C, its hull has entirely vanished, but the masts

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

this state of things, the

spectator quickly as-

cends to a higher sta-

tion, T, whose visible

horizon is at D, the

hull comes again in

sight ; and, when ho

descends again, he loses

it. The ship still receding, the lower sails seem to sink below

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

the distinctness with which the last portion of the sail d is

seen is such as to satisfy us that were it not for the interposed

segment of the sea, ABODE, the distance T E 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 INIr. Sadler, the

celebrated aeronaut, ascended on one occasion in a balloon

from Dublin, and was wafted across the Irish Channel, when,

on his approach to the Welsh coast, 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 threw

out nearly all his ballast, and suddenly spiang upwards to a

great height, 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 stations v. hicli 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 hereafter 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
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for simplicity, wo will suppose to be exactly equal) arc

known, as well as their exact horizontal interval a DA, by

moasurcmcnt ; tiicn it is clear

that I), the visible horizon of

both, will lie just half-way

between thcni, and if we sup-

jiose aT)h to be the sphere of

tiie earth, and C its centre in

the figure C D i U, we know

D b, the length of the arch

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

interval, and b B, the excess of its secant above its radius—
which is the hciglit 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 suppose both

the heights and distance of the stations inconsiderable in

comparison with the size of the earth, the solution alluded to

is contained in the following proposition :
—

The cartlCs diameter bears the same proportion to the distance

of the visible horizon from the eye as that distance docs to the

heif/ht 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 refrac-

tion prevents this from being an exact method of ascertaining

the dimensions of the earth, yet it will suflSce 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 con-

ceptions, on which account we shall exemplify its application

in numbers. Now, it appears by observation, that two

])oints, each ten feet above the surface, cense 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, thei'efore, be equal to

c 3
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4x2112= 8448, or, in round numbers, about 8000 miles,

which is not 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 ,je 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

surface, arising from mountains, valleys, buildings, &c. to

the roughnesses on the rind of an orange, compared with

its general mass. The comparison is quite free from exag-

geration. 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 no 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 laud, 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 poi'^ iS and ridges, must be comprised on it

within the thickness of thin writing-paper ; and the highest

hills would be represented by the smallest visible grains

of sand.

(30.) The deepest mine existing does not penetrate half a

mile below the surface : a scratch, or pin-hole, duly re-

presenting 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 \-<^ry

much exceed the greatest elevation of the continents, and
would, of course, be represented 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 lefi by a brush dipped

in colour, and drawn over those parts intended to represent
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the sea ; only, in so conceiving it, we must bear in mmtl that

the resemblance extends no farther than to proportion in

point of quantity. The mechanical laws which would

reffulate 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 surface

which has ever been seen at once by man, was that exposed

to the view of MM. Biot and Gay-Lussac, in their celebrated

aeronautic expedition to the enormous height of 25,000 feet,

or rather 'less than five miles. To estimate the proportion of

the area visible from this elevation to the whole earth's

surface, we must have recourse to tne geometry of the sphere,

which informs us that the convex surface of a spherical

segment is to the whole surface of the sphere to which it

belongs as the versed sine or thickness 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 surface.

The proportion, therefore, of the visible area, in this ease, to

the whole earth's surface, is that of live miles to 8000, or

1 to 1600. The portion visible from JEtna, the Peak of

Teneriffe, or Mowna Eoa, is about one 4000th.

(33.) When we ascond 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 incumbent on a given

horizontal surface, confirms this impression, and affords a

direct measure of the rate of diminiixion 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 10,600 feet of perpendicular elevation (which is rather

less than that of the summit of iEtna*) we have ascended

• The liclglit of iEtna above tlic Mediterranean (ns it results from a barome-

c 4
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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, a priori,

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

pable 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 and 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

quantity of air surmounted, Avould be by no means in pro-

portion to the additional height ascended, but in a constantly

decreasing I'atio. An easy calculation, however, founded on

our expei'imental knowledge of the properties of air, an I the

mechanical laws which regulate its dilatation and r^ aw. -on,

is sufficient to show that, at an altitude above the j.u!u(je of

the earth not exceeding the hundredth part 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 main-

tained in it, but that the most delicate means we possess of

ascertaining the existence of any air at all would fail to afford

th'j slightest perceptible indications of its presence.

(34.) Laying out of cons''^!eration, therefore, at present, all

nice questions as to the probable existence of a definite limit

to the atmosphere, beyond which there is, absolutely and

rigorc'.isly speaking, no air, it is clear, that, for all practical

l)urposes, we may speak of those regions which are more

distant above the earth's surfiice than the hundredth part of

its diameter as void of air, and of course of clouds (which art

nothing but visible vapours, diffused and Jloating in the air,

sustained by it, and rendering it turbid as mud does water).

It seems probable, from many indications, that the greatest

height at which visible clouds ever exist does not exceed ten

miles; at which helglit the density of the air is about ..n

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

trical ine.isureincnt of my own, inadc in July, 1824, iniiK'i' very favourable c.

ciimstances) is 10,87;^ English feet.— Autlior,
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(35.) We are thus led to regard the atmosphere of air,

with the clouds it supports, as constituting a coating of equa-

ble or nearly equable thickness, enveloping our globe on all

sides ; or rather as an aerial ocean, of which the surface of

the sea and land constitutes the bed, and whose inferior

j)ortions or strata, within a few miles of the earth, contain by-

far the greater part of the whole mass, the density diminish-

ing witli 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 tlie downy skin of a peach in comparison with the

fruit within it), all sensible trace of the existence of air dis-

appears.

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

if not absolutely certain, at least in the highest degree pro-

bable, that the surface of the aerial, like that of the aqueous

ocean, has a real and definite limit, as above hinted at ; be-

yond which there is positively no air, and above which a fresh

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

aloft from below, instead of dilating itself indefinitely up-

wards, 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.

With the truth of this conclusion, however, astronomy has

little concern ; all the effects of the atmosphere in modifying

astronomical phenomena being the same, whether it be sup-

posed of definite extent or not.

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

limits in which it possesses any appretiable density Aa con-

stitution is the same over all points of the earth's surface

;

that is to say, on the great scale, and leaving out of con-

sideration 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

I'w 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 ma^ conceive it divided, or from whatever point of
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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 spe-

cifically lighter, than that immediately beneath it; and denser,

or specifically heavier, than that immediately above it. This,

at least, is the kind of distribution which alone r/ould be con-

isistent with the laws of the equilibrium of fluids. Inasmuch,

however, as the atmosphere is not in perfect equilibrium,

being always kept in a state of circulation, owing to the ex-

cess of heat in its equatorial regions over that at the poles,

some slight deviation from the rigorous expression of this law

takes place, and in peculiar localities there is reason to believe

. en considerable permanent depressions of the contours

ot ,. e strata, below their general or spherical level, subsist.

But these are points of consideration rather for the meteoro-

logist 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

\, ith the general sphericity of its surface. They would exer-

cise absolutely none were it not for their eflfect in giving

another than horizontal direction to the currents of air con-

stituting winds, as shoals in the ocean throw up the cur-

rents 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 transparent media, of refracting the rays of light, or bend-

ing them out of their straight course, which renders a know-
ledge 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

pi'oduces a false impression respecting their places, which

must be rectified by ascertaining the amount and direction of

the displacement so apparently produced on each, before we

K
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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 A ; and let L I, IVI m, N n, represent the

successive strata or layers, of decreasing density, into which

we may )nceive the atmosphere to be divided, and which
are spherical surfaces concentric with K A, the earth's sur-

face. Let S represent a star, or other heavenly body, be-

yond the utmost 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
reaches the atmosphere, suppose at d, it will, by the laws of

optics, begin to bend downwards, and take a more inclined

direction, as d c. This bending will at first be imperceptible,

owing to the extreme tenuity of the uppermost strata ; but
as it advances downwards, the strata continually increasing

in density, it will continually undergo greater and greater

refraction in the same direction ; and thus, instead of pur-
suing the straight line S c? A, it will describe a curve S rf c i a,

continually more and more concave downwards, and will

reach the earth, not at A, but at a certain point a, nearer to
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S. This ray, consequently, will not reach the spectator's

eye. The ray by which he will see the star is, therefore, not

S rf A, but another ray which, had there been no atmosphere,

would have struck the earth at K, a point behind the spec-

tator; but which, being bent by the air into the curve

S D C B A, actually strikes on A. Now, It is a law of op-

tics, that an object is seen in the direction which the visual

ray has at the instant of arriving at the ei/e, without regard to

what may have been otherwise its course between the object

and the eye. Hence the star S will be seen, not in the di-

rection A S, but in that of A 5, a tangent to the curve

S D C B A, at A. But because the curve described by the

refracted ray is concave downwards, the tangent A s will lie

above A S, the unrefracted ray : consequently the object S
will appear more elevated above the horizon A H, when seen

through the refracting atmosphere, than it would appear

were there no such atmosphere. Since, however, the dis-

])osition of the strata is the same in all directions around A,

the visual ray will not be made to deviate laterally, but will

remain constantly in the same vertical plane, S A C, passing

through the eye, the object, and the earth's centre.

(40.) The eflfcct of the air's refraction, then, is to raise all

the heavenly bodies higher above the horizon ir appearance

than they are in reality. Any such body, situated actually in

the true horizon, will appear above it, or will have some certain

apparent altitude (as it is called). Nay, even some of those

actually below the horizon, and which would therefore be in-

visible but for the effect of refraction, are, by that effect,

raised above It and brought Into sight. Thus, the sun, Avhen

situated ul P below the true horizon, A H, of the spectator,

becomes visible to him, as if It stood at p, by the refracted

ray V q r t A, io which A j9 is a tangent.

(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, II A S, Is

raised in appearance sibovc Its true place. Is, unfortunately, a

very difficult subject of physical Inquiry, and one on wlilcli

geometers (from whom alone wc can look for any Information
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on the subject) are not yet entirely agreed. The difficulty

arises from this, that the density 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 laio, or amount of this diminution at

different heights, is not yet fully ascertained. Moreover, the

refracting power of air is perceptibly 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 distri-

bution. 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 appretiable extent, our knowledge of several of the

most important data of astronomy. The 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 Refractions," as it is called, or a state-

ment 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 the zenith*, or point of the sky

vertically above the spectator, and, under all the circumstances

in which astronomical observations are usually performed

which may influence the result, is one of the most important

and indispensable of all astronomical tables, since it is only

by the use of such a table we are enabled to get rid of an

illusion which must otherwise pervert all our notions re-

specting the celestial motions. Such have been, accordingly,

constructed with great care, and are to be found in every

collection of astronomical tables. Our design, in the present

treatise, will not admit of the introduction of tables; and we
must, therefore, content ourselves here, and in similar cases,

with referring the reader to works especially destined to

* From an Arabic word of this signification,

in Chap. II.

Sec tliis term technically defined
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furnish these useful aids to calculation. It is, however, de-

sirable 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 continually 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 distaiices, 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 horizon, or at an apparent alti-

tude of 45°, Is about 1' (more exactly 57"), a quantity hardly

sensible to the naked eye; but at the visible horizon 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 apparently/ resting on the horizon, its

whole disk is in reality below it, and would be entirely out of

sight and concealed by the convexity 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 mean state, the amount of refraction is greater than Its

mean amount : when lower, less : and,

6thly. That in one and the same state of the barometer the

refraction is greater, the colder the air. The variation, owing

to these two causes, from its mean amount (at temp. 55°,

pressure 30 inches), are about one 420th part of that amount

for each degree of the thermometer of Fahrenheit, and one

300th for each tenth of an inch in the height of the ba-

rometer.
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(44.) It follows from this, that one obvious effect of re-

fraction must be to shorten the duration of night and dark-

ness, by actually prolonging the stay of the sun and moon

above the horizon. But even after they are set, the influence

of the atmosphere still continues to send us a portion of their

light ; not, indeed, by direct transmission, but by reflection

upon the vapours, and minute solid particles which float in it,

and, perhaps, also on the actual material atoms of the air

itself. To understand how tiiis takes place, we must recollect,

that it is not only by the direct light of a luminous object

that we see, but that whatever portion of its llglit which

would not otherwise reach our eyes is intercepted in its

course, and thrown back, or laterally, upon us, becomes to

us a means of illumination. 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. The luminous lines

occasionally seen in the air, in a sky full of partially broken

clouds, which the vulgar term " the sun drawing water," arc

similarly caused. They are sunbeams, through apertures in

clouds, partially 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 directly striking on the earth at all. Some portion

of them is intercepted and reflected by the floating particles

above mentioned, and thrown back, or laterally, so as to reach

us, and afford us that secondary illumination, which is twi-

light. The course of such rays will be immediately under-

stood from the annexed figure, in which A B 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
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finally at the points P Q K, after being more or less bent in

passing through it, the lower most, the higher less, and that

which, like S 11 O, merely grazes the exterior limi,. of the

atmosphere, not at all. Let us consider several points,

A, B, C, D, each more remote than the last from A, and eac!i

more deeply involved in the earth's shadow, which occupies

the whole space from A beneath the line A M. Now, A just

receives the sun's last direct ray, and, besides, is illuminated

by the whole reflective atmosphere P Q R T. It therefore

receives twilight from the whole sky. The point B, to which

the sun has set, receives no direct solar light, nor any, direct

or reflected, from all that part of its visible atmosphere which

Is below A P M ; but from the lenticular portion P R a:,

which is traversed by the sun's rays, and which lies above

the visible horizon B R of B, It receives a twilight, which Is

strongest at R, the point immediately below which the sun

is, and fades away gradually towards P, as the luminous

part of the atmosphere thins off. At C, only the last or

thinnest portion, P Q z of the lenticular segment, thus illu-

minated, lies above the horizon, C Q, of that place ; here,

then, the twilight Is feeble, and confined to a small space In

and near the horizon, which the sun has quitted, while at D
the twilight has ceased altogether.

(45.) "When the sun is above the horizon, It illuminates the
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atmosphere and clouds, and these agahi dlsjierec and scatter a

portion of its light in all directions, so aa to send some of its

rays to every exposed point, from every point of the sky.

The generally ditl'nsed light, therefore, which we enjoy in

the daytime, is a phenomenon originating in the very same

causes as the twilight. Were it not for the reflective and

scattering power of the atmos[)hcrc, no objects would bo

visible to us out of direct sunshine : every shadow of a passing

cloud would be pitchy darkness ; the stars would be visible

all day, and every apartment, into which the sun had not

direct admission, would be involved in nocturnal obscurity.

This scattering action of the atmosphere on the solar light, it

should be observed, is increased by the irregularity of tem-

perature caused by the same luminary in its different parts,

which, during the daytime, throws it into a constant state of

undulation, and, by thus bringing together masses of air of

very unequal tempei'atures, produces partial reflections and

refractions at their common boundaries, by which some por-

tion of the light is turned aside from the direct course, and

diverted to the purposes of general illumination.

(46.) From the explanation we have given, in arts. 39 and

40, of the nature of atmospheric refraction, and the mode in

which it Is produced in the progress of a ray of light through

successive strata, or layers, of the atmosphere, it will be

evident, that whenever a ray passes ohliquehj from a higher

level to a lower one, or vice versa, its course is not rectilinear,

but concave downwards ; and of course any object seen by

means of such a ray, must appear deviated from its true place,

whether that object be, like the celestial bodies, entirely be-

yond the atmosphere, or, like the summits of mountains seen

from the plains, cr other terrestrial stations at different

levels seen from each other, immersed in it. Every difference

of level, accompanied, as it must be, with a difference of den-

sity in the aerial strata, must also have, corresponding to it,

a certain amount of refraction ; less, indeed, than what would

be produced by the whole atmosphere, but still often of very

appretiable, and even considerable, amount. This refraction
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between terrestrial stations is termed terrestrial refraction, to

distinguish it from tliat total effect which is only produced on

celestial objects, or such as arc beyond the atmosphere, and

wliich is called celestial or astronomical refraction.

(47.) Another etfect of refraction is to distort the visible

forms and jjroportions of objects seen near the horizon. The

«un, for instance, which at a considerable altitude always ap-

pears round, assumes, as it approaches the horizon, a flattened

or oval outline ; its horizontal diameter being visibly greater

than that in a vertical direction. When very near the hori-

zon, this flattening is evidently more considerable on the

lower side than on the upper ; so that the apparent form is

neither circular nor elliptic, but a species of oval, which de-

viates more from a circle below than above. This slngujar

effect, Avhich any one may notice In a fine sunset, arises from

the rapid rate at which the refraction increases in approach-

ing the horizon. Were every visible point in the sun's cir-

cumference equally raised by refraction, it would still appear

circular, though displaced ; but the lower portions b » more

raised than the upper, the vertical diameter is ther 'lort-

ened, while the two extremities of its horizontal diameter are

equally raised, and in parallel directions, so that its apparent

length remains the same. The dilated size (generally) of the

sun or moon, when seen near the horizon, beyond what they

appear to have when high up in the sky, has nothing to do

with refraction. It is an illusion of the judgment, arising

from the terrestrial objects interposed, or placed in close com-

parison with them. In that situation we view and judge of

them as we do of terrestrial objects— in detail, and with an

acquired habit of attention to parts. Aloft we have no asso-

ciations to guide us, and their insulation in the expanse of

sky leads us rather to undervalue than to over-rate their ap-

parent magnitudes. Actual measurement with a proper in-

strument corrects our error, without, however, dispelling our

illusion. By this we learn, that the sun, when just on the

horizon, subtends at our eyes almost exactly the same, and the

moon a materially less angle, than when seen at a great alti-

tude in the sky, owing to its greater distance from us in the

!-
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former fi'ituation ns compared with the latter, as will bo ex-

plained liirthcr on.

(48.) After what haa hocn said of the small extent of the

atmoi!j)hcrc in comparison with the mass of the earth, we shall

liave little hesitation in admitting those luminaries which

j)coplc and adorn the sky, and which, while they obviously

Ibrm no part of the earth, and receive no support from it, arc

yet not borne along at random like clouds iipon the air, nor

drifted by the winds, to be external to our atmosphere. As
such we have considered them while speaking of their refrac-

tions— as existing in the inmicnsity of space beyond, and

situated, perhaps, for any thing we can perceive to the con-

trary, at enormous distances from us and from each other.

(49.) Coidd a spectator exist unsustaincd by the earth, or

an); 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, ^\ ould refer them, in the direc-

tions in which they Averc seen from his station, to the con-

cave surface of an imaginary sphere, having his eye ibr

a centre, and its surface at some vast indeterminate distance.

Perhajis he might judge those which appear to him lai'ge and

bright, to be nearer to him than the smaller and less brilliant

;

but, independent of other means of judging, he ivould haAC

no Avan-ant for this opinion, any more than for the idea that

all were equidistant from him, and rcallij arranged on such a

spherical surface. Nevertheless, there would be no impro-

priety in his referring their places, geometrically si)eaking, to

those points of such a purely imaginary sphere, Avhich their

respective visual rays intersect; and there would be much
advantage in so doing, as by that means their appearance 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 avc lay them all down
in a picture on one jdanc, and at one distance, in their actual

ajiparent j)roportions, and the likeness is not taxed with in-

correctness, though a man in the foreground should be re-

presented larger than a mountain in the distance. So it is
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complete successive view of the whole panorama may b©

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 come successively into view, as if rising up

above the horizon, night after night, from the south, although

it is in reality our horizon, which, travelling with us south-

wards round the sphere, sinks in succession beneath them.

The novelty and splendour of fresh constellations thus gra-

* «

dually brought into view in the clear calm nights of tropical

climates, in long voyages to the south, is dwelt upon by all

who have enjoyed this spectacle, and never fails to impress

itself on the recollection among the most delightful and in-

teresting of the associations connected Avith extensive travel.

A glance at the accompanying figure, exhibiting three suc-

cessive stations of a traveller. A, B, C, with the horizon cor-

responding 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 him) on any part of it will, unpcrcelved by
himself, be carried round with it: unpcrcelved, we say,

because his horizon will constantly contain, and be limited

by, the same terrestrial objects. He will have the same
landscap.; constantly before his cvos, in which all the familiar

D 3
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objects in it, which serve him for landmarks and directions,

retain, with respect to himself or to each other, the same

invariable 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 enter-

taining 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 al\ the while shifting in

its relation to them, precisely as i \ the case of our traveller

in the foregoing article, llecumng 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 successively into the situations A, B, C ; or whethei",

the earth remaining at rest, he has transferred himself per-

sonally 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, in the latter, only that portion of

it which remains constantly opposite to him, and immediately

under his eye.

(53.) By such a rotation of the earth, then, as we have

supposed, the horizon of a stationary spectator will be con-

stantly depressing itself below those objects which lie in that

region of space towards which the rotation is carrying him,

and elevating itself above those in the opposite quarter, ad-

mitting into view the forruer, and successively hiding the

latter. As the horizon of every such spectator, however,

appears to him motionless, all such changes will bo referred

by him to a motion in the objects themselves so successively

disclosed and concealed. In place of his horizon a])proaching

the stars, therefore, he will judge the stars to approach his

horizon ; and when it passes over and hides any of them, he

will cousiJcr llieui as having sunk below it, or set; while
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those it has just disclosed, and from which it ia 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 per-

formed 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 his observations,— it is

manifest that every thing will then be in precisely the same

relative 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 instant, except such as may have

actuallv moved in the interim : and if the rotation still con-

tinue, 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 infinitum.

{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 through 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 in-

stance we encounter of tl •^vcat law m? periodicity*, which,

as we shall sec, pervades all n-onomy ; o^ which expression

we understand the continual reprodurf ion of the same pheno-

mena, in the same order, at equal intervals of time.

(oG.) A free rotation of the earth round its ceiitre, if it

exist and be performed in consonance with the same nv cha-

nlcal laws which obtain in the motions of ma cs of matter

vuidcr our immediate control, and within o\ oi'dinary ex-

perience, must be such as to satisfy two essential conditions.

It must be invariable in its direction loiih respect to tl"' sphere

itself, and uniform in its velocity. The rotnii must be

])crformcd round an axis or diameter of the tpi;cre, whoso
poles or cxtrcniitles, where it meets the surface, correspond

• nf/)(o5oj, a going round, a ciiculation or levoUitioii.

1) 1
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dUvnys to iiiC same points on the sphere. Modes of rotation

of a solid body under the influence of external agency are

conceivable, in which the poles of the imaginary line or axis

about ^\ hich it is at any moment revolving shall hold no fixea

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, per-

formed in free space, and without resist nee or obstruction

from any suiTounding medium, or disturbing influences. The

complete absence of such obstructions draws with it, of ne-

cessity, the strict fulfilment 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 i-espect of the diurnal 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 demon-

strable 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 be

marked, as we shall presently show, by a corresponding

change of a very obvious kind in the apparent motions of the

stars; which, again, history decidedly declares them not to

have undergone.

(58.) But, before we proceed to examine more in detail

how the hypothesis of the rotation of the earth about an axis

accords with the phenomena which the diurnal motion of the

heavenly bodie.^ offers- to our notice, it will be proper to de-

scribe, with precision, in what that diurnal motion consists,

and how fur it is participated in by them all ; or whether any

of them form exceptions, wholly or partially, to the common
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 v/henco

a gizod general view of the LeuMiis can be obtained, llo
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will then perceive, above and around lilin, as it were, a vast

concave hemispherical vault, beset with stars of various mag-

nitudes, of which the brightest only will first catch his atten-

tion in the twilight ; and more and more will appear as the

dai'kness increases, till the whole sky is over- spangled with

them. When he has awhile admired the calm mngnificence

of this glorious spectacle, the theme of so much song, and

of so much thought, — a spectacle which no one can view

without emotion, and without a longing desire to know some-

thing of its nature and purport,— let him fix his attention

more particularly on a few of the most brilliant stars, such

as he cannot fail to recognize again without mistake after

looking away from them for some time, and let him refer

their apparent situations to some surrounding objects^, as

buildings, trees, &c., selecting purposely such as are in dif-

ferent quarters of his horizon. On comparing 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 inovement, in a westward 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 enougli, 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 w\atching

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 diflfer 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

* We suppose our observer to be stationed in some northern latitude ; some
wlicre in Europe, tor exiimplc.
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it, and disappear, after describing in sight only tlie small

upper segment of their diurnal ciicle ; others, which rise

between the south and east, describe larger segments of their

circles 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

between 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 circumferences. 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 imagi-

nary centre; but tiicre Is near It one considerably bright

star, called the Pole Star, which Is easily recognized by the

very small 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; or it may
be known by its configuration with a very splendid and re-

markable co7i&tellation or group of stars, called by astronomers

the GiiEAT 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 of their circles
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tliey fire observed, or at whatever hour of the night, they

form with each other the same identical groups or configura-

tions, to which the name of constellations has been given.

It is true, that, in different parts of their course, these groups

stand differently with respect to the horizon ; and those

towai'ds the north, when in the course of their diurnal move-

ment they pass alternately above and below that common
centre of motion described in the last article, become actually

inverted with respect to the liorizon, while, on the other

hand, they always turn the same points tOAvards the pole. In

short, he will perceive that the whole assemblage of stars

visible at once, or in succession, in the heavens, mny be

regarded as one great 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

.s])here, 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 pole already mentioned.

(Gl.) Lastly, he will notice, if he have patience to out-

watch 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 the east, while those which were

rising when he first began to notice them have completed

their course, and are now set ; 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

his feet, Avhiclx he will thus discover to be no less copiously

furnished Avith stars than the other, and bespangled with

groups no less permanent and distinctly recognizable. Thus
he will learn that the great constellation we have above

£]K)kcn of as revolving round tlie pole is co-extensive with the

whole surface of the sphere, being in reality notiiing less than

a universe of luminaries surrounding the earth on all sides,

and brought in succession before his view, and referred

(each luminary according to its own visual ray or direction

from his eye) to tlie Imaginary spherical surface, of which
lie himself occi!})ics the centre. (Sec art. 49.) There is
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'):: •:! always, therefore (lie would justly argue), a star-bespangled

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 telescopes 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 noon-

day,— 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
left contemplating the sphere of the heavens, as completed 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 pole 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

ginze the southern point of his horizon, and show themselves

for a few moments above it, precisely as those near the cir-

cumference of the northern segment graze his northern
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liorizon, and dip for a moment below it, to re-appear im-

mediately. Every point in a spherical surface has, of course,

another diametrically opposite to it; and as the spectator's

horizon divides his sphere into two hemispheres— a superior

and inferior— there must of necessity exist a depressed pole

to the south, corresponding to the elevated one to the north,

and a portion surrounding it, perpetually beneath, as there is

another surrounding the north pole, perpetually above it.

" Hie vertex nol)is semper subli^nis ; at illiiin

Sub pedibus nox atra videt, manesque profundi."

—

Virgil.

One pole rides hij?b, one, plunged beneatb the main,

Seeks the deep night, and Pluto's duaky reign,

(63.) To get sight of this segment, he must travel south-

wards. In so doing, a new set of phenomena come forward.

In proportion as he advances to the south, some of those con-

stellations 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 gra-

dually 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 loith respect to

them in the concave of the heavens among the stars ; 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 con-

tinually less and less inclined to the horizon; and by the

same degrees as the northern pole is depressed the southern
will rise, and constellations surrounding it -will come into

view; at first momentarily, but by degrees for longer and
longer times in each diurnal revolution— realizing, in short,

what we have already stated in art. 51.

(64.) If he travel continually southwards, he will at length
reach a line on the earth's surface, called the equator, at any
}«)int 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 op-
posite points, the northern Pole having been depressed, and
the southern raised ; so that, in this geographical position,
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tlio diurnal rotation of the heavens will appear to lum to be

pciibrnicd about a horizontal axis, every star describing half

its diurnal circle above and half beneath his horizon, re-

maining 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 pos-

sible at the equator) the whole sphere will have passed in

review over him— the whole hemisphere with which he began

his night's observation will have been carried down beneath

him, and the entire opposite one brought up from below.

(65.) If he pass the equator, and travel still farther south-

wards, the southern pole of the heavens will become elevated

above his horizon, and the northern will sink below it ; and

the more, the farther 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 the north, he will find the

whole phenomena of the heavens reversed. The stars which

at his original station described their whole diurnal circles

above his horizon, and never set, now describe them entirely

below it, and never rise, but remain constantly invisible to

him ; and vice versa, those stars which at his former station

he never saw, he will now never cease to see.

{(iQ.) Finally, if, instead of advancing southwards from

his first station, he travel 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 in-

visible : the circle described by each star, too, becomes more
nearly parallel to the horizon ; 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 north-

ern 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

T
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^! earth, but hitherto without success ; a barrier of almost in-

surmountable difhcnlty being presented by the increasing

rigour of the climate: but a very near approach to it has

been made ; and the phenomena of those regions, though not

precisely such as we have described as what must subsist at

the pole itself, have proved to be in exact correspondcnco

with its near proximity. A similar remark aj)plies to the

south pole of the earth, which, however, is more unap-

proachable, or, at least, has been less nearly ap[)roached, than

the north.

(67.) The above is an account of the phenomena of the

diurnal motion of the stars, as modified by different geogra-

phical situations, not grounded on any speculation, but

actually observed and i*ecorded by travellers and voyagers.

It is, however, in complete accordance with the hypothesis

of a rotation of the earth round a fixed axis. In oi'der to

show this, however, it will be necessary to premise a few ob-

servations on parallactic motion in general, and on the appear-

ances presented by an assemblage of remote objects, when

viewed from different parts of a small and circumscribed

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 idea to objects extei-nal

and unconnected, in a contrary direction; those which he

leaves behind appearing to recede from, and those which he

advances 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 among them,

but they appear to move one among the other— they shift

their relative apparent places. Let any one travelling

rapidly along a high road fix his eye steadily on any ob-

ject, but at the same time not entirely withdraw his atten-

tion 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 and
himself appearing to move backwards, or the contrary way
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to ins own motion ; and all beyond it, forwards, or in the

direction in which he moves: but let him withdraw hia 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 transferi'ed 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 ; and, as we advance in any direction, A B, can y-

ing this imaginary sphere along with us, the visual rays A P,

AQ, by which objects are referred to its surface (at C, for

instance), shift their positions with respect to the line in whi L

we move, A B, which serves as an axis or line of reference,

and assume new positions, B P ^, H Qq, revolving round

their respective objects as centres. Their intersections, there-

fore, p, q, with our visual sphere, will appear to recede on its

surface, but with different degrees of angular velocity in pro-

portion to their proximity ; the same distance of advance

A B subtending a greater angle, A P B = c P ;?, at the near

object P than at the I'emotc one Q.

(69.) A consequence of the familiar appearance we have

adduced in illusti*ation of these principles is worth noticing,

as we shall have occasion to refer to it hereafter. We ob-

serve 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 appeai'ances, which of two
objects were nearer to us, this apparent advance or recess of
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one of them, when the eyo ia kept steadily fixed on the other,

would furnish a criterion. In a dark night, for instance,

when all intermediate objects are unseen, the apparent rela-

tive movement of t.vo lights which we are assured are them-

selves fixed, will decide aa 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 appai-ent angular motion of an object, arising

from a change of our point of view, is called in general paral-

lax, and it is always expressed by the angle A P B subtended

at the object P (sec fig. of art. 68.) by a line joining the two

points of view A B under consideration. For it ia evident

that the difference of angular position of P, with respect to

the invariable direction A B D, when viewed from A and

from B, is the difference of the two angles D B P and DAP;
now, D B P being the exterior angle of the triangle A B P,

13 equal to the sum of the interior and opposite, D B P =
D A P + A P B, whence D B P - DAP = A P B.

(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, ceteris 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 alpine regions visited for the first time wc are sur-

prised and confounded at the little progress we appear to

make by a considerable change of place. An hour's walk, for

instance, produces but a small parallactic change in the re-

lative situations of the vast and distant masses which surround

Whether we walk round a circle of a hundred yards inus.

diameter, or merely turn ourselves round in its centre, the

distant panorama presents almost exactly the same aspect,—
we hai'dly seem to have changed our point of view.

(72.) Whatever notion, in other respects, we may form of

the stars, it is quite clenr they must be immensely distant.

Were it not so, the apparent angular interval between any
two of them seen over head would be much greater than

iq
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when seen near the horizon, and the constellations, instead of

preserving the same appearances and dimensions during their

whole diurnal course, would appear to enlarge as they rise

higher in the sky, as we see a small cloud in the horizon

swell into a great overshadowing canopy when drifted by the

wind across our zenith, or as may be seen in the annexed

figure, where ab, AH, ab, are three diiferent positions of

the same stars, as they would, if near the earth, be seen from

a spectator S, under the visual angles aSb, ASH. No such

change of apparent dimension, however, is observed. The

nicest measurements of the apparent angular distance of any

two stars inter se, taken in any parts of their diurnal course,

(aftcx' 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 va-

riation. Not only this, but at whatever point of the earth's

surface the measurement is performed, the results are abso-

lutely 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 imperceptible, when compared with the

interval which separates 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, sub-
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tended 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 fi'om his change of place, although that difference may

be so small as to produce 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

m
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hold, were we to rely in ail cases on the mere judgment of

the eye. To so great a nicety have such observations been

cairied by the aid of an instrument called a theodolite, that a

circle of the diameter above mentioned may thus be rendered

sensible, may thus be detected to have a size, and an as-

certainable 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 stars, and with a result such as has been already stated.

Hence it follows, incontrovertibly, that the 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 hereafter find it fully demonstrated that the distance

just named, immense as it may appear, is yet much under-

rated.

(74.)' From such a distance, to a spectator with our fa-

culties, and furnished with our instruments, the earth would
B 2
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be imperceptible ; and, reciprocally, an object of the earth's

size, placed at the distance of the stars, would be equally un-

discernible. If, therefore, at the point on which a spectator

stands, we 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-extensive with it, to pass; these, although

separated throughout their whole extent by the same interval,

viz. a semidiameter of the earth, will yet, on account 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 tliey there include will be of evanescent breadth to his

eye, and will only mark out a great circle in the heavens, one

and the same for both the stations. This great circle, when
spoken of as a circle of the sphere, is called the celestial

horizon or simply the horizon, and the two planes just de-

scribed are also spoken of as the sensible and the rational

horizon of the observer's station.

(75.) From what has been said (art. 73.) of the distance of

the stars, it follows, that 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 sensible horizon, the two

observers will see the same stars in the same relative si-

tuations, each beholding that entire hemisphere of the heavens

which is above the celestial horizon, corresponding to their

common zenith. Now, so far as appearances go, 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 direction 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 dtars 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
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without the earth, or the earth witliin the heavens, in the

opposite direction, the diurnal phenomena, to all its inhabitants,

will be no way different.

(76.) The Copernican astronomy adopts the latter as the

true explanation of these phenomena, avoiding thereby the

necessity of otherwise resorting to the cumbrous mechanism

of 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

tlie planets, 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 compared with the surrounding and visible uni-

verse, of evanescent magnitude), held by no tie, and free to

move and to revolve, sliould 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 support from what we ob-

serve 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, explain-

ing, as it evidently does, the apparent motion of the stars in

a completely satisfactory manner, prepares us for the further

admission 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 orbit, and so

regulated in direction and celerity, as, taken in conjunction

with the motions of the other bodies of the universe, shall

4
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render a rational account of the appearances they successively

present,— that is to say, an account of which the several parts,

postulates, propositions, deductions, Intelligibly cohere, with-

out contradicting each other or the nature of things as

concluded from experience. In this view of the Copernican

doctrine it Is rather a geometrical conception than a physical

theory. Inasmuch It simply assumes the requisite motions,

without attempting to explain their mechanical origin, or

assign them any dependence on physical causes. The New-
tonian theory of gravitation supplies this deficiency, and, by

showing that all the motions required by the Copernican con-

ception 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 develop-

ments, the reader must bear steadily In mind the distinction

between relative and absolute motion. Nothing is easier to per-

ceive 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 dunce. 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 meta-

])hyslcian would say, subjective— having reference only to

him as perceiving It),— and that which Is real (or objective—
having a positive existence, whether perceived by him or

not) ? By what rule is he to ascertain, from the appearances

presented to him while himself In motion, what loould be the

appearances were he at rest ? It by no means follows, Indeed,

that he would even then at once obtain a clear conception

of all the motions of all the objects. The appearances so pre-

seiited to him would have still something subjective about them.
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Tlicy would be still appearances, not geometrical realities.

They would still have a reference to the point of view, which

mii-ht be very unfavourably situated (as, indeed, is the case

in our system) for affording a clear notion of the real move-

ment 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 di-

rections 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 case we have to

deal with), they may do so to such an extent, as to make 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 ne-

cessary 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 the same as if either

of them iccre 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 motion 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 parallactically

displaced by change of station from place to place on one

globe. In order that astronomers residing on different points

* This proposition is eqiiivalunt to the following, which precisely meets the

case proposed, but requires somewhat more thought for its clear apprelicnsion

than can perhaps be expected from a beginner : —
Puop, — Jf two bodies, A and B, be in motion independently of each other, the

motion which B seen from A would appear to have if A were at rest is the same
with that whicli it would appear to have, A being in motion, if, in addition to its own
motion, a motion vijiiiil to A's and in the same direction were rommuuicnlvd to it.

E 4
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of the earth's surface should be able to compare their ob-

servations with cfFect, it is necessary that they should clearly

understand and take account of this effect of the difference

of their stations on the appearance of the outward universe

as seen from each. As 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. Ilcnce arises a necessity for the adoption

of a conventional centre of reference, or imaj^inary station

of observation common to all the world, to which each ob-

server, wherever situated, may refer (or, as it is called,

reduce) his observations, by calculating and allowing for the

effect of his local position with respect to that common centre

(supposing him to possess the necessary data). If thei*e 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 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 parallactic

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 at the

object S by that radius C P of the earth which joins its

centre and the i)lace P of observation.
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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 PERSPEC-

TIVE.

(81.) Several of the terms in use among astronomers have

been explained in the preceding chapter, and others used anti-

cipatively. But the technical language of every subject

requires to be formally stated, both for consistency of usage

and definiteness of conception. We shall therefore 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.

(82.) Definition 1. The axis of the earth is that dia-

meter about s\'hich it revolves, with a uniform motion, from

toest to east ; performing one revolution in the interval which

elapses betvAcen any star leaving a certain point in the

heavens, and letnrning to the same point again.

(83.) Dep. 2. The poles 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 hemi-

spheres— 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.

m
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(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.

(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 meridian : it is reckoned in degrees, minutes, and

seconds, from up to 90°, and northwards or southwards ac-

cording to the hemisphere the place lies in. Thus, the obser-

vatory 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 ac-

quaintance with the niceties of astronomy, will render some

modification of its terms, or a different manner of considering

it, necessary.

(89.) Def. 8. Parallels oflafitvde are small circles on the

earth's surf;i.ce parallel to the equator. Every 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 longitude of a place on the earth's

surface is the inclination of its meridian to that of some fixed

station referred to as a point to reckon from. English astro-

nomers and geographers use the observatory at Greenwich for

this station; foreigners, the principal observatories 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, wj;^ich is the

same thing, by the spherical angle at the pole included

between these meridians.

(91.) As latitude is reckoncid north or south, so longitude is

usually said to bo reckoned west or east. It would add

W
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frroatly, however, to systematic regularity, and tend much to

avoid confusion and ambiguity in computations, wore this

mode of expression abandoned, and longitudes reckoned inva-

riably westward from their origin round the whole circle from

to 360°. Thus, the longitude of Paris ia, in common

parlance, either 2° 20' 22" east, or 357° 39' 38" west of

Greenwich. But, in the sense 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^s.*

(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 constructed. 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 projections, the object of which is either to

distort as little as possible the outlines of countries from what

they arc on the globe— or to establish easy means of ascer-

taining, by inspection or graphical measurement, the latitudes

and longitudes of places which occur in them, without re-

ferring to the globe or to books— or for other peculiar uses.

See Chap. IV.

(93.) Def. 10. The Tropics arc 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.) Def. II. The Arctic and Antarctic circles are two

small circles or parallels of latitude as distant from the north

and south poles as the tropics arc from the equator, that is

to say, about 23° 28'; their latitudes, therefore, are about

* To distinguish minutes and seconds of time from those of angular measure
wo sliiill invariably adhere to the distinct system of notation here adopted
(^ ' ", and h. m. s.). Great conrii.-.ion sometimes arises from the practice of
\i!^ing the same marks for both.

\'l
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66° 32'. We say about, for the places of these circles and of

the tropics arc 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 imaginary spherical surface of infinite radius, having the

eye of any spectator for its centre, and which may be con-

ceived as a ground on which the stars, planets, &c., the visible

contents of the universe, are seen projected as in a vast

picture.

*

(96.) Def. 13. The poles of the celestial sphere are the

points of that imaginary sphere towards which the earth's

axis is directed.

(97.) Def. 14. The celestial equator, or, as it is often called

by astronomers, 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 cch" "al horizon of any place is a great

circle of the sphere marked at by the indefinite extension of

the plane of any spectator's sensible or (which comes to the

same thing as will presently be shown), his rational horizon,

as in the case of the equator.

(99.) Def. 16. The zenith and nadir] of a spectator ai'c

the two points of the sphere of the heavens, vertically over

his head, and vertically under his feet, or the poles of

• The ideal sphere without us, to which we refer the places of ohjects, and
which we carry along witli us wherever we go, is no doubt intimately con-

nected by association, if not enti Ajly dependent on that obscure perception of
sensation in the retinaj of our eyes, of which, even when closed and unexcited,

we cannot entirely divest them. We have a real Ki)herical surface within onr
eyes, the seat of sensation and vision, correspondinjr. point for point, to tiie ex-

ternal sphere. On this the stars, &c. are really mapped down, as we have sup-

posed them in the text lo bo, on the imagi'iary concave of the heavens. When
the whole surface of the retina is excited by lif^ht, habit leads us to associate it

with the idea of a real surface existing without us. Thus we become impressed

with the notion of a sky and a heaven, but the concave surface of the retina itself

is the true seat of all visible angular dimension and angular motion. The sub-

stitution of the retina for the heavens would be awkward and inconvenient in

language, but it may always be mentally made. (See Schiller's pretty enigma
on thf^ eye in his Turandot.)

f From Arabic words. Nadir corresponds evidently to the German nicda-

(down), whence our nether.

.'i
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the celestial horizon ; that is to say, points 90° distant from

every point in it.

(100.) Def. 17. Vertical circles of the sphere arc 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 celestial meridian of a spectator is the

great circle marked out on the sphere by the prolongation of

tlie plane of his tcri'cstrial meridian. If the earth be sup-

posed at rest, this is 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 earth rotate, the spectator's meridian, like

his horizon (art. 52.), sweeps daily across the stars from

west to cast. Whenever in future we speak of the meridian

of a spectator or observer, we intend the celestial meridian,

which being a circle passing through the poles of the heavens

and the zenith of the observer, is necessarily a vertical circle,

and passes through the north and south points of the

horizon.

(102.) Def. 19. T\\q prime vertical is a vertical circle per-

pendicular to the meridian, and whi'ih therefore passes through

the east and west points of the horizon.

(103.) Def. 20. Azimuth is the angular distance of a ce-

lestial object from the north or south point of the horizon

(according as it is the north or south pole which is elevated),

when the object is referred to the 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 be reckoned eastwards or westwards,

from the north or south point, and is usually so reckoned

only to 180° either way. But to avoid confusion, and to

preserve continuity of interpretation when algebraic symbols

are used (a point of essential importance, hitherto too little

insisted on), we shall always reckon azimuth from the points

of the horizon most remote from the elevated pole, zcestward (so

as to agree in general directions with the apparent diurnal

motion of the stars), and carry its reckoning from 0° to 360° if
'11
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always reckoned poaitive, considering the eastward reckoning-

ua negative.

(104.) Def. 21. The altitude of a heavenly body is its ap-

parent angular elevation above the horizon. It is the com-

plement to 90", therefore, of its zenith distance. The alti-

tude and azimuth of an object being known, its i)lace in tho

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 hemi-

sphere. 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.

(106.) 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 tlu'ough any particular heavenly body, serves to

refer it to a point in the equinoctial, as a vertical circle does

lO 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. Wc shall always reckon it positively/ from the

icpper culmination (art. 125.) toestioards, or in conformity

with the apparent diurnal motion, completely round the

circle from 0° to 360°. Hour angles, generally, are angles

included at the pole between different hour circles.

(108.) Def. 25. The right ascension of a heavenly body

is the arc of the equinoctial included between a certain point

in that circle called the Vernal Equinox, and the point in the

same circle to which it is refen-ed 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 colure), the other through the
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body. How the place of this initial point on the equinoctial

is tletermined, will be cxplainci' further on.

(109.) The right ascensions of celestial objects are always

reckoned eastwards from the equinox, and are estimated

cither in degrees, minutes, and seconds, as in the case of

terrestrial longitudes, from 0° to 360°, which completes the

circle ; or, in time, in hours, minutes, and seconds, from Oh.

to 24h. The apparent diurnal motion of the heavens being

contrary to the real motion of the earth, this is in conformity

with the westward reckoning of longitudes. (Art. 91.)

(110.) Sidereal time is reckoned by the diurnal motion of

the stars, or rather of that point in the equinoctial from

which ri'i'ht ascensions are reckoned. This point may bo

considered as a star, though no star is, in fact, there ; and,

moreover, the point itself is liable to a certain slow variation,

—so slow however, as not to affect, perceptibly, t'lic 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 furniture 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 time by which (if

its reckoning be positive) it has past the meridian ; or, if

negative, the time it Avants of arriving at the meridian of the

place of observation. So also the right ascension of an ob-

ject, if converted into time at the same rate (since 360° being

described uniformly in 24 houi's, 15° must be so described

in 1 hour), will express the interval of sidereal time which

elapses from the passage of the vernal equinox across the

meridian to that of the object next subsequent.

(111.) 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 particu-

lar parts, may be constructed, and the stars laid down in

their proper situations relative to eacl^ other, and to the poles
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of the heavens and the celestial equator. Such a representa-

tion, once made, will exhibit a true appearance of the stars

as they present themselves in succession to every spectator

on the surface, or as tliey may be conceived to be seen at

once by one at the centre of the globe. It is, therefore, in-

dependent of all geographical localities. There will occur in

such a representation neither zenith, nadir, nor horizon —
neither east nor west points ; and although great circles may
be drawn on it fi*om pole to pole, corresponding to terrestrial

meridians, they can no longer, in this point of view, be re-

garded 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 on account of

this change of conception, and with a view to establish a

complete distinction between the two branches of Geography

and Uranography*, that astronomers have adopted different

terms, (viz, declination and right ascotsion) to represent those

arcs in the heavens which correspond to latitudes and longi-

tudes en the earth. It is for this reason that they term the

equator of the heavens the equinoctial ; that what are me-

ridians on the earth are called ho^lr circles in the heavens,

and the angles they include between them at the poles are

c^'ed hour angles. All this is convenient and intelligible ;

and had they been content with this nomenclatui-e, no con-

fusion could ever have arisen. Unluckily, the early astro-

nomers have employed also the words latitude and longitude

in their uranography, in speaking of arcs of circles not cor-

responding to those meant by the same words on the earth,

but having reference to the motion of the sun and planets

ar ..ng the stars. It is now too late to remedy this confusion,

v h'fJi )« 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,

we shall have occasion to define and use the terms in their

celestial sense, at the same time urgently recommending to

future writers the adoption of others in tiieir places.

* ri), the earth
;
ypaipnv, to describe or represent ; ovpavos, iIjc heaven.
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(112.) It remains to Illustrate these descriptions by re-

ference 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 parallel of latitude of the station A on its surface ; A P
parallel to S> N, the direction in which an observer at A will

see the elevated pole of the heavens ; and A Z, the prolonga-

tion of the terrestrial radius C A, that of his zenith. N A E S

Avill be his meridian ; IS G S that of some fixed station, as

Greenwich ; and G E, or the spherical angle G N E, his lon-

gitude, and E A his latitude. Moreover, if w s be a plane

touching the surface in A, this will be his sensible horizon

;

n As marked on that plane by its intersection with his me-

ridian will be his meridian line, and n and s the north and

south points of his horizon.

(113.) Again, neglecting the size of the earth, or conceiving

birr, stationed at its centre, and referring every thing to his

rational horizon ; let the annexed figure represent the sphere

of the heavens ; C the spectator ; Z his zenith ; and N his

nadir : then will H A O a great cii'cle of the sphere, whose

poles are Z N, be his celestial horizon ; P/> the elevated and

depressed POLES of the heavens ; H P the altitude of the pole,

and H P Z E O his meridian ; E T Q, a great circle perpen-

dicular to Pj5, will be the equinoctial ; and If T represent the

equinox, T T will be the right ascension, T S the declination^

F
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and P S the polar distance of any star or object S^ referred

to the equinoctial by the hour circle V S Tp ; and BSD

will be the diurnal circle it will appear to describe about the

pole. Again, if we refer it to the horizon by the vertical

circle Z S M, O M will be its azimutii, M S its altitude, and

Z S its zenith distance. H and O arc the north and south,

e w the cast and west points of his horizon, or of the heavens.

IMoreover, if II h, O o, be small circles, or parallels of dccli-

natioti) touching the horizon in its north and south points,

H li will be the circle of perpetual apparition, between which

and the elevated pole the stars never set ; O o that of per-

petual occuUation, Ijctween which and the depressed pole they

never rise. In all the zone of the heavens between II h and

Oo, they ris^e and set; any one of them, as S, remaining

above the horizon in that part of its diurnal circle repre-

sented by II B A, and below it throuirliout all the part repre-

sented by A D a. It will exercise the reader to construct

this figure for several different elevations of the pole, and for a

variety of positions of the star S in each.

(114.) Celestial perspective is that branch of the general

science of perspective which teaches us to conclude, from a

knowledge of the real situation and forms of objects, lines,

angles, motions, &c. with respect to the spectator, their ap-

parent aspects, as seen by him projected on the imaginary

concave of the heavens; and. vice versa, from the apparent

configurations and movement* of objects so seen projected.



CELESTIAT. PERSPECTIVE. 67

for 51

to conclude, so far as they can be thence concluded, their

real "•eometrlcal relations to each other and to the spectator.

It agrees with ordinary perspective when only a small visual

area is contemplated, because the concave ground of the

celestial sphere, for a small extent, may be regarded as a

plane surface, on which objects are seen projected or depicted

as in common perspective. But when large amplitudes of the

visual area are considei'cd, or when the whole contents of

space are regarded as projected on the whole interior surface

of the sphere, it becomes necessary to use a different phra-

seology, 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 visual line from the eye to

Avhich is perpendicular to the " plane of the picture," and all

stralo-ht lines are represented by straight lines. In celestial

perspective, every point to which the view is for the moment

directed, is equally entitled to be considered as the " centre

of the picture," every portion of the surface of the sphere being

similarly related to the eye. Morcovci', every straight line

(supposed to be indefinitely prolongGcl) is projected into a

semicircle of the sphere, that, namely, in which a plane passing

through tlic line and the eye cuts its surface. And every

system of parallel straight lines, in whatever direction, is pro-

jected into a system of senilclrclcs of the sphere, meeting in

two common apexes, or vanishing points, diametrically op-

posite to each other, one of which corresponds to the vanishing

point of parallels in ordinary perspective ; the other, in such

perspective has no existence. In other words, evciy point in

the sphere to which the eye is directed may be regarded as one

of the vanishing points, or one apex of a system of straight

lines, parallel to that radius of the "^^
' • which passes through

it, or to the direction of the line o. . l^^at, seen in perspective

from the earth, and the points diametrically opposite, or that

from which he is looking, as the other. And any great circle

of the sphere may similarly be regarded as the vanishing circle

of a system of planes, parallel to its own.

(115.) A familiar illustration of this is often to be had by
attending to the lines of light seen in the air, when the sun's

' 1
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rays are darted through apertures in ch^uds, the sun itself

being at the time obscured behind them. 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 ape<xes

or points of common intersection— one in the place where the

sun itself (if not obscured) would be seen. The other di-

ametrically opposite. The first only is most commonly sug-

gested when the spectator's view is towards the sun. But
in mountainous countries, the phenomenon of sunbeams

converging towards a point diametrically opposite to the sun,

and as much depressed below the horizon as the sun is elevated

above it, is not unfrequently 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 doubt-

less 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 suspended, would dip

northwards (i. e. 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 ap-

pearance) 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 whicli tiiey appear to take on certain re-

markable occasions of })eriodical recurrence, are observed, if

• It is in s>icli cases only that wo conceive them as c'\rA> «. he ordinary conven-

tions of plane perspective becoming untenable. The author lad the j^ood fortnne

to witness on one occasion the phenomenon described in the U\t under circum-

stances of more than nsual grandeur. Approaching Lyons from the south on

Sept. ."30. 182(), about 5\\\. r. M., the sun wa.N seen nearly setting behind broken
masses of stormy cloud, from whose apertures streamed forth beams of rose-

colonred light, traceable all across the lieniisphere almost to their opposite point

of convergence behind tlie snowy precipices of Mont Blanc, conspicuously

visible at m-arly 10) nnles to the eastward. The impression produced was that

of another but feebler s»n (tbcnt to rise from Whind the monntain, and darting

forth precursory beams to meet those of the real one opposite.
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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.

(116.) In relation to this idea of celestial perspective, we

may conceive the north and south poles of the sphere as the

two vanishing points of a system 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 pci*nendicular to the surface of still water at

that place which is the true horizon, and though mathe-

matically 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 difFerenco from exact parallelism is so

email that it may be practically disregarded.* To a spec-

tator looking upwards such a system of plumb-lines will ap-

pear to converge to his zenith ; downwards, to his nadir.

(117.) So also the celestial equator, or the equinoctial, must

be conceived as tin vanishing circle of a system of planes pa-

rallel to the earth's equator, or perpendicular to its axis. The

celestial horizoji of any spectator is in like manner the

vanishing circle of all pianos parallel to his true horizon, of

which planes his rational horizon (j)assing through the earth's

centre) is one, and his sensible horizon (the tangent plane of

his station) another.

(118.) Owing, however, to the absence of all the ordinary

indications of distance which influence our judgment in re-

spect of terrestrial objects, owing to the want of determinate

figure and magnitude in the stars and planets as commonly
seen— the })rojection of the celestial bodies on the ground of

the heavenly concave is not usually regarded in this its true

light of a ferspective representation or picture, and it even re-

quires an effort of imagination to conceive them in their true

relations, as at vastly different distances, one behind the other,

An inti'ival »)fii mile corresponds to n convergiMii-o of plinub-lines amount-
ing 10 somewhat less sjiace than a minute.

r 3
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and running with one another lines of junction violently fore-

shortcneclj and includiniif angles altocrether difFerinp; from

those whieh their projected representations apjjcar to make.

To do so at all with effect presujjposes a knowledge of their

actual situations In space, which it is the business of astro-

nomy to arrive at by appropriate considerations. But the

connections which subsist among the several parts of the pic-

ture, the purely geometrical relations among the angles and

sides of the spherical triangh'S of which it consists, constitute,

under the name of Uranometry*, a preliminary and sub-

ordinate branch of the general science, with which it is

necessary to be familiar before any further progress can be

made. Some of the most elementary and frequently oc-

curring of these relations wc proceed to explain. And first,

as immediate consequences of the above definitions, the fol-

lowing proi^osltlons will be borne in mind.

(111).) The altitude of the elevated pole is equal to the lati-

tude of the spectator's geographical station.

For it appears, see Jig. art. 1 1 2., that the angle PAZ be-

tween the pole 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 w=A C E.

Xow 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 dei)rcssed 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, successivelg, uf every place on the globe once

in twenty-four sidereal hours. And, since the diurnal ro-

tation is uniform, the interval, in sidereal time, which elapses

r

ill

* Oupuvos, the heavens ; upriitiv, to measure ; the nieasureaient of the
lipiivens.
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lati-

between the same star coniuig upon the meridiaiia of two

ditFcrent places is measured by the difference of longitudes

of the places.

(122.) Vice versa— the interval elapsing between two (hf~

fercnt stars coming on the meridian of one and the same place,

expressed in sidereal time, is the measure of the diiference of

riffht ascensions of the stars.

(123.) The equinoctial intersects the horizon in the east

and west points, and the meridian in a point whose altitude

is equal to the co-latitude of the place. Thus, at Greenwich,

of which the latitude is 51° 28' 40", the altitude of the in-

tersection of the equinoctial and meridian is 38° 31' 20".

The north and south poles of the heavens are the poles of

the equinoctial. The east and west points of the horizon of a

spectator arc the poles of his celestial meridian. The north

and south points of his horizon are the poles of his prime ver-

tical, and his zenith and nadir are the poles of his horizon.

(124.) All the heavenly bodies culminate {i. e. come to their

Q-reatest altitudes) on the meridian ; which is, therefore, the

best situation to observe them, being least confused by the

inequalities and vapours of the atmosphere, as well as least

displaced by refraction.

(125.) All celestial objects within the circle of perpetual

apparition come twice on the merluian, above the hoi'izon, in

ever}' diurnal revolution ; once above and once below the pole.

These are called their upper and loioer culminations.

(126.) The problems of uranomctiy, as we have described

it, consist in the solution of a variety of spherical triangles,

both right and oblique angled, according to the rules, and

by the formula; of spherical trigonometry, which we suppose

known to the reader, or for which he will consult appropriate

treatises. "VYe shall only here observe generally, that in all

problems in which 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 de-

clinations, zenith distances rather than altitudes, &c. Bear-

r -1
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ing this in mind, there arc few problems in uranometry which

will offer any difficulty. The following are the combinations

which most commonly occur for solution ichen the place of

one celestial object only on the sphere is concerned.

(127.) In the triangle Z P S, Z is the zenith, P the

elevated pole, and S the star, sun, or other celestial object.

In this triangle occur, 1st, P Z, which being the comple-

ment of P H (the altitude of the pole), is obviously the com-

plement of the latitude (or the co-latitude, as it is called) of

the place ; 2d, P S, the polar distance, or the complement of

the declination (^co-declination) of the star; 3d, Z S, the

zenith distance or co-altitude of the star. If P S be greater

than 90°, the object is situated on the side of the equinoctial

opposite to that of the elevated pole. If Z S be so, the ob-

ject is below the horizon.

In the same triangle the angles are, 1st, Z P S the lower

angle ; 2d, P Z S (the supplement of S Z O, which latter

is the azimuth of the star or other heavenly body), 3d, P S Z,

an angle which, from the infrequency of any practical in-

ference to it, has not acquired a name.*

The following five astronomical magnitudes, then, occur

among the sides and angles of this most useful triangle : viz.

1st, The co-latitude of the place of observation; 2d, the

polar distance ; 3d, the zenith distance ; 4th, the hour angle

;

and 5th, the sub-azimuth (supplement of azimuth) of a given

celestial object ; and by its solution therefore may all pro-

blems 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 distance. The star rises when apparently

on the horizon, or really about 34' below it (owing to refrac-

tion), so that, at the moment of its apparent rising, its zenith

IV i-i

• In the practical discussion of the measures of double stars and other objects

by the aid of the position micrometer, this anjjle is sometimes required to be

known ; and, when so required, it will be not inconveniently referred to as "the
angle of position of the zenith."
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distance ia 90" 34'= Z S. Ita polar distance P S being also

given, nnd the co-latitude ZP of the place, we have giveu

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 sidereal time of setting or

rising, which, if we please, may be converted into 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 the 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 the 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, the 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 the meridian at the moment of obscrva-

ation ; and, therefore, the local sidereal time at that n\oment.

This is a very useful observation for determining the latitude

and time at an unknown station.
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(130.) Our first chapters have been devoted to the actjuisition

chiefly of preliminary notions respecting the globe we inhabit,

its relation to the celestial objects which surround it, and the

jihysical circumstances under which all astronomical observa-

tions must be made, as well as to provide ourselves with a

stock of technical ivords 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 \vith full effect, it will

be desirable that the reader be made acquainted with the

>. • TIic student who is anxious to become acquainted with the chief subject

TTititter of this work, may defer the readinj!; cf that part of this eh;i]iter which is

devoted to the description of particular instruments, or content himself with a

cursory perusal of it, until fartlicr advanced, wlien it will be necessary to return

to it.



NATLUB OF ASTRONOMICAL INSTUUMKNTS. /O

print iniil means which ai-trononicvd possess*, of (led rminiiig,

with the degree of nicety their theories require, the data on

wliieh they ground their conchisjion.s ; in otlier words, of ns-

certainiug by nicasurenient the apparent and real inngiiitudes

with which they are conversant. It ia only when in pos-

session of this knowledge tiiat he can fully appretiate either

the truth of the theories themselves, or the degree of reliance

to be placed on any of their conclusiiins antecedent to trial

:

since it is only by knowing what amount of error can cer-

tainly be perceived and distinctly measured, that he can

satisfy himself whether any theory offers so close an approx-

imation, in its numerical results, to actual phenomena, as will

justify him in receiving it as a true representation of nature.

(131.) Abtrononiieul instrument-making may be justly

rcf'-arded as the most refined of the mechanical arts, and that

in which the nearest approach to geometrical precision is re-

ciuired, and has been attained. It may be thought an easy

thing, by one unaccpiainted with the niceties required, to turn

a circle in metal, to divide its circumference into 3G0 equal

parts, and these again into smaller subdivisions,— to place it

accurately on its centre, and to adjust it in a given position ;

but practically it is found to be one of the mo.<t difficult.

Nor will this nppear extraordinary, when it is considered that,

owing to the f»plication of telescopes to the purposes of an-

gular measures ut, cver\ imperfection of structure of divi-

sion beecmies maiinified by the whole op leal power of that

instrument; and that .bus, not only direct errors of work-

manship, arising from unsteaditiess of hand or imperfection of

tools, but tliose inaccuracies whicli originate in far more

uncontrollable causes, such as the unequal expansion and

contraction of metallic masses, by a change of temperature,

and their unavoidable flexure or bending by their own weight,

become perceptible and measurable. An angle of one minute

occupies, on the circumference of a circle of 10 inches in

radiu-. only about jjnth part of an inch, a quantity too small

to bi certainly dealt with without the use of magnifying

glusf^es; yet one minute is a gross quantity in the astro-

nomical measurement of an angle. With the instruments

A
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now employed in observatories, a single second, or the 60th

part of a minute, is rendered a distinctly visible and appreti-

able 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 iti diameter it would occupy no greater linear

extent than jjjsi^th part of an inch ; a quantity requiring a

powerful 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 (f p-

posing the difficulty of its construction surmounted), .

marks, dots, or cognizable divisions, which shall all be true to

their places within such narrow limits ; to say nothing of the

subdivision of the degrees so marked off into minutes, and of

these again into seconds. Such a work has probably baffled,

and will probably for ever continue to baffle, the utmost

stretch of human skill and industry ; nor, if executed, could

it endure. The ever varying fluctuations of heat and cold

have a tendency to produce not merely temporary and

transient, but permanent, uncompensated changes of form in

all considerable masses of those metals which alone are applic-

able to K' ch uses ; and their own weight, however symmetri-

cally formed, must always be unequally sustained, since it is

impossible to apply the sustaining power to ever?/ part sepa-

rately : even could this be done, at all events force must be

used to move and to fix them ; which can never be done with-

out producing temporary 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, and by a

thousand ingenious and delicate contrivances, wonders have

been accomplished in this department of art, and a degree of

perfection has been given, not merely to chefs d'ceuvre, but to

instruments of moderate prices and dimensions, and in ordi-

nary use, which, on due consideration, must appear very

surprising. But though we are entitled to look for wonders

at the hands of scientific artists, we are not to expect miracles.

The demands of the astronomer will always surpass tho power

of the artist ; and it must, therefore, be constantly the aim

of the former to make himself, as far as possible, independent
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of the imperfections incident to every work the latter can

phice in his hands. He must, tnerefore, endeavour so to

combine his observations, so to choose his opportunities, and

so to familiarize himself with all the causes which may pro-

duce instrumental derangement, and with all the peculiarities

of structure and material of each instrument he possesses, as

not to allow himself to be misled by their errors, but to ex-

tract from their indications, as far as possible, all that is true,

and reject all that is erroneous. It is in this that the art of

the practical astronomer consists,— an art of itself of a curious

and intricate nature, and of which we can here only notice

some of the leading and general features.

(132.) The great aim of the practical astronomer being

numerical correctness in the results of instrumental measure-

ment, his constant care and vigilance must be directed to the

detection and compensation of errors, either by annihilating,

or by taking account of, and allowing for them. Now, if we

examine the sources from which errors may arise in any in-

strumental determination, we shall find them chiefly reducible

to three principal heads :
—

(133.) 1st, External or incidental causes of error ; com-

prehending such as depend on external, uncontrollable cir-

cumstances : such as, fluctuations of weather, which disturb

the amount of refraction from its tabulated value, and, being

reducible to no fixed law, induce uncertainty to the extent

of their own possible magnitude; such as, by varying the

temperature of the air, vary also the form and position of the

instruments used, by altering the relative magnitudes and the

tension of their parts ; and others of the like nature.

(134.) 2dly, Errors of observation : such as arise, for ex-

ample, from inexpcrtness, defective vision, slowness in seizing

the exact instant of occurrence of a phenomenon, or preci-

pitancy in anticipating it, &c. ; from atmospheric indistinct-

ness ; insufficient optical power in the instrument, and the

like. Under this head may also be classed all errors arising

from momentary instrumental derangement, — slips in clamp-

ing, looseness of screws, &c.

(135.) 3diy, The third, and by far the most numerous class

143
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of errors to which astronomical measurements are liable, arise

from causes which may be deemed instrumental, and which

may be subdivided into two principal classes. The^r*^ com-

prehends those which arise from an instrument not beinff what

it professes to be, which is error of workmanship. Thus, if

a pivot or axis, instead of being, as it ought, exactly cylin-

drical, 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 equidistant, should be placed in reality at un-

equal intervals,— and a hundred other things of the same

sort. These are not mere speculative sources of error, but

practical annoyances, which every observer has to contend

with.

(136.) The other subdivision of instrumental errors com-

prehends such as arise from an instrument not being placed

in the position it ought to have ; and from those of its parts,

which are made purposely moveable, not being properly dis-

posed inter se. These are errors of adjustment. Some are

unavoidable, as they arise from a general unsteadiness of the

soil or building in which the instruments are placed ; which,

though too minute to be noticed in any other way, become

appretiable in delicate astronomical obser^'ations : others,

again, are consequences of imperfect workmanship, as where

an instrument once well adjusted will not remain so, but

keeps deviating and shifting. But the most important of this

class of errors ari=<e from the non-existence of natural indica-

tions, other than those afforded by astronomical observations

themselves, whether an instrument has or has not the exact

position, with respect to the horizon and its 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 must 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,
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however, in their nature casual and accidental, their effects

necessarily lie sometimes one way, sometimes the other

;

sometimes diminishing, sometimes tending to increase the re-

sults. Hence, by greatly multiplying observations, under

varied circumstances, by avoiding unfavourable, and taking

advantage of favourable circumstances of weather, or other-

wise using opportunity to advantage— and finally, by taking

the mean or average of the results obtained, this class of

errors may be so far subdued, by setting them to destroy one

another, as no longer sensibly to vitiate any theoretical or

practical conclusion. This is the great and indeed only

resource against such errors, not merely to the astronomer,

but to the investigator of numerical results in every depart-

ment of physical research.

(138.) With regard to errors of adjustment and work-

manship, not only the possibility, but the certainty of their ex-

istence, in every imaginable form, in all instruments, must be

contemplated. Human hands or machines never formed a

circle, drew a straight line, or erected a perpendicular, nor

ever placed an instrument in perfect adjustment, unless acci-

dentally; and then only during an instant of time. This

does not prevent, however, that a great approximation to all

these desiderata should be attained. But it is the peculiarity

of astronomical observation to be the ultimate means of de~

tection of all mechanical defects which elude by their mi-

nuteness every other mode of detection. What the eye

cannot discern nor the touch perceive, a course of astronomical

observations will make distinctly evident. The imperfect

products of man's hands are here tested by being brought into

comparisonunder very great magnifying powers (corresponding

in effect to a great increase in acuteness of perception) with

the perfect 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 instruments

with which those observations were made, accuse them of im-

perfection, and attempt to detect and rectify their errors by

means of the very laws and theories wliich they have helped

.W-i
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US to a knowledge of. A little consideration, however, will

suffice to show that such a course of proceeding is perfectly

legitimate.

(139.) The steps by which we arrive at the laws of natural

phenomena, and especially those which depend for their veri-

fication on numerical determinations, ure necessarily suc-

cessive. Gross results and palpable laws are arrived at by

rude observation with coarse instruments, or without any in-

struments at all, and are expressed in language which is 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 re-

fined 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 ex-

pression is corrected, its terms more rigidly defined, or fresh

terms introduced, until the new state of language and termi-

nology 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 modify both the

verbal statement and numerical results of those \Yliich first

offered themselves to our notice ; and when these are traced

out and reduced to certainty, others, again, subordinate to

them, make their appearance, and become subjects of further

inquiry. Now, it invariably happens (and the reason is

evident) that the first glimpse we catch of such subordinate

laws— the first form in Avhich they are dimly shadowed out

to our minds— is that of errors. We perceive a discordance

betvreen what we expect, and what we Ji7id. The first oc-

currence of such a discordance we attribute to accident. It

happens again and again ; and we begin to suspect our in-

struments. We then inquire, to what amount of error their

determinations can, hj/ possibility, be liable. If their limit of
possible error exceed the observed deviation, we at once con-

demn the instrument, and set about improving its construc-

tion or adjustments. Still the same deviations occur, and,

80 far from being palliated^ are more marked and better de-

fined than before. We are now sure that we are on the
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traces of a law of nature, and we pursue it till we have

reduced it to a definite statement, and verified it by repeated

observation, under every variety of circumstances.

(140.) Now, in the course of this inquiry, it will not fail

to happen that other discordances will strike us. Taught by

experience, we suspect the existence of some natural law,

before unknown ; we tabulate {i. e. draw out in order) the

results of our observations ; and we perceive, in this synoptic

statement of them, distinct indications of a regular progres-

sion. Again we improve or vary our instruments, and we
now lose sight of this supposed new law of nature altogether,

or find it replaced by some other, of a totally different cha-

racter. Thus we are led to suspect an instrumental cause

for what we have noticed. We examine, therefore, the theory

of our instrument ; we suppose deiects in its structure, and,

by the aid of geometry, we trace their influence in intro-

ducing 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 for-

tuitous, like errors of observation, but, as they arise from

sources inherent in the instrument, and unchangeable while

it and its adjustments remain unchanged, they are reducible

to fixed and ascertainable forms ; each particular defect,

whether of structure or adjustment, producing its own ap-

propriate form of error. When these are thoroughly inves-

tigated, we recognize among them one which coincides in its

nature and progression with that of our observed discord-

ances. 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

theory of his instruments. By this alone is he enabled at once

to decide what effect on his observations any given imperfec-

tion 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

a
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the influence of such imperfections, by so arranging his ob*

servations, that it shall affect their results in opposite ways,

and that its influence shall thus disappear from their mean,

which is one of the chief modes by which precision is attained

in practical 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 con-

dition which no workmanship can exactly fulfil, it becomes

necessary to inquire what errors will be produced in observa-

tions made and registered on the faith of such an instrument,

by any assigned deviation in this respect ; that is to say, what

would be the disagreement between observations made with

it and with one absolutely perfect, could such be obtained.

Now, simple geometrical considerations suffice to show— Ist.

that if the axis be excentric by a given fraction (say one

thousandth part) of the radius of the circle, all angles read off

on that part of the circle towards which the excentricity lies,

will appear by that fractional amount too small, and all on

the opposite side too large. And, 2dly, that 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 ii is technically

called) will be completely annihilated by the very easy method

of always reading off the divisions on two diametrically op-

posite points of the circle, and taking a mean ; for the effect

of excentricity is always to increase the arc representing the

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, from any assigned

deviation, whether in a horizontal or vertical plane, from this

precise position. Such inquiries constitute the theory of in-

strumental errors; a theory of the utmost importance to

practice, and one of which a complete knowledge will enable

an observer, with moderate instrumental means, often to

i
1, 1

1
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nttain a degree of precision which might seem to belong only

to the most refined and costly. This theory, as will readily

be apprehended, turns almost entirely on considerations of

pure geometry, and those for the most part not difficult. In

the present work, however, we have no further concern with

it. The astronomical instruments we propose briefly to de-

scribe in this chapter will be considered as perfect both in

construction and adjustment.*

(142.) As the above remarks are very essential to a right

understanding of the philosophy of our subject and the spirit

of astronomical methods, we shall elucidate them by taking

one or two special cases. Observant persons, before the in-

vention of astronomical instruments, had already concluded

the apparent diurnal motions of the stars to be performed in

circles about fixed poles in the heavens, as shown in the

foregoing chapter. In drawing this conclusion, however,

refraction was entirely overlooked, or, if forced on their notice

by its great magnitude in the immediate neighboiu*hood

of the horizon, was regarded as a local irregularity, a^a, as

such, neglected, or slurred over. As soon, hov.cver, as the

diurnal paths of the stars were attempted to be traced by in-

struments, 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^a^fer than its upper ; and the

deviation being greater the nearer the star approached the

horizon, the effect being 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 necessary to

seek a natural one ; and refraction readily occurred, to solve

the difiSiculty. In fact, it is a case precisely analogous to

I r-

m'^

* The principle on which the chief adjustments of two or three of the most
useful and common instruments, such as the transit, the equatorial, and the

sextant, are performed, are, however, noticed, for the convenience of readers who
may use such instruments without going farther into the arcana of practical

astronomy.

a 2
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what we have already noticed (art. 47.), of the apparent dis-

tortion of the 8un near the horizon, only on a larger ecalC)

and traced up to greater altitudes. This new law once

established, it became necessary to modify tae expression of

that anciently received, by inserting in it a salvo for the

effect of refraction, or by making a distinction between the

apparent diurnal orbits, as affected by refraction, and the true

ones cleared of that effect. This distinction between the ap-

parent and the true—between the uncorrected and corrected—
between the rouffh and obvious, and the refined and ultimate—
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 instrumentally, 5. e. by noting, by time-

keepers, their successive arrivals on the meridian, than we find

differences which cannot be accounted for by any error of ob-

servation. All the stars, it is true, occupy the same interval

of time between their successive appulses to the meridian, or

to any vertical circle ; but this is a very different one from

that occupied by the sun. It is palpably shorter; being, in

fact, only 23'' 5Q' 4'09", instead of 24 hours, such hours as

cur common clocks mark. Here, then, we have already two

different days, a sidereal and a solar: and if, instead of the

sun, we observe the moon, we find a third, much longer than

either, — a lu7iar day, whose 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** 56' 4*09", for the

sidereal day ; which, therefore, we cannot hcaitate 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 having a different

nature, or at least a different relation to us, from the stars

;

and as having motions, real or apparent, of their own, inde-
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pendent of the rotation of the earth on ita axis. Thus a

great and most important distinction is disclosed 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 vertical 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 some

immoveable support), notice the successive disappearances of

any star behind the building, by a watch.* When he ob-

serves the sun, he must shade his eye with a dark-coloured

or smoked glass, and notice the moments when its western

and eastern edges successively come up to the wall, from

which, by taking half the interval, he will ascertain (what he

cannot directly observe) the moment of disappearance of ita

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 the meridian, in'egularities (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 are 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 half a minute longer, and

about the same day of September nearly as much shorter,

than its average duration. And thus a distinction is again

pressed upon our notice betwen the actual solar day, which is

never two days in succession alike, and the mean solar day

of 24 hours, which is an average of all the solar days

throughout the year. Here, then, a new source of inquiry

opens to us. The sun's apparent motion is not only not thj

¥•',

* This is an excellent practical method of ascertaining the rate of a clock or

watch, being exceedingly accurate if a few precautions are attended to; the

chief of which is, to take care tnat that part of the edge behind whicli the star

(a bright one, not a planet) disappears shall be quite smooth ; as otherwise vari-

able refraction may transfer the point of disappearance from a protuberance to a

notch, and thus vary the moment of observation unduly. This is easily secured,

by nailing up a smooth-edged board. The verticality of its edge should be

ensured by the use of a plumb-line.

o 3
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same with that of the stars, but it is not (as the latter is)

uniform. It is subject to fluctuations, whose laws become

matter of investigation. But to pursue tnese laws, we re-

quire nicer means of observation than what we have de-

scribed, and are obliged to call in to our aid an instrument

called the transit instrument^ especially destined 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. Thus we become involved by

degrees in more and more delicate instrumental inquiries;

and we speedily find that, in proportion as we ascertain the

amount and law of one great or leading fluctuation, or in-

equality, as it is called, of the sun's diurnal motion, we bring

into view others continually smaller and smaller, which wcro

before obscured, or mixed up with errors of observation and

instrumental imperfections. In short, wo may not inaptly

compare the mean length of the solar day to the mean or

average height of water in a harbour, or the general level

of the sea unagltated by tide or waves. The great annual

fluctuation above noticed may be compared to the daily vari-

ations of level produced by the tides, which are nothing but

enormous waves extendiiig over the whole ocean, while the

smaller subordinate inequalities may be aasimllated to waves

ordinarily so called, on which, when large, we perceive lesser

undulations to ride, and on these, again, minuter rlppllngs,

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 ; their explanation be-

longs^ to a more advanced part of our subject : but the dis-

tinction between the solar and sidereal days, as it pervades

every part of astronomy, requires to be early introduced, and

never lost sight of. It Is, as already observed, the mean or

average length of the solar day, which is used in the civil

rec!fonIng of time. It commences at midnight, but astro-

nomers, 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, 1 1 o'clock

in the forenoon of the second of January, in the civil reckon-

m
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iug of time, corresponds to January 1 day 23 hours in the

astronomical reckoning; and 1 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 con-

sequence, it could be broken through, and the civil reckoning

substituted. Uniformity in nomenclature and modes of

reckoning in all mutters relating to time, space, weight, mea-

sure, Sfc, is of such vast and paramount importance in every

relation of life as to outweigh every consideration of technical

convenience or custom. *

(148.) Both astronomers and civilians, however, who in-

habit 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 mid-

night 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-

volve the mistake of a whole day. To obviate this incon-

venience, there has lately been introduced a system of

reckoning time by mean solar days and parts of a day counted

from a fixed instant, common to all the world, and determined

by no local circumstance, such as noon or midnight, but by

the motion of the sun among the stars. Time, so reckoned,

is called equinoctial time ; 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 obser-

vation, in a twofold point of view : — Ist, As the reprcsen-

* Tlie only disadvantage to astronomers of using the civil reckoning is this—

<

that tlieir observations being chiefly carried on during the night, the day of their

date will, in this reckoning, always have to be changed at midniglit, and the

former and latter portion of every night's observations will belong to two diffcr-

eutly numbered civil days of the month. There is no denying this to be an

inconvenience. Habit, however, would alleviate it ; and some inconveniences

must be cheerfully submitted to by all who resolve to act on general principles.

All other classes of men, whose occupation extends to the night as well as day,

submit to it, and find their advantage in doing so.

G 4
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tative of angular motion. The 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 differences of right as-

cension. 2dly, As the fundamental element (or natural in-

dependent variable, to use the language of geometers) in all

dynamical theories. The great object of astronomy is the

determination of the laws of the celestial motions, and their

reference to their proximate or remote causes. Now, the

statement of the late of any observed motion in 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

such laws, therefore, with observation, we must possess a

register of the observed situations of the object in question,

and of the times lohen 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 measuring, or rather counting

out, fixed portions of time, and is entirely disused. The
clepsydra, which measured time by the gradual emptying of

a large vessel of water through a determinate orifice, is sus-

ceptible of considerable exactness, and was the only depen-

dence of astronomers before the invention of clocks and

watches. At pi'esent 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 ; viz. for

the accurate measurement of very small portions of time, by
the flowing out of mercury from a small orifice in tlie 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 run,

till the moment of noting any other event, when the inter-

cepting cause is suddenly removed, the stream flows in its

original course, and ceases to run into the receiver. The
v)pi(/ht of mercury received, con\pare(l with the weight re-
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ccived in an interval of time observed by the clock, gives the

interval between the events observed. This ingenious and

pimple method of resolving, with all possible precision, a pro-

blem of much importance in many physical inquiries, is due

to tlie late Captain Kater.

(151.) The pendulum clock, however, and the balance

watch, with those improvements and refinements in its struc-

ture which constitute it emphatically a chronometer *, are the

instruments on which the astronomer depends for his know-
ledge 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 hours 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 within 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, becomes greater, because the accidental errors of many
days may accumulate ; and causes producing a sIoav progres-

sive change in the rate of going may subsist unperceived. It

is not safe, therefore, to trust the determination 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 timts intervening between the first

and the last moments of such long intervals, and such of those

j)criodically recurring events adopted for our points of reckon-

ing, as occur within twenty-four hours respectively of either,

that we measure by artificial means. The whole days are

counted out for us by nature ; the fractional parts only, at

either end, are measured by our clocks. To keep the reckon-

ing 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

ill

• Xpovoi, time ; ixtrpdv, to measure.
<lill
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to their proper years and days ; while chronometry, ground-

ing its determinations on the precise observation of such

regularly periodical events as can be conveniently and exactly

subdivided, enables us to fix the moments in which phenomena

occur, with the last 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. Accordingly, 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 observing such culminations, however, or those in-

tended for the measurement of angular intervals in the sphere,

it is requisite to place clearly before the reader the principle

on which the telescope is applied in astronomy to the precise

determination of a direction in space,— that, namely of the

visual ray by which we see a star or any other distant object.

(154.) The telescope most commonly used in astronomy

for these purposes is the refracting telescope, which consists

of an object-glass (either single, or as is now almost universal,

double, forming what is called in optics, an achromatic com-

bination) A; a tube A B, into which the brass cell of the

E
-><- iS

—

I

-^

object-glass is firmly screwed, and an eye-lens C, for whicli is

often substituted a combination of glasses designed to increase

the magnifying 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.
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(155.) The line P Q joining the centres of the object and

eye-glasses and produced, is called the axis or line of collima-

tion 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 (ac-

cording to the principles of optics), in the focus of the object-

glass, and may there be viewed as if it were a real objectf

through the eye-lens C, which (if of short focus) enables us

to magnify/ 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 bet-

ter 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 care-

fully placed and firmly fixed in the 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 imago

of the distant star E. The magnifying power of the lens

renders perceptible the smallest deviation from perfect coinci-

dence, which, should it exist, is a proof, that the axis Q P is

not directed rigorously towards E. In that case, a fine mo-

tion (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 ce-

lestial 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

us completely annihilating that part of the error of obscrva-

**%•'
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tion 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 of modern astronomy, with-

out which all other refinements in instrumental workmanship

would be thrown away; the errors capable of being com-

mitted in pointing to an object, without such assistance, being

far greater than what could arise from any but 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 magnifying into palpable intervals the

minutest differences, it enables us not only to scrutinise the

form and structure of the objects to which it is 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

• The honour of this caj)ital improvement has been successfully vindicated

by Derham (Phil, Trans, xxx. 603.) to our young, talented, and unfortunate

countryman Gascoigne, from his correspondence with Crabtree and Horrockes,

in his (Derham's) possession. The passages cited by Derham from these letters

leave no doubt that, so early as 1640; Gascoigne had applied telescopes to his

quadrants and sextants, with threads in the common focus of the glasses ; and had
even carried the invention so far as to illuminate the field of view by ^'rtificial

light, which he found " very helpful when the moon appeareth not, or it is not other-

wise light enough," These inventions were freely communicated by him to

Crabtree, and through him to his friend Horrockes, the pride and boast of
British astronomy ; both of whom expressed their unbounded admiration of this

and many other of his delicate and admirable improvements in the art of obser-

vation. Gascoigne, however, perished, at the age of twenty-three, at the battle

of Marston Moor ; and the premature and sudden death of Horrockes, at a yet
earlier age, will account for the temporary oblivion of the invention. It was
revived, or re-inventid, in 1667, by Picard and Auzout 'Lalande, Astron,

2;} 10.), after which its use became universal. Morin, even earlier than Gas-
coigne (in 1635), had proposeii to sul)stitute the telescope for plain sights ; but
it is the thread or wire stretched in the focus with which the image of a star

can be brought to exact coincidence, which gives the telescope its advantage in

practice ; and the idea of this docs not seem to have occurred to Morin. See
Lalande, ubi supra )
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meridian of the place of observation. The extremities of the

axis are formed into cylindrical pivots of exactly equal di-

ameters, 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 adjust-

ment, the axis can be rendered precisely horizontal, by level-

ling it with a level made to rest on the

pivots. By the latter adjustment the

axis is brought precisely into the east

and west dh*ection, the criterion of

which is furnished by the observations

themselves made with the instrument,

in a manner presently to be explnincd,

or by a well-defined object, called a meridian mark, originally

determined by such observations, and then, for convenience

of ready reference, permanently established, at a great dis-

tance, exactly in a meridian line passing through the central

point of the whole instrument. It is evident, from this de-

scription, that, if the axis, or line of collimation 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.

(160.) In 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 in art. 157., but a system of one

horizontal and several equidistant vertical

threads or wires, (five or seven are more

usually employed,) as represented in the an-

nexed figure, which always appear in the

Jieldofview, when properly illuminated, by

day by the light of the sky, by night by that

of a lamp introduced by a contrivance not necessary here

to explain. The 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 collimation of the telescope, where it is arrested and

f!
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permanently fastened.* In this situation it is evident that

the middle thread will be 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 meridian. The instant of this event is noted by the

clock or chronometer, which forms an indispensable accom-

paniment of the transit instrument. For greater precision,

the moments 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 average of the whole in the contrary case.

(161.) For the mode of executing the adjustments, and

allowing for the errors unavoidable in the use of this simple

and elegant instrument, the reader must cons- H works

especially devoted to this department of practical astronomy.
"f"

We shall here only mention one important verification of its

correctness, which consists in reversing the ends of the axis,

or turning it east for west. If this be done, and it continue

to give the same results, and intersect 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 be apprehended, exclusive of the error

of the clock : in 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

* There Is no wny of bringing tlie true optic axis of the object glass to co-

incide exactly with tlie line of collimation, but, so long as the object glass does

not shift or shake in its cell, any line holding an invartablt position with respect to

that axis, may be taken for the conventional or astronomical axis with equal

effect.

f See Dr. Pearson's Treatise on Practical Astronomy, Also Bianchi Sopra
lo Stromento dc' Passagi. Ephem. di Milano, 1824.
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of

a transit ought to be that of the meridian of the place of ob-

servation. 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 transits 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 in precisely equal times, we may be sure that

plane is the meridian.

(163.) The angular intervals measured by means of the

transit instrument and clock are arcs of the equinoctial, inter-

cepted between circles of declination passing through the

objects observed ; and their measurement, in this case, is per-

formed by no artificial graduation of circles, but by the help

of the earth's diurnal motion, which carries equal arcs of the

equinoctial 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 necessary to have recourse to

circles, or portions of circles, constructed of metal or other

firm and durable material, and mechanically subdivided into

equal parts, such as degrees, minutes, &c. Tho simplest and

most obvious mode in which the measurement of the angular

interval between two directions in space can be performed

is as follows. Let A B C D be a circle, divided into 360

degrees, (numbered in order from any point 0° in the circum-

ference, round to the same point again,) and connected with

its centre by spokes or rays, x, y, z, firmly united to its circum-

ference or limb. At the centre let a circidar hole be pierced,

in wliich shall move a pivot exactly fitting it, carrying a tube,

whose axis, a b, is exactly parallel to the plane of the circle,

or perpendicular to the pivot ; 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

> *i.-i
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aiTested and fixed at any point we please, by a contrivance

called a clamp. Suppose, now, we would measure the angu-

lar interval between tw^o fixed objects, S, T. The plane of

the circle must first be ad-

justed so as to pass through

^ g them both, and immoveably

fixed and maintained in that

position. This done, let the

axis a b o£ the tube be

X directed to one of them, S,

and 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 mechanical or optical means. (See art. 165.) The
division and fvactional part thus noted, and reduced into

degrees, minutes, and seconds, is to be set down as the read-

ing of the limb corresponding to that position of the tube a ft,

where it points to the object S. The same must then be

done for the object T ; the tube pointed to it, and the limb

" read o^," the position of the circle remtjining 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 whatever point of the limb the com-

mencement of the graduations or the point 0° be situated.

(164.) The very same result will be obtained, if, instead

of making the 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 fit it in

some fixed support. Such a combination is represented in

section in the annexed sketch. T is the tube or sight,

fastened, at p p, on the circle A B, whose axis, D, works in
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the solid metallic centring E, from which originates an arm,

E, 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 {fig. a)\ or a vernier {fig, b) ; or, lastly, a com-

" "^K
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pound microscope {fig- c), represented in section in Jig. d,

and furnished with a cross in the common 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 coinci-

dence 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 point-

ing of the telescope, only that here the fiducial cross is made

moveable ; and by the turns and parts of a turn of the screw

n
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required for tliia 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 power 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 acciu'acy with which the subdi-

vision of the intervals between any two consecutive gradua-

tions can be performed. The mode of accomplishing the

latter object with any required exactness has been explained

in the last article. With regard to the graduation of the

limb, being merely of a mechanical nature, 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 inaccuracy is reduced within very narrow limits indeed.*

With regard to the first, it must be obvious that, if the sights

a J be 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 converted 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. 157.; 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 in the pointing of the tube than by the un-

assisted eye, in proportion to the magnifying power and

distinctness of the telescope used.

* In the great Ertel circle at Pulkova, the probable amount of the accidental

error of division is stated by M. Struve not to exceed 0"*264. Desc. de I'Obs.

centrale de Pulkova, p. 1 47.
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(167.) The simplest mode in which the measurement of

an angular interval 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 surround our station,— because

these only remain stationary during the interval while the

telebcope is shifted on the limb from one object to the other.

Bui, the diurnal motion of the heavens, by destroying this

essential condition, renders the direct measurement of an«

gular 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 de-

scribed 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 therefore continue to appear in its

field as a luminous lin^i, permanently intersecting the same

point, till the star came round again. From one such line

to another the telescope might be shifted, at leisure, without

error ; and then the angular interval between the two diurnal

circles, in the plane of the telescope's rotation, might be mea-

sured. 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-

seCw-.on of its wires so that the star shall traverse it; by

which, when the 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

info 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, eveiy day, as the stars pass, till we are

satisfied with their result.

H 2
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(168.) Thia is the prlnciplo of the mural circle, which ia

nothing more than such a circle ns wc 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 i)ier, or wall, of stone (whence the name of the in-

strument), and 80 secured by screws as to be capable of ad-

justment 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 di-

urnal circles described by the stars, its arc intercepted be-

tween 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 alti-

tudes 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 con-

clude, not their differences only, but the quantities them-

selves, as we shall now explain.

(170.) The declination of a heavenly body is the comple-

ment 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 covrse, the declinations 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 upper and lower culminations ; that is, when
it passes the meridian above and heloio the pole. Now, as its

distance fi'om 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

circle. In the annexed diagram, IT P O represents the celestial

meridian, P the pole, B R, A Q, C D the diurnal circles of



OF THE MUUAL CIUCLE. 101

Btara which arrive on the meridian at B, A, and C in their

upper and at R,Q,D in tlicir lower culminations, of which D
and Q happen above the horizon

H O. P is the pole ; and if we
suppose h p o to bo the mural

circle, having S for its centre, b a

c p d will bo the points on its

circumference corresponding to B
A C P D in the heavens. Now
the area b a, b c, b d, and c d are

given immediately by observation

;

and since C P= P D, we have also cp=p d, and each of them

= ^ cd, consequently the place of the polar point, as it is

called, upon the limb of the circle becomes known, and the

arcs pb, p a, pc, which represent on the circle the polar

distances required, become also known.

(171.) The situation of the pole star, which is a very bril-

liant one, is eminently favourable for this purpose, being only

about a degree and half from the pole ; it is, therefore, the

star usually and almost solely chosen for this important pur-

pose; the more especially because, both its culminations

taking place at great and not very different altitudes, the re-

fnictions by which they are affected are of small amount, and

differ but slightly from each other, so that their correction is

easily and safely applied. The brightness of the pole star,

toe, allows it to be easily observed in the daytime. In con-

sequence 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. 1^2., 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 polar point on the limb of the mural

B S
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circle once determined, becomes an origin, or zero point, from

which the polar distances of all objects, referred to other

points on the same limb, reckon. It matters not whether the

actual commencemen*, 0° of the graduations stand there, or

not ; since it is only by the differences of the readings that

the arcs on the limb are determined ; and hence a great ad-

vantage Is obtained in the power of commencing anew a fresh

series of observations, in which a different part of the cir-

cumference of the circle shall be employed, and different

graduations brought into use^ by which inequalities of divi-

sion may be detected and neutralized. This is accomplished

practically 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 circumference.

(173.) A point on the limb of the mural circle, not less im-

portant 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 below the horizon-

tal point as the other is above it. For this purpose, a star

is observed at its culmination on one night, by pointing the

telescope directly to it, and the next, by pointing to the image

of the 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 the star itself is above it (allowing for the difference of

refraction at the moments of observation). The arc inter-

cepted on the limb of the circle between the star and its re-

flected image thus consecutively 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
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fluid so used for the determination of the altitudes of objects

is called an artificial horizon*

(174.) The mural circle is, in fact, at the same time, a

transit instrument ; and, if furnished with a proper system

of vertical wires in the focus of its telescope, may be used as

such. As the axis, however, is only supported at one end,

it has not the strength and permanence necessary 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 for west. Nothing, however, prevents a divided circle

being permanently fastened on the axis of a transit instru-

ment, either near to one of its extremities, or close to the

telescope, so as to revolve with it, the reading off being per-

formed by one or more microscopes fixed on one of its piers.

Such an instrument is called a transit circle, or a meri-

dian CIRCLE, and serves for the simultaneous determination

of the right ascensions and polar distances 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-ordinates : to which may be added the fa-

cility 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 impracti-

cable 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 be made acquainted with

every means employed foi" this purpose. These are, the arti-

ficial horizon, the plumb-line, the level, and the collimator.

The artificial horizon has been already explained. The plumb- P
• By a peculiar and tlellcate inanipulation and management of the setting,

bisect' .'I, and r^ • mg off of the circle, aided by the use of a moveable horizon-

tal 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
refli'Ction and direct vision, sufficiently near to eitlier culmination to give the

horizontal point, without risking the change of refraction in twenty-four hours;

so that this source of error is thus completely eliminated.

H 4
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line is a fire thread or wire, to which is suspended a weight,

whose oscillations are impeded and quickly reduced to rest by-

plunging it in water. The direction ultimately assumed by

such a line, admitting its perfectflexibility, is that of gravity,

or perpendicular to the surface of still water. Its application

to the purposes of astronomy is, however, so delicate, and

difficult, and liable to error, unless extraoi'dlnary precautions

are taken in its use, that it is at present almost universally

abandoned, for the more convenient, and equally exact in-

strument the level.

(176.) The level is a glass tube nearly filled with a liquid,

(spirit of wine, or sulphuric ether, being those now generally

.i...ii,,, ,i ...,i...,i,..,i A.
r-j. ^apg|pg^|j|t;!Bp-«Tg-rrrtjpL

used, on account of their extreme rn.ohilityy 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 impossible

to execute, and every tube having some slight curvature ; if

the convex side be placed upwards the bubble will occupy

the higher part, as in the figure (where the curvature is pur-

posely exaggerated). Suppose such a tube, as A B, firmly

fastened on a straight bf , C D, and marked at a b, two

points distant by the length of the bubble ; then, if the in-

strument be so placed that the bubble shall occupy this inter-

val, it is clear that C D can have no other than one definite

inclination to the horizon ; 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 h, between which tlic bubble Is exactly contained

;

then turn the level end for entl, so that C shall rest on Q,
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and D on P. If tlicn the bubble continue to occupy the

same place between a and h, 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. Astrono-

mical levels are furnished with a divided scale, by which the

places of the ends of the bubble can be nicely marked ; and

it is said that they can be executed with such delicacy, as to

indicate a single second of angular deviation from exact hori-

zontality. In such levels accident is not trusted to to give

the requisite curvature. They are ground and polished in-

ternally 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 vei-tical 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 on a

horizontal axis C, which must

be like that of a transit, sus-

ceptible of reversal (see art.

161.), and with which the

circle is inseparably 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 fas-

tened at right angles to an arm,

L E F, furnished with a micro-

scope, 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 ob-

ject S, let the level be set so as to bring its bubble to the

marks a Z», and clamp it there. Then will the arm L C F
have some certain 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, unthont nnclamjnng the level

«l*

m
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arm from the axis. This done, by the motion of the whole

instrument (level and all) on its axis, restore the level to its

horizontal position with the bubble at a b. Then we are sure

that the telescope has now the same inclination to t^^o horizon

the other way, that it had when pointed to S, and the reading

offat F will not have been changed. Now unclamp the level,

and, keeping it nearly horizontal, turn round the circle on

the axis, so as to carry back the telescope through the zenith

to S, and in that position clamp the 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 tele-

scope from its last position. Lastly, without unclamping the

telescope and circle, let the level be once more rectified. Then

will the arm L E F once more assume the same definite po-

sition with respect to the horizon ; and, 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 be the double zenith distance of S, and

its half will be the zenith distance simply, the complement of

which is its altitude. Thus the altitude corresponding to a

given reading of the limb becomes known, or, in other words,

the horizontal point on the limb is ascertained. Circuitous

as this process may appear, there is no other mode of em-

ploying the level for this purpose which does not in the end

come to the same thing. Most commonly, however, the level

is used as a mere fiducial reference, to preserve a horizontal

point once well determined by other means, which is done by

adjusting it so as to stand level when the telescope is truly

horizontal, and thus leaving it, depending on the permanence

of its adjustment.

(178.) The last, but probably not the least exact, as it

certainly is, in innumerable cases, the most convenient means
of ascertaining the horizontal point, is that afforded by the

floating collimator, an invention of Captain Kater, but of

which the optical principle was first employed by Ritten-

house, in 1785, for the purpose of fixing a definite direction

in space by the emergence of parallel r.tys from a material
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object placed in the focus of a fixed lens. This elegant in-

strument is nothing more than a small telescope furnished

with a cross-wire in its focus, and fastened horizontally, or

as nearly so as may be, on a flat iron fioaty 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 illu-
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the principle of collimation of Klttenhouse, however, is sug-

gested by Benzenberg, which affords at once, and by a single

observation, an exact knowledge of the nadir point of an

astronomical circle. In this combination, the telescope of the

circle is its own collimator. The

object observed is the central inter-

sectional cross of the wires in ita

own focus reflected in mercury.

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 an-

nexed. The rays diverging from

the wires issue in parallel pencils

from the object-glass, are incident

on the mercury, and are thence re-

flected back (without losing their

parallel character) to the object-

glass, which is therefore enabled to collect them again in its

focus. Thus is formed a reflected image of the system of

cross-wires, which, when brought by the slow motion of

the telescope to exact coincidence (intersection upon intersec-

tion) with the real system as seen in the eye-piece of the

instrument, indicates the precise and rigorous verticality of

the optical axis of the telescope when directed to the nadir

point.

(180.) The transit and mural circle are essentially meridian

instruments, being used only to observe the stars at the mo-

ment of their meridian passage. Independent of this being

the most favourable moment for seeing them, it is that in

which their diurnal motion is parallel to the horizon. It is

therefore easier at this time than it could be at any other, to

place the telescope exactly in their true direction ; since their

apparent course in the field of view being parallel to the

horizontal thread of the system of wires therein, they may,

by giving a fine motion to the telescope, be brought to exact
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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 diminution ; 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,

ia 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 declina-

tion ;
— in the visible hemisphere, if we know its azimuth

and altitude, &c.

(182.) To observe an object at any point of its diurnal

course, we 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

iJi-L,,
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the point of penetration to receive it. The annexed figure

exhibits the simplest form of such a combination, though

very far indeed from the best in point of mechanism. The

two circles are read off by verniers, or microscopes ; the one

attached to the fixed support which carries the principal axis,

the other to an arm projecting from that axis. Both circles

also are susceptible of being clamped, the clamps being at-

tached to the same ultimate bearing with which the apparatus

for reading off is connected.

(183.) It is manifest that such a combination, however its

principal axis be pointed (provided that its direction be inva-

riable), 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

hemisphere, one of which has for

its poles the prolongations of

the principal axis or the vanish-

ing points of a system of lines

parallel to it, and the other

passes always through these

poles : for the former great cir-

cle 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 G H ; and these two planes being,

by the construction of the instrument, at right angles, the
great circles, - hich 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 tv/o positions in which
such an apparatus can be mounted so as to be of any prac-

tical 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 H is parallel to the earth's equator, and

&>
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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 circles in the heavens,

corresponding to the various positions, which the circle G H
can be made to assume, by the rotation of the instrument

round its axis C D, are all hour-circles ; and the arcs read off

on this circle will be declinations, or polar distances, or their

differences.

(185.) In this position the apparatus assumes the name of

an equatorial, or, as it was formerly called, a parallactic in-

strument. It is a most convenient instrument for all such

observations as require an object to be kept long in view,

because, being once set upon the object, it can be followed as

long IS 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 instrument.

The equatorial is also used for determining the place of an

unknown by comparison with that of a known object, in a

manner to be described in the fifth chapter. The adjust-

ments of the equatorial are somewhat complicated and diffi-

cult. 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 accordingly (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 adjust-

ment, 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 different declinations. If

the intervals between these transits correspond to the known

IffI
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differences of right ascensions of the stars, we may be sure

that the telescope describes a true meridian, and that, there-

fore, 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

from the present time, been introduced into the construction

of the equatorial instrument. It consists in applying a clock-

work movement to turn tho whole instrument 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

communicates motion to a train of wheelwork, and thus,

ultimately, to the polar axis, while, at the same time, its too

sicift descent is controlled and regulated 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 obtain-

ing a perfectly smooth, uniform, and regulable 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 undistracted by having a mechanical move-

ment to direct, and with both his hands at liberty.

(187.) The other position in which such a compound

apparatus as we have described in art. 182. may be ad-

vantageously mounted, is that in which the principal axis

occupies a vertical position, and the one circle, A B, con-

sequently corresponds to the celestial horizon, and the other,

G H, to a vertical circle of the heavens. The angles mea-

sured on the former are therefore azimuths^ or diiFerences

"

• See Littrow on the Adjustment of the Equatorial (Mem, Ast. Soc. vol. il.

p. 45.), where formulae are given for ascertaining the amount and direction of
all the misadjustmcnts simultaneously. But the practical observer, who wishes
to avoid bewildering himself by doing two things at once, had better proceed as

recommended in the text.
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of azimuth, and those of the latter zenith distancea, or alti-

tudes, according as the graduation commences from the upper

point of its limb, or from one 90° distant from it. It ia

therefore known by the name of an azimuth and altitude iu"

strumcnt. The vertical i)osition of its principal axis is se-

cured either by a phimb-linc suspended from the upper end,

which, h( wever 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 south point on the horizontal circlo

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 easi of the meridian, by bringing it on the

cross wires of the telescope. In this position lot the horizon-

tal 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

followed by moving the whole instrument round to the west,

without, however, unclamping the telescope, until it cornea

ii^to the field of view; and until, by continuing the horizon-

tal motion, the star and the cross of the wires come once

move to coincide. In this position it is evident the star must

have the same precise altitude above the western horizon, that

it had 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 azimuthal arc described in the interval.

Now, it is evident that when the altitudes of any star are

equal on either side of the meridian, its azimuths, whether

reckoned both from the north or both from the south point of

the horizon, must also be equal, — consequently the noi'th or

south point of the horizon must bisect the azimuthal arc thus

determined, and will therefore become known.

ii^

:lh
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(189.) Thia method of (letcrmininj; the north and south

points of n horizontal circle is called the " method of equal

altitudes," and is of great and constant use in practical astro-

nomy. If we note, at the moments of the two observations, the

time, by a clock or chronometer, the instant halfway 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 shoidd be provided with a horizontal circle at al).

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 vieridlan

mark erected. For the readings of the north and south points

on the limb of the horizontal circle being known, the vertical

circle may be brought exactly into the plane of the meridian,

by setting it to that precise reading. This done, let the

telescope be depressed to the nortii 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 horizontal 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 refraction. For, by following with it a circum-

polar star which passes the zenith, and another which grazes

the horizon, through their whole diurnal course, the exact

apparent 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 the observation in the direction in which the

refraction itself takes place (i. e. in altitude), is made a matter

of direct observation.

(192.) The zenith sector and the theodolite arc peculiar
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modifications of the altitude and azimuth instrument. The

former is adapted for the very exact observation of stars in

or near the zenith, by 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 enlarge-

ment of the divisions of its arc, is obtained. The latter ia

especially devoted to the measures of horizontal angles be-

tween terrestrial objects, in which the telescope never requires

to be elevated more than a few degrees, and in which, there-

fore, 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 perpendi

cularity of the plane of the telescope's motion, by esting 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-oflfing, allowing for its dip), or from iu own reflection

on the surface of merciuy. It is the sextant, or quadrant,

commonly called Iladlcifs, from its reputed inventor, though

the priority of invention 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 pro-

perty of reflected rays, thus announced : — " The angle be-

<'(

f'..

;uliar

* Newton communicated it to Dr. Halley, wlio suppressed it. The descrip-

tion of the instruinent was found, after the death of llailey, aitiong his papers,

in Newton's own handwriting, by his executor, who communicated the papers

to tlie Royal Society, twenty-five years after Newton's death, and eleven after

the publication of Iladley's invention, which might be, and probably was,

independent of any knowledge of Newton's, llioiigb Hutton insinuates the

contrary.

I 2
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a \4

twecn the first and last directions of a ray 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 por-

tion of a circle 60° in extent,

but divided into 120 equal part«.

On the radius C B let a sil-

vered plane glass D be fixed, at

right angles to the plane of the

circle, and on the moveable ra-

dius C E let i.nother such sil-

vered 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 C E, at the extremity E of which a vernier

is placed to read cAf the divisions of the limb. On the radius

A C is set a telescope F, through which any object, Q, may
be seen by direci rays which pass through the unsilvered por-

tion of the glass 1), while another object, P, is seen through

the same telescope by rays, which, after ro^ljction at C, have

been thrown upon the silvered part of D, and are thence

directed by a second reflection into the telescojie. 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, /ithout obliterating each other. The motion, however,

is arrested when they meet, and at this point the angle in-

cluded between the direction C P of one object, and F Q of

the other, is twice the angle EGA included between the

fixed and moveable radii C A, C E. Now, the graduations

of the limb being pui-posely made only half as distant as would

correspond to degrees, the arc A E, when read off", as if the

graduations were zchok degrees, will, in fact, read double 'm

real amount, and therefore the numbers so read off" will ex-

prcb? not the angle EGA, but its double, the angle sub-

tended l)y the objects.

t
II
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(1P5.) To determine the exact distances between the stirs

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 import-

ance; and as the sextant requires no fixed support, but

can be held in the hand, and used on ship-board, the utility

of the instrument becomes at o.ce 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 coin-

cide with the boundary of the sea seen by direct rays. Thus

the altitude above the sea-line is found ; and this corrected

for the dip of the horizon (art. 23.) gives the true altitude of

the star. On land, an artificial horizon may be used (art. 173.),

and the consideration of dip is rendered unnecessary.

(196.) The adjustments of the sextant are simple. They

consist in fixing the two reflectors, the one on the revolving

radius C E, the other on the fixed one C B, 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 i-espect is of littl?^ 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 instru-

ment ought to read zero., and if ii does not, the angle which

it docs read is the zero correction and must be subtracted

from all angles measui'cd with the sextant. The former ad-

justments are essential to be maintained, and are performed

by small screws, by whose aid cither or both the glasses _aay

be tilted a little one way or another until the direct and re-

flected images of a vertical line (a plumb-line) can be brought

to coincidence over their whole extent, so as to form a single

unbroken straight line, whatever be the position of the move-

able arm, in the middle of the field of view of the telescope,

whose axis is carefully adjusted 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

Hi

i
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the moveable being 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 coi.icidcnce 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 coincide in the centre of thefield

the adjustment is correct.

(197.) The reflecting circle is an instnnnent destined for

the same uses as the sextant, but more complete, the circle

being entire, and the divisions carried all round. It is usually

furnished with three verniers, so as to admit of three distinct

readings ofl", by the average of which the error of graduation

and of reading is reduced. This is altogether a very refined

and elegant instrument.

(198.) AYe must not conclude this part of our subject

without mention of the " pi'inciple

of repetition;" an invention of

Borda, by which the error of gra-

duation may be diminished to any

degree, and, practically rneaking,

annihilated. Let P Q be two ob-

jects which we may suppose fixed,

for purposes of iuere explanation,

and let K L be a telescope moveable

on O, the common axis of two

circles, A ]\I L and abc, of which

the former, x\ML, Is absolutely fixed in the plane of the

objects, and carries the graduations, and the latter is freely

moveable on the axis. The telescope is attached per-

manently to the latter circle, and moves with it. An arm

O a A carries the index, or vernier, which reads off the gra-

duated limb of the fixed circle. This arm is provided with

two clamps, by which it can be temporarily connected

ui
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a

with either circle, and detached at pleasure. Suppose, now,

the telescope directed to P. Clamp the index arm O 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 O Q. Now
clamp the index to the outer circle, and unclamp the inner,

and read off: the diiference 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

amn to b, and unclamp it from B, and again transfer the

telescope to Q, by which the arm will now be carried with

it to C, over a second arc, B C, equal to the angle P O Q.

Now again read off; then will the difference between this

reading and the original one measur'^, twice the angle P O Q,
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); 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 ob-

servations, but only by the same constant error of graduation,

irhich depends on the initial and final readings off alone.

j;-. 'lie errors of observation, when numerous, tend to

L: 'i:. cc md destroy one another; so that, if suflSciently mul-

tiplIeJ, t^3ir influence will disappear from the result. There

remains, then, only the constant error of graduation, which

comes to be divided in the final result by the number of ob-

servations, and is therefore diminished In its influence to one

tenth of its possible amount, or to less if need be. The

abstract beauty and advantage of this principle seem to be

counterbalanceu in practice by some unknown cause, which,

probably, must be sought for in imperfect chiruping.

Micrometers arc instruments (as i.he name im-

I 4
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ports*) for measuring, 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 tiie parallel ivire micrometer, two

parallel threads (spider's lines are generally used) stretched

on sliding frames, one or both moveable by screws in a di-

rection perpendicular to

that of the threads, are

placed in the common
focus of the object a

'

eye-glasses of a tele-

scope, and brought by
the motion ofthe 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 a turn required gives the interval of the threads,

which must be converted into angular measure, either by ac-

tual calculation from the linear measure of the threads of the

screw and the focal length of the object-glass, or experiment-

ally, by measuring the image of a known object placed at a

known distance (as a foot-rule at a hundred yards, &c.) and

therefore subtending a known angle.

(200.) The duplication of the image of an object by optical

means furnishes a valuable and fertile resource in micrometry.

Suppose by any optical contrivance the single image A of

any object can be converted into two, exactly equal and

similar, A B, at a distance from one another, dependent (by

A (

* Mi«po9, small ;
/.ifrpny, to measure.
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some mechanical movement) on the will of the observer, and

in any required direction from one another. As these can,

therefore, be made to approach to or recede from each other

at pleasure, they may be brought in the first place to ap-

proach till they touch one anr'^her 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 con-

tact 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 applications), 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 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 measure-

ment as above described.

(202.) Double refraction through ci'ystallized media affords

another means of accomplishing the same end. Without
going into the intricacies of this difficult branch of optics, it

AvIU suffice to state that objects viewed througii certain crys-

tals (as Iceland spar, or quartz) appear double, two images

equally distinct being formed, whose angular distance from

each other varies from nothing (or perfect coincidence), up to

-f^

J lilt I -!

* TIlis tniglit bn cured, tliough at an expense of light, by limiting each half

to a circular space by diaphragms, as rcjireLcntcd by the dotted liiiev.
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dotted 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 undeviated, and that in intermediate positions a de-

viation varying from to 10', and calculable from the angu-

lar rotation of the one disc on the other, will arise. Now,
let this combination be applied at such a point of the cone

of rays, between the object-glass and its focus, that the discs

sliall occupy exactly half the ai*ea of its section. Then Avill

half the light of the object lens pass undeviated— the other

half deviated, as above described ; and thus a duplication of

image, variable and measureable (as required for micrometric

measurement) will occur. If the object-glass be not very

large, the most convenient point of its application will be ex-

ternally 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 3Iicrometer is simply a straight thread

or w ire, which 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 telescope. It serves to de-

termine 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 stai*s, for instance, near

enough to be seen 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 read off upon a small

divided circle exterior to the instrument. When such a

micrometer is applied (as it most commonly is) to an equa-

torially mounted telescope, the zero of its position corresponds

to a direction of the wire, such as, prolonged, will represent

a circle of declination in the heavens— and the "angles

of position" so read off arc reckoned invariably from one

'tf

\

.1'
!'

mml

•}.!;!'



!24 OUTLINi:S OF ASTRONOMY

point, and in one direction, viz., north, folloioing, south, pre-

ceding ; so that 0° position corresponds to the situation of an
object exactly north of that assumed as a centre of reference,

— 90° to a situation exactly eastward or folloiving ; 180*

exactly south ; and 270° exactly west, or preceding in the

order of diurnal movement.
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CHAPTER IV.

OF GEOGRAPHY.

OF THE FIGIJKE OP THE EARTH.— ITS EXACT DlilENSIONS.—ITS

FOKJI THAT OP EQUILIBRIUM MODIFIED BY CENTRIFUGAL FORCE.

VARIATION OF GRAVITY ON ITS SURFACE STATICAL AND
DYNAMICAL MEASURES OF GRAVITY.— THE PENDULUM. GRAVITY

TO A SPHEROID.—OTHER EFFECTS OP THE EARTH's ROTATION.

TRADE "WINDS. DETERMINATION OF GEOGRAPHICAL POSITIONS.

OF LATITUDES.—OF LONGITUDES. CONDUCT OF A TRIGO-

NOMETRICAL SURVEY.—OF MAPS. PROJECTIONS OF THE SPHERE.

MEASUREMENT OP HEIGHTS BY THE BAROMETER.

(205.) Geography is not only the most important of the

pi'actical branches of knowledge to which astronomy is

applied, but it is also, theoretically speaking, an essential

part of the latter science. The earth being the general station

from which we view the heavens, a knowledge of the local

situation of particular stations on its surface is of great con-

sequence, when we come to inquire the distances of the nearer

heavenly bodies from us, as concluded from observations of

their parallax as well as on all other occasions, where a

difference of locality can be supposed to influence astronomical

results. AVe propose, therefore, In this chapter, to explain

the principles, by which astronomical observation is applied

to geographical determinations, and to give at the same time

an outline of geography so far as it is to be considered a part

of astronomy.

(206.) Geography, as the word Imports, is a delineation or

description of the earth. In its widest sense, this compre-

hends not only the delineation of the form of its continents

and seas, its rivers and mountains, but their physical condition,

climates, and products, and their appropriation by communi-

ties of men. With physical and political geography, howevei',

we have no concern here. Astronomical geography has for
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its objects the exact knowledge of the form and dimensions

of the earth, the parts of its surface occupied by sea and land,

and the configuration of the surface of the latter, regarded as

protuberant above the ocean, and broken into the various

forms of mountain, table land, and valley ; neither should the

form of the bed of the ocean, regarded as a continuation of

the surface of the land beneath tlie water, be left out of con-

sideration : we know, it is true, very little of it ; but this is

an ignorance rather to be lamented, and, if possible, remedied,

than acquiesced in, inasmuch as there are many very im-

portant branches of inquiry which would be greatly advanced

by a better acquaintance with it.

(207.) With regard to the figure of the earth as a whole,

we have abeady shown that, speaking loosely, it may be

regarded as sjiherical ; but the reader who has duly appreciated

the remai'ks in art. 22. will not be at a loss to perceive that

this result, concluded from observations not susceptible of

much exactness, and embracing very small portions of the

surface at once, can only be regarded as a first approximation,

and may require to be materially modified by entering into

minutia) before neglected, or by increasing the delicacy of our

observations, or by including in their extent larger areas of

its surface. For instance, if it should turn out (as it will),

on minuter inquiry, that the true figure is somewhat ellip-

tical, or flattened, in the manner of an orange, having the

diameter which coincides with the axis about ^roTjth part shorter

than the diameter of its equatorial circle;— this is so trifling

a ueviatif i from the spherical form that, if a model of such

proportions were turned in wood, and laid before us on a

table, the nicest eye or hand would not detect the flattening,

since the difference of diameters, in a globe of fifteen inches,

would amount only to ^Vth of an inch. In all common
parlance, and for all ordinary purposes, then, it would still be

called a globe ; while, nevertheless, by careful measurement,

the difference would not fail to be noticed ; and, speaking

strictly, it would be termed, not a globe, but an oblate

ellipsoid, or spheroid, which is the name appropriated by

geometers to the form above described.
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(208.) The sections of such a figure by a plane arc not

circlea, but eUipacs ; so that, on such a shaped earth, the

horizon of a spectator would nowhere (except at the poles)

be exactly circular, but somewhat elliptical. It ia easy to

demonstrate, however, that its deviation from the circular

form, arising from so very slight an *^elllpticitij" as above

supposed, would be quite imperceptible, not only to our eye-

eight, but to the test of the dip-sector ; so that by that mode

of observation we should never be led to notice so small a

deviation from perfect sphericity. How we are led to this

conclusion, as a practical result, will appeai, when we have

explained the means of determining with accuracy the di-

mensions of the whole, or any part of the earth.

(209.) As we cannot grasp the earth, nor recede from it

fiir enough to view it at once as a whole, and compare it with

a known standard of measure in any degree commensurate

to its own size, but can only creep about upon it, and apply

our diminutive measures to comjjaratively small parts of its

vast surface in succession, it becomes necessary to supply, by

geometrical 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 we were sure the earth

were strictly a sphere, for the pri)portion of the circumfer-

ence 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 circumference 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 cir-

cumference of the whole circle is known as soon as we know

the exact length of any aliquot part of it, such as 1° or 5-^(jth

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 termi-

nation 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

'^mv*
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meridian, and go measuring on, till by some indication wo
were informed that we hud accomplirtlied an exact degree from

the point we set out from, our [)rublem would then be at once

resolved. It only remains, thei'eforc, to inquire by what

indications we can be sure, let, that we have advanced an

exact degree ; and, 2dly, that we have been measuring in the

exact 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. We must, therefore, look outwards,

and refer our situation on the surface of our globe to natural

marks, external to it, and which are of equal permanence and

Btabllity with the earth itself. Such marks are afforded by

the stars. By observations of their meridian altitudes, per-

formed at any station, and from their known polar distances,

Ave 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 observations give the latitudes of any stations where we
may establish the requisite instruments. When our latitude,

then, is found to have diminished a degree, we know that,

provided we have kept to the meridian, we have described one

three hundred and sixtieth part of the earth's circumference.

(212.) The direction of the meridian may be secured at

every instant by the observations described In art. 162. 188.

;

and although local difficulties may oblige us to ijieviate in our

measurement from this exact direction, yet if we keep a strict

account of the amount of this deviation, a very simple calcu-

lation will enable us to reduce our observed measure to its

meridional value.

(213.) Such is the principle of that most important geo-

graphical ojieration, the measurement of an arc of the meri-

dian. 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
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of no consequence, provided wo know with equal precision

how much, more or less, we have measured. In place, then,

of measuring this precise aliquot part, we take the more

convenient metiiod of measuring from one good observing

station to another, about a degree, or two or three degrees,

08 the ease may bo, 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 com-
mitted in the length of a single degree will bo 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 amount of refraction at

moderate altitudes, not to make it especially desirable to

avoid this source of error. To effect this, w , take care

to select for observation, at the extreme stations, some star

which passes through or near the zeniths of both. The
amount of refraction, within a few degrees of the zenith, is

very small, and its fluctuations and uncertainty, in point of

quantity, so excessively minute as to be utterly inappretiable.

Now, it is the same thing whether we observe the pole to be

raised or depressed a degree, or the zenith distance of a star

when on the meridian to have changed by the same quantity

(fig. art. 128.). If at one station we 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 be measured by the

methods which will be 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 points

cannot exceed that which may be committed in the observa-

tion of the zenith distance of a star properly situated for the

*i.P
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purpose in question. This error, with proper care, can

hardly exceed half a second. Supposing we grant the possi-

bility 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 stations, and, lastly, suppose all these CTors 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 pro-

portion, thai the whole amount of error wi ich would be thus

entailed on an estimate of the earth's diameter, as 'Concluded

from such a measure, would not exceed 1147 yard«, or about

two thirds of a mile, and this is ample allowance.

(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 meridional 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 ver?/ remote from the truth, yet exhibit

discordances for 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 wording, id

untenable. The foUcving table exhibits the lengths of arcs

of the meridian (astronomically determined as above de-

scribed), 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 emi-

nence, supplied by their respective governments with the b-^st

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? last column are derived

from the numbers set down in the two preceding ones by

simple proportion, a method not quite exact when the arcs

are large, but sufficiently so for our purpose.
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with any iiistriimcnt, by which we might at once ascertain

whether one diameter were longer than another ; how, then,

we may ask, are we to ascertain whether it is a true sphereor

not ? It is clear that we have 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 con-

cavity at its edge, so as ex-

actly 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 be-

tween 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 ctirvature 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 determinate 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 tanfrent from one fixed direction as we ad-

vance 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 anotiier, we conclude, of necessity,

that the curvature of the surface at the former spot is greater

than at the latter ; and vice versa, when, in order to produce

the same change of horizon with respect to the pole (sup-

pose 1°) we require to travel over a longer measured space at

one point than at another, we assign to that point a less cur-
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vature. Hence we conclude that the curvature of a meridional

section of the earth is sensibly greater at the equator than to-

wards the poles; or. In other words, that the earth is not

spherical, hueflattened at the poles, or, whicli comes t"* the

same, protuberant at the equator.

(219.) LetNABDE F represent a meridional section of the

earth, C its centre, and N A, B D, G E, arcs of a meridian.

F
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are determined and measured. Now, as the arcs of different

circles, which subtend equal angles at their respective cen-

tres, are in the direct proportion of their radii, and as the arc

N A Is greater than B D, and t!nit again than G E, it follows

that the radius Nx must be greater than By, and By than

E z. 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, j-yz (which will be rendered more evident by con-

sidering a number of intei'mediate stations). To this curve

geometers have given the name of the evolute of the curve

N A B D G E, from whose centres of curvature it is con-

structed.

(220). In the flattening of a round figure at two opposite

points, and its protuberance at points rectangularly situated

to the former, we recognize 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 EF, 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

lonr:er axis is the least, and at that of the short'^r axis, the

greatest it admits, and the form of its evolute agrees with that

here i-epresented.* Assuming, then, that it is an ellipse, the

giometrical properties of that curve enable us to assign the

proportion between the lengths of its axes which shall cor-

respond 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. With-
out troubling the reader with the investigation, (which may
be found in any work on xhe conic sections,) it will be suf-

* Tlie dotted lines are the portions of the evolute belonging to the other
quadrants.
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ficient to state the results which have been arrived at by the

most systematic 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 the dimensions of the terrestrial

spheroid to be as follows :—
Feet. Jlllfig.

Greater or equatorial diameter - - - = 41,847,192 = 7925*604
Lesser or polar diameter . . . . = 41,707,324 = 7899114
Difference of diameters, or polar compression = 139,768= 26 471
Proportion of diameters as 299'15 to 298-15.

The other combination whose results we shall state, is that

of Mr. Airy f, who concludes as follows : —
Feet. Miles.

Equatorial diameter --.--= 41,847,426 = 7925-648
Polar diameter =41,707,620 = 7899 170
Polar compression -..--= 139,806 = 26478
Proportion of diameters as 299 '33 to 298-33.

These conclusions are based on the consideration of those

13 arcs, to which the letter A is annexed J, and of one other

arc of 1° 7' 3r''*l, measured in Piedmont by Plana and

Carlini, whose discordance with the rest, owing to local

causes hereafter to be explained, arising from the exceedingly

mountainous nature of the country, render the propriety of so

employing it very doubtful. Be that as it may, the strikingly

near accoi-dance 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 deter-

mination, has always been regarded as unsatisfactory, and

has recently been demonstrated by Mr. Maclear to be erro-

neous to a considerable extent. The omission of the former,

and the substitution for the latter, of the far preferable result

of Mr. Maclear's second measurement would induce, however,

but a trifling change in the final result.

(221.) Thus we see that the rough diameter of 8000 miles

we have hitherto used, is rather too great, the excess being

• Scliumacher's Astronomisclie Nachrichfen, Nos. 333, 334, 335. 438.

f Encyclopaedia Metropolitana, "Figure of the Earth" (1831).

I In those which have both A and B, the numhers used by Mr, Airy differ

slightly from Bessel's, which are those we have preferred.

K 4
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about 100 miles, or ^'yth part. As convenient numbers to

remember, the reader may bear in mind, that in our latitude

there are just aa many thousands of feet in a degree of the

meridian as there are days in the year (365) : that, speaking

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 ac-

quaintance with the subject. But it is of importance that he

should early be made to see how, in astronomy, i-esults in ad-

mirable concordance emerge from data accumulated from

totally different quarters, and how local and accidental ir-

regularities in the data themselves become neutralized and

obliterated by their impartial geometrical treatment. In the

cases before us, the modes of calculation followed are widely

different, and in each the mass of figures to be gone througli

to arrive at the result, enormous.

(223.) The supposition of an elliptic form of the eartli'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 measurement. When this

comparison is executed, discordances, it is true, are observed,

which, although still too great to be referred to error of mea-

surement, 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 com-

paratively small causes.

(224.) Now, it is highly satisfactory to find that the gene-

ral elliptical figure thns, 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 externally covered

H
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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 ma-

terials were taken from the polar regions, and piled up all

around the equator, so as to produce that difference of the

polar and equatorial diameters of 26 miles which we know to

exist. It is not less evident that a mountain ridge or equa-

torial continent, 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 polar than to the

equatorial. Since, then, as we sec, the water occupies an

elevation above the centre no less than 13 miles greater ut

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 Jigure of equi-

librium ; 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 prima facie probability, nor any analogy to lead us to

such an idea. The former is in accord.ance with all the phe-

nomena of the apparent diurnal motion of the heavens ; and

therefore, if it will furnish us with the poioer in question, wo

can have no hesitation in adopting it as the true one.

(225.) Now, every body knows that Avhen a weight is

whirled round, it acquires thereby 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

;

but a better, for our present purpose, will be a pail of water,
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suspended by a cord, and made to spin round, while the cord

hangs perpendicularly. The surface of the water, instead of

remaining horizontal, will become concave,

aa in the figure. The centrifugal force ge-

nerates a tendency in all the water to leave

the axis, and press towards the circum-

ference ; it is, therefore, urged against the

pail, and forced up its sides, till the excess

of height, and consequent increase of pre-

Bure downwards, just counterbalances its

centrifugal force, and a state of equilibrium

is attained. The experiment is a very easy

and instructive one, and is admirably cal-

calculated to show how the form of equili-

brium accommodates itself to varying cir-

cumstances. If, for example, we allow the

rotation to cease by degrees, as it becomes

slower we shall see the concavity of the

water regularly diminish ; the elevated out-

ward portion will descend, and the depressed central rise,

while all the time a perfectly smooth surface is maintained,

till the rotation is exhausted, 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 ro-

tation 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 the

surface to recede from the axis. A rotation might, indeed,

be conceived so swift as to Jlirt the whole ocean from the

surface, like water from a mop. But this would require a

far greater velocity than what we now speak of. In the case

supposed, the weight of the water would still keep it on the

earth ; 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
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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 protube-

rant continents; and the difference of our supposed cases,

therefore, is this:— in the former, a great equatorial conti-

nent and polar seas would be formed ; in the latter, protube-

rant land would appear at the poles, and a zone of ocean be

disposed around the equator. This would be the first or

immediate eifect. 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. Laud, 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 disseminated 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 destroyed, 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 correspondence with the form

of equilibrium 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 be levelled and

transferred to the polar excavations, and the spherical figure

be so at length restored. In that of an earth in rotation, the

polar protuberances would gradually be cut down and dis-

appear, being transferred to the equator (as being then the

deepest sea), till the earth would assume by degrees the form

we observe it to have— that of a flattened or oblate ellipsoid.

(228.) We are far from meaning here to trace the pro-

M %
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cess by which the earth really assumed its actual form ; all

we intend is, to show that this is the form to whidi, under

the conditions of a rotation on its axis, it must tend; and

which it would attain, even if originally and (so to speak)

perversely constituted otherwise.

(229.) But, further, the dimensions of the earth and the

time of its rotation being known, it is easy thence to calculate

the exact amount of the centrifugal force*, which, at the

equator, appears to be ^^gth 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

supported on a higher level, or more remote from the centre

than at the poles, where no such counteracting force exists

;

and where, in consequence, the water may be considered as

specifically heavier. Taking this principle as a guide, and

combining it with the laws of gravity (as developed by

Newton, and as hereafter to be more fully explained), mathe-

maticians 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 revolving uni-

formly 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 ellipticity 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 confix-mation 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 solely on ac-

count of the easy explanation it offers of the apparent diurnal

motion of the heavens. Yet we see that, once admitted,

• Newton's Principia, iii. Prop. 19.

\i^
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it draws with it, as a necessary consequence, tins other re-

markable phenomenon, of which no other satisfactory account

could be rendered. Indeed, so direct is their connection, that

the ellipticity of the earth's figure was discovered and demon-

strated by Newton to be a consequence of its rotation, and its

amount actually ilculated by him, long before any measure-

ment had suggested such a conclusion. As we advance with

our subject, we shall find the same simple principle branch-

ing out into a whole train of singular and important con-

sequences, some obvious enough, others which at first seem

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 here

mention one which falls naturally within our present sub-

ject. If the earth really revolve on its axis, this rotation

must generate a centrifugal force (see art. 225.), the effect of

which must of course be to counteract a certain portion of

the tveiglit 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 ac-

tually observed to exist a difference in the gravitij, or down-

ward tendency, of one and the same body, when conveyed

successively to stations in different latitudes. Experiments

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 latitude, 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 uf one and the same mass of

matter, is 1 part in 194 of its whole weight, the rate of in-

crease 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 meant

by speaking of the same body as having different weights at

different stations ; and, how such a fact, if true, can be as-
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certained. When we weigh a body by a balance or a steel-

yard we do but counteract its weight by the equal weight of

another body under the very same circumstances ; uad if both

the body weighed and its counterpoise be removed to another

station, their gravity, if changed at all, will be changed

equally, so that they will still continue to counterbalance

each other. A difference in the intensity of gravity could,

therefore, never be detected by these means ; nor is it in this

sense that we assert that a body weighing 194 pounds at the

equator will weigh 195 at the pole. If counterbalanced in a

scale 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 ex-

plained :— Conceive a weight x suspended at the equator by

a string without weight passing over a

pulley. A, and conducted (supposing

such a thing possible) over other pul-

leys, such as B, round the earth's con-

vexity, 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 suspended side by side over a single

pulley, they would not counterbalance each other in this

supposed situation, but the polar weight y would prepon-

derate ; and to restore the equipoise the weight x must be
increased by ri^*^ P^'^* of its quantity.

(234.) The means by which this variation of gravity may
be shown to exist, and its amount measured, are twofold (like

all estimations of mechanical 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 liable 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
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plate of agate, D, which can be adjusted to perfect horizon-

tality by a level. At C let a eph-al spring G be attached,

which carries at its lower end a weight F,

polished and convex below. The length

and strength of the spring must be so

adjusted that the weight F shall be sus-

tained by it just to swing clear of contact

with the agate plate in the highest lati-

tude at which it is intended to use the

instx'ument. Then, if small weights be

added cautiously, it may bo made to de-

pcend till it Just (/razes the agate, a con-

tact which can be made with the utmost

imaginable delicacy. Let these weights

be 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 be found, on remounting it, that, although loaded

with the same additional weights as before, the weight F will no

iui ger have power enough to stretch the spring to the extent

required for producing a similar contact. More Avcights will

require to be added ; and the additional quantity 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 of F and half that of the

spiral spring itself. Granting that a spiral spring can be con-

structed of such strength and dimensions that a weight of

1 0,000 grains, including its own, shall produce an elongation

of 10 inches without permanently straining it*, one additional

grain will produce a further extension of toUo u*^^ ^^ ^^^ inch,

a quantity which cannot possibly be mistaken in such a con-

tact as that in question. Thus we should be provided with

m

* Whether the process above described could ever be so far perfected and re-

fund as to become a substitute for the use of thb pendulum must depend on the

ticccree of permanence and uniformity of action of springs, on the constancy or va-

riability of the effect oftemperature on their elastic force, on the posbibility of trans-

porting them, absolutely unaltered, from place to place, &c. The great advantages,

liowever, which such an apparatus and mode of observation would possess, jr. point

of convenience, cheapness, portability, and expedition, over the present laborious,

tedious, and expensive process, render the attempt well worth making.
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the means o^ measuring the power of gravity at any station

to within y nou*^ 0^ i*^ whole quantity.

(235.) "J'he other, or dynamical process, by which the force

urging any given weight to the earth may be 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 mechanics furnish an easy

find certain means of deducing it, and, consequently, the In-

tensity of gravity, by observing the oscillations of a pendulum.

It is proved from mechanical principles*, that, if one and the

same pendulum be made to oscillate at different stations, or

under the Influence of different forces, and the numbers of oscil-

lationsmade In the same time In each case be counted, the inten-

sities of the forces will be to each other as the squares of the

numbersof oscillations made, and thus their proportion becomes

known. For instance, it Is found that, under the equator, a

pendulum of a certain form and length makes 86,400 vibrations

in a mean solar day ; and that, when transported to London,

the same pendulum makes 86,535 vibrations in the 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)2, ^^ as 1 to 1-00315 ; or, in other

words, that a mas? 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

fame pounds transported to the equator would exert there.

(236.) Experiments of this kind have been made, as above

stated, with the utmost care and minutest precaution to en-

sure exactness In all accessible latitudes ; and their general

and final result has been, to give j^^ for the fraction express-

ing the difference of gravity at the equator and poles. Now,
it will not fail to be noticed by the reader, and will, proba-

bly, occur to him as an objeci ion against the explanation here

given of the fact by the earth's rotation, that this differs

materially from the fraction -^^^ expressing the centrifugal

force at the equator. The difference by wliich the former

fraction exceeds the latter is y^^, a small quantity in itself,

• Newton's Friiicipia, ii. Trop. 24. Cor. 3.
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but still far too large, compared with the others in question,

not to be distinctly accounted for, and not to prove fatal to

ihis 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 astro-

nomy furnishes innumerable instances. The rotation of the

earth gives rise to the centrifugal force ; the centrifugal 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 dif-

ference in question. Here, then, we 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 far more difficulty, by an intricate and profound appli-

cation of geometry, whose steps we cannot pretend to trace

m a work like the present, and can only state its nature and

result.

(238.) The weight of a body (considered as undiminished

by a centrifugal force) is the effect of the earth's attraction on

it. This attraction, as Newton has demonstrated, consists,

not in a tendency of all matter to any one particular centre,

but in a disposition of every particle of matter in the universe

to press towards, and if not opposed to approach to, every

other. Tl e attraction of the oarth, then, on a body placed

on its surface, is not a simple but a complex force, resulting

from the separate 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 where placed on its surface,

whether at its equator or pole, must be exactly alike,— for

the simple reason of the exact symmetry of the sphere in

every direction. It is not loss evident that, the earth being

elliptical, and this symmetry or similitude 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 different geometrical relation to the ~nasa

as a whole. This difference, without entering further into

particulars, may be expected to draw with it a difference in
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it8 forces of attraction on the two bodies. Calculation con-

firms this idea. It is a question of purely mathematical in-

vestigation, and has been treated with perfect clearness and
precision by Newton, Maclaurin, Clairaut, and many other

eminent geometers ; 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 j^o*^ P^^* > which, together with

y^th due to the centrifugal force, make up the whole

quantity, y^^:th, observed.

(239.) Another great geographical phenomenon, which

owes its existence to the earth's rotatiouj is that of the trade-

winds. These mighty currents in our atmosphere, on Avhich

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 bCwOme spe-

cifically 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 magnificent pheno-

mena in question.

(240.) It is a matter of observpd 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 j*

north, and as much south of the equator ; and that the whole

of that zone or belt of the earth's surface included between

the tropics, and equally divided by the equator, is, in con-

sequence of the great altitude attained by the sun in 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 incumbent air, which is thereby

expanded, and rendered specifically lighter than the air in-

cumbent on the rest of the globe. It is therefore, in obedience

to the general laws of hydrostatics, displaced and buoyed up



TRADE WINDS. 147

from the surface, nnd its place occupied by colder, and there-

fore heavier air, which glides in, on both sides, along the

surface, from the regions beyond the tropics ; while the dis-

placed air, thus 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 less in

the proportion of the radii of the circles of latitude to which

they correspond. But as the air, when relatively and ap-

parently at rest on any part of the earth's surface, is only so

because in reality it participates in the motion of rotation

proper to that part, it follows that when a mass of 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 the speed of the new surface over which it Is brought.

Hence, the currents of air which set in towards the equator

from the north and south must, as they glide aiong the sur-

face, at the same time lag, or hang back, and draff upon It In

the direction opposite to the earth's rotation, i. c. from east to

west. Thus these currents, which but for the rotation would

be simply northerly and southerly winds, acquire, from this

cause, a relative 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 tropics to the equator, the dif-

ference of the rotatory velocities 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,

L 2

IT

M



148 OUTLINES OF ASTRONOMY.

tf ;#

Iti -r

IS ^

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 commu-

nicate 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

coating which the atmosphere forms around the globe (art.

35.), and the immense mass of the latter, compared with the

former (which it exceeds at least 100,000,000 times), to ap-

preciate 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 sides approach the equator, their easterly tendency must

diminish. * The lengths of the diurnal circles increase very

slowly in the immediate vicinity of the equator, and for

several degrees on either side of it hardly change at all.

Thus the friction of the surface has more time to act in ac-

celerating the velocity of the air, bringing it towards a state

of relative rest, and diminishing thereby the relative set of

the currents from east to west, which, on the other hand, is

feebly, and, at length, not at all reinforced by the cause which

originally produced it. Arrived, then, at the equator, the

trades must be expected to lose their easterly character alto-

gether. But not only this but the northern and southern

currents here meeting and opposing, will mutually destroy

each other, leaving only such preponderancy as may be due

to a difference of local causes acting in the two hemispheres,

— which in some regions around the equator may lie one

way, in some another.

(244.) The result, then, must be the production of two

great tropical belts, in the northern of which a constant

north-easterly, and in the southern a south-easterly, wind

must prevail, while the winds in the equatorial belt, which

separates tlic two former, should be comparatively calm and

• See Captain ^lall's " Fragments of Voyages and Travels," 2d series, vol, i.

p. 162., where this is very dLtinctly, and, so fitr as I am aware, for the first

time, reasoned out.
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free from any steady prevalence of easterly character. All

these consequences are agreeable to observed fact, and the

system of aerial currents above described constitutes ia

reality what is understood by the regular trade winds.

(245.) The constant friction thus produced between tho.

earth and atmosphere in the regions near the equator must

(it may be objected) by degrees reduce and at length destroy

the rotation of the whole mass. Tlie laws of dynamics, how-

ever, render such a consequence, generally, impossible ; and.

it is easy to see, in the present case, where and how the com-

pensation takes place. The heated equatorial air, while it

rises and flows over towards the poles, carries with it tho

rotatory velocity due to its equatorial situation into a higher

latitude, where the earth's surface has less motion. Hence,-

as it travels northward or southward, it will gain continually

more and more on the surface of the earth in its diurnal

motion, and assume constantly more and more a westerly

relative direction ; and when at length it returns to tho

surface, in its circulation, which it must do more or less iu

all the interval between the tropics and the poles, it will act

on it by its friction 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 have here the origin of the south-west and westerly

gales so prevalent in our latitudes, and of the almost unii-

versal westerly winds in the North Atlantic, which are, in

fact, nothing else than a part of the general system of tho

re-action of the trades, and of the process by which the equili-

brium of the earth's motion is maintained under their action. *

• As it is oiir object merely to illustrate tlie mode in which the earth's rota-

tion aflfects the atmosphere on tlie great scale, we omit all consideration of local

periodical winds, such as monsoons, &c.

It seems worth inquiry, whether hurricanes in tropical climates may n arise

from portions of the upper currents prematurely diverted downwards before

their relative velocity has been sufficiently reduced by friction on, and gradunl

mixing with, the lower strata ; and so^ dashing upon the earth with that tremen-

dous velocity which gives them their destructive character, and of which hardly

any rational account has yet been given. Hut it by no means follows that this

must always be the case. In general, a rapid transfer, cither way, in latitude,

of any mass of air which local or temporary causes might carry above the imiiw-

(liale retch of the fiivtioii of the earth's surface, would give a fiarful exaggcniiion

to its velocity. Wherever such a mass should strike the earth, a !iurric;me

luiglit arise ; and should two bueh masses encounter in niiil air, a tornado of

any degree of inteu!>ily on record might easily result from tlieir cou;biiiution.

J. 3
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(246.) 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 other, of

those points which chiefly interest us, 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 be

known, the latitude and longitude, the former assigning its

distance from the poles or the equator, the latter, the me-

ridian on which that distance is to be reckoned. To these,

in strictness, should be added, its height above the sea level

;

but the consideration of this had better be deferred, to avoid

complicating the subject.

(247.) The latitude of a station on a sphere would be

merely the length of an arc of the meridian, intercepted

between the station and the nearest point of the equator,

reduced into degrees. (See art. 88.) But as the earth is

elliptic, this mode of conceiving latitudes becomes inapplicable,

and we are compelled to resort for our definition of latitude

to a generalization of that property (art. 119.), which affords

the readiest means of determining it by observation, and

which has the advantage of being independent of the figure

of the earth, which, after all, is not exactly an ellipsoid, or

any known geometrical solid. The latitude of a station, then,

is the altitude of the elevated pole, and is, therefore, astro-

nomically determined by those methods already explained for

ascertaining 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

trigonometrical surveys, an exceedingly correct determination

of the latitudes of the most important stations is required.

• r*;, the earth ; tetrts (from 8fw, to bind), a joining or connexion (of parts).
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For this purpose, therefore, the zenith sector (an instrument

capable of great precision) is most commonly used to observe

stars passing the meridian near the zenith, whose declinations

have become known by previous long series of observations at

fixed observatories, and which are therefore called standard or

fundamental stars, llecently 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 coincident with the

meridian, but Avith the prime vertical, so that its axis 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 R S part of the diurnal

circle of a star passing near the zenith, whose polar distance

P E. is but little greater than the co-latitude 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 will, if the instrument be correctly adjusted, be those

of its crossing the middle wire in the field of view of the

• Devised originally by Romer.
Kachr. No. 40.

llevivcd or re-inveuted by Bessel.— Antn

L 4

!il
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telescope (art. 160.). Consequently 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 II S, which corre-

sponds to the angle Q P S at the pole. This angle, there-

fore, becomes known iy 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, Avhen 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 obser-

vation becomes known. The advantages gained by this mode
of observation are, 1st, that no readings of a divided are are

needed, so that errors of graduation and reading are avoided :

2dly, that the arc Q E, 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 con-

sequence, a very minute error is entailed on R Z by the

commission of even a considerable one in QR S : 3dly, that

in this mode of observation all the merely instrumental errors

which affect the ordinary use of the transit instrument are

cither 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 a matter of more difficulty. The reason is tliis :— as there

are no meridians 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, e. to the heavenly bodies, for the objects of our measure-

ment; but with this difference in the two cases —to observers

situated at stations on the same meridian (i. c. differing in

latitude) the heavens present different aspects at all moments.
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The portions of them which become visible in a complete

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 case there is, in the latter there is 7iot, any thing in

the appearance of the heavens, watched through a whole

diurnal rotation, which indicates a difference of locality in the

observer.

(250.) But no two observers, at different points of the

earth's surface, can have at the same instant the same celestial

hemisphere visible. Suppose, 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 trans-

ported, in an Instant of time, round one quarter of the globe

in a westerhf direction, it is evident that he will no longer

have the same star vertically above him : it Avill now appear

to him to be just rising, and he will have to wait six hours

before it again comes to his zenith, i. e. before the earth's

rotation from west to east carries him hack 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 ease 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 i or if he knows the

difference between its time of transit across his nierkllan and

across that of any other station, he knows tlicir diircreuce of
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longitudes. For instance, if the same star pass the meridian

of a place A at a certain moment, and that of B exactly ono

hour of sidereal time, or one twenty-fourth part of the earth's

diurnal period, later, then the difference of longitude between

A and 13 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 in-

dependent of local situation, and local time, which reckons, at

each particular place, from an epoch, or initial instant, deter-

mined by local convenience. Of time reckoned in the former,

or abstract manner, we have an example in what we have

before defined as equinoctial time, which dates from an epoch

determined by the sun's motion among ti. stars. Of the

latter, or local reckoning, we have instances in every sidereal

clock in an observatory, and in every town clock for common
use. Every astronomer regulates, or aims at regulating, his

sidereal clock, so that it shall indicate Oi^ 0™ 0*, when a cer-

tain point in the heavens, called the equinox, is on the me-

ridian of his 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 appertains. 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 tinges

throughout the year, when the sun is on the meridian of that

particular place to tvhich it belongs ; and, therefore, in like

manner, when we date any event by mean time, it is neces-

sary to name the place, or particularize ichat 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 eidereal clock

by observing the meridian passages of the more conspicuous

and well-known stars. Each of these holds in the heavens a
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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

equinox passed. At that moment his clock ought to have

marked 0** 0™ 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 he can ascertain whether his clock is

correctly regulated to go twenty-four hours in one diurnal

period, and if not, can ascertain and allow for its rate. Thus,

although his clock may not, and indeed cannot, either be set

correctly, or go truly, yet by applying its error and rate (as

they are technically termed), he can correct its indications,

and ascertain the exact sidereal times corresponding to them,

and proper to his locality. This indispensable oi)eration is

called getting his local time. For simplicity of explanation,

however, we shall suppose the clock a ])erfect 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 derang-

ing its going, and set down by the side of the other, they

would be found, on comparison, to differ by the exact differ-

ence of their local epochs ; that is, by the time occupied by

the equinox, or by any star, in passing from the meridian of

A to that of B ; in other words, by their difference of longi-

tude, expressed in sidereal hours, minutes, and seconds.

(255.) A pendulum clock cannot be thus taken up and

transported from place to place without derangement, but a

chronometer may. Suj)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 com-

parison 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

ijistrument for comparison with the other clock, the same

end will be accomplished, provided the going of the chro-

nometer can be depended on.

I



156 OUTLINES OF ASTRONOMY.

f'l*' >

25

(256.) Were chrononictcra perfect, nothing more conipleto

and convenient than this mode of ascertaining diiFercnces of

longitude could bo desired. An observer, provided with such

an instrument, and with a portable transit, or some equivalent

method of determining the local tinie at any given station,

miglit, hy journeying from place to place, and observing the

meridian i)as3age3 of stars at each, (taking care not to alter

his chronometer, or let it run down,) ascertain their dif-

ferences 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, li,

it will be just so much sidereal time in error as the differenco

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 he travel westward,

then his chronometer will aj)pear 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 chro-

nometer at 0**, and in twenty-four hours (sid. time) hud

travelled 15° wesfward to B. At the moment of arrival there,

his chronometer will again point to O** ; but the equinox will

be, 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

docs arrive there, then his watch will point not to 0** but to

I**, and will therefore be 1^ fast on the local time of B. If

he 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 the tour of the globe, and return to the point he set

out from. A singular consequence will happen : he will

have lost a day in his reckoning of time. He will enter the

day of his arrival in his diary, as Monday, for instance, when,

in fact, it is Tuesday. The reason is obvious. Days and

nights are caused by the alternate appearance of the sun and

stars, as the rotation of the earth carries the spectator round

to view them in succession. So many turns as he makes ab-

solutely round tlie centre, so often will he pass through the

CiU'th's shadow, and emerge into light, and so many nightd
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and ilays will he experience. But it' he travel once round tlio

globe in the direction of its motion, ho will, on his arrival,

have really made one turn more round 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 v, estward 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 tho8c of a stationary observer. This

-contingency has actually happened to circumnavigators.

Hence, also, it must necessarily happen that distant settle-

ments, on the same meridian, will differ a day in their usual

Tcckoning of time, according as they have been colonized by

ficttlcrs 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 modo

of correcting the ambiguity, and settling the disputes Avhich

such a difference 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 im-

proved by the skill of modern artists, is yet far too imperfect

an instrument to be relied on implicitly. However such an in-

strument 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 reliance on even the best. To a certain extent

this may, indeed, be remedied by carrying out several, and using

them as checks on each other ; but, besides the expense and

trouble, this is only a palliation of the evil— the great and

fundamental,— as it is the only one to which the determina-

tion of longitudes hy time-keepers is liable. It becomes ne-

cessary, therefore, to resort to other means of communicating

from one station to another a knowledge of its local time, or
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of piopagating from some principal station, 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 be referred to the me-

ridian of such central poi""^.

(259.) 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 B be

two observatories, or other stations, provided with accurate

means of determining their respective local times, and let us

first suppose them visible from each other. Their clocks

being regulated, and their errors and rates ascertained and

applied, let a signal be made at A, of some sudden and de-

finite kind, such as the flash of gunpowder, 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 ti'ansit of a star, or any astronomical phenomenon, and the

error and rate of the clock at each station being applied, the

local time of the aignal at each is determined. Consequently,

when the ob-:ervei communicate their observations of the

signal to each other, since (owing to the almost instantaneous

transnussion of light) it must have been seen at the same

absolute instant by both, the difference of their local times,

and therefore of their longitudes, becomes known. For

examjJc, at A the signal is observed to happen at 5^ 0^ 0*

sId. time at A, as obtained by applying the error and rate to

the time shown by UjC- clock at A, when the signal was seen

there. At B tho srmo signal was seen at 5'' 4" 0", sid. time

at B, similarly deduced from the time noted l»y the clock at

B, by applying its error and rate. Consequently, the differ-

ence of their local epochs is 4™ 0^, which is also their differ-

ence 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 afTords a comparison of times, and

the mean of all which is, of course, more to be depended
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on than the result of any single comparison. By this means,

the error introduced by the comparison of clocks may bo

regarded as altogetlier destroyed.

(261.) 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 be chosen for its exhibition, at much greater distances.

(262.) When the direct light of the flash can no longer be

perceived, either owing to the convexity ik the interposed

segment of the earth, or to intervening obstacles, the rudden

Illumination cast on the under surface of the clouds by the

explosion of considerable quantities of powder may often be

observed Avith success ; and in this Avay signals have been

made at vol')' much greater distances. Whatever means can

be devised of exciting in two distant observers the same sen-

sation, whether of sound, ll-^ht, or visible motion, at precisely

the mine instant of time, may be employed as a longitude

signal. Wherever, for Instance, an unbroken line of electro-

telegraphic connection has been, or hereafter may be, estab-

lished, the means exist of making as complete a compai'Ison

of clocks or watches as if they stood side by side, so that no

method more complete for the determination of differences of

longitude can be desired. The differences of longitude be-

tween the observatories of New York, Washington and Phi-

ladelphia have been very recently determined in this manner

by the astronomers 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

arc exhibited. Still the interval which could be thus em-
braced 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 difficult.

111''
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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 succession of signals, so as to allow each ob-

server to note alternately those on either side, which is easily

pre-arranged, many comparisons may be kept running along

the line at once, by which time is saved, and other advantages

obtained.* In important cases the process is usually re-

peated on several nights in succession.

(265.) In place of artificial signals, natural ones, when they

occur sufficiently definite for observation, may be equally em-
ployed. In a clear night the number of those singular me-

teors, called shooting stars, which may be observed, is often

very great, especially on the 9th and 10th of August, and

some other days, as November 12 and 13 ; and as they are

sudden in their appearance and disappearance, and from the

great height at which they have been ascertained to take

place are visible over extensive regions of the earth's surface,

there is no doubt that they may be resorted to with advan-

tage, by previous concert and agreement between distant

observers to watch and note them, f Those sudden disturb-

ances of the magnetic needle, to which the name of magnetic

shocks has been given, have been satisfactorily ascertained to

be, very often at least, simultaneous over whole continents,

and in some, perhaps, over the whole globe. These, if ob-

served at magnetic observatories with precise attention to

astronomical time, may become the means of determining

their dilFerences of longitude with more precision, possibly,

than by any other method, if a sufficient number of remark-

able 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.

* For a complete account of this method, and the mode of deducing the most

advantageous result from a combination of all the observations, see a paper on

the difference of longitudes of Greenwich and Paris, Piiil. Trans. 1826; by the

Author of this volume.

f This idea was first suggested by the late Dr. Rlaskelyne, to whom, how-
iver, the practically useful fact of their periodic recurrence was unknown. Mr.

Cooper has thus employed the meteors of the 10th and I'ith August, 1847, to

dt'termini! the difference of longitudes of Markree and Mount Eagle, in Ireland.

'J hose of the same epoch have also been used in Germany for ascertaining tht>

longitudes of several stations, and with very satisfactory results.

31
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(266.) Another species of natural signal, visible at once

over a whole terrestrial hemisphere, is afforded by the eclipses

of Jupiter's satellites, of 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 its appli-

cability to the pur])Ose in question, viz. that the time of its

happening, at any fixed station, such as Greenwich, can be

predicted from a 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 cor-

responding observation. So that an observer at any other

station wherever, Avho shall have observed one or more of

these eclipses, and ascertained his local time, instead of wait-

ing for a communication with Greenwich, to inform him at

what moment the eclipse took place there, may use the pre-

dicted Greemoich 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 sus-

cei)tible 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 * ; so that, however

useful to the geographer, it is of no advantage to navigation.

(267.) 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 determining longitudes, on which not

only the geographer may rely for a knowledge of the exact

position of important stations on land in i-emote regions, but

on which the navigator can securely stake, at every instant of

his adventurous 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 Obseuvations. Though

i\i\

* To accomplish this is still a desideratum. Observinjit chair-i, suspendcil

with studious precaution for ensuring freedom of motion, have hoeu resorted to,

under the vain hope of mitigatinj^ the cllect of the ship's oscillation. Tin-

opposite course seems more promisinj?, viz. to morely deailon the motion by a

somewhat stitF suspension (as hy a coarse and rough cable), and by friction

strings attaehod to weights running through loops (not pulleys') fix(.\l in the
wood-work of the vessel. At least, such moans have boon found by the author
of singular edicaiy in increasing personal comfort in the sus^jcnsion of a ciH.

'n
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we have not yet introduced the reader to the phenomena of

the moon's motion^ this will not prevent us from giving here

the exposition of the principle of the lunar method ; on the

t jntrary, it will be highly advantageous to do so, since by

this course we shall have to deal with the naked principle,

apart from all the peculiar sources of difficulty with which the

lunar theory is encumbered, but which are, in fact, completely

extraneous to the principle of its application 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 offices of the dial-plate and hands of a

clock are these:— the former carries a set of marks upon it,

wliose position is known; the latter, by passing over and

among these marks, informs 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 arc uniformly

distributed all around the circuujierence of a circle, whose

centre is that on which tho 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 wwequally 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 exccntriclty of the centre

of motion of the hands;— and, 3dly, if we were fully ac-

quainted 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 calculate,

without fear of eriwr, now 3iucn time should correspond to

so MUCH angular movement.

(270.) The visible surface of the starry heavens is the

M 2
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dial-plate of our clock, the stars are the fixed marks distributed

around its circuit, tJie moon is the moveable hand, which,

with a motion that, superficially considered, seems uniform,

but which, when carefully examined, is found to be far other-

wise, and which, regulated by mechanical laws of astonishing

complexity and intricacy in result, though beautifully simple

in principle and design, performs a monthly circuit among
them, passing visibly over and hiding, or, as it is called, oc-

culfing some, and gliding beside and between 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-plate 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 stars, while the

latter hold constantly, with respect to each other, the same

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.) Thei'e is only one circumstance wanting to make
our analogy complete. Suppose the hands of our clock, in-

stead of moving quite close to the dial-plate, were considerably

elevated above, or distant in front of it. Unless, then, in

viewing it, we kept our eye just in tiie line of their centre,

we should not see them exactly thrown or projected upon their

proper places on the dial. And if we were either unaware

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 liand 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 position of the eye, there would be no difficulty in

ascertaining and allowing for the precise inftnence 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

1 1
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of our not occupying the centre of the earth, but being carried

about on its surface, and constantly changing place, there

arises a parallax, 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 from the centre.

(272.) Such a clock as we have described might, no doubt,

be considered a very bad one ; but if it were our only one,

and if incalculable interests were at stake on a perfect know-

ledge 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, the moon would be seen

from the earth's centre, and will be seen from every accessible

point of its surface ; and such is the lunar method of longi-

tudes. The moon's apparent angular 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 cai'e and precision in almanacks published under

national control. No sooner does an observer, in any part

of the globe, at sea or on land, measure its actual distance

from any one of those standard stars (whose places in the

heavens have been ascertained for the purpose with the most

anxious solicitude), than he has, in fact, performed that com-

I^arison of his local time with the local times of every ob-

servatory in the world, which enables him to ascertain his

diiference 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

desci'ibed ; and by thus laying down a sufficient number of

principal points, and filling in the intermediate sj)aces by local

surveys, might maps of countries be constructed. In prac-

tice, howevei", it is found simpler and easier to divide each

particular nation into a series of great triangles, the angles of

M 3
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which are stations conspicuously visible from each other. Of
these triangles, the angles only ai'c 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 measure-

ment. Its length between its two extreme points (which are

dots on plates of gold or platlna let into massive blocks of

stone, and which are, or at least oiif/ht to be, in all cases

preserved with almost religious care, as monumental records

of the highest importance), is then measured, with every pre-

caution 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 Is the base, O, C, stations visible from both

its extremities (one of which, O, we will suppose to be a

national observatory, with which it is a principal object that

the base should be as closely and immediately connected as

possible) ; and D, E, F, G, H, K, other stations, remarkable

points in the 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, measured, the

other two sides, A C, B C, may be calculated by the rules of

trigonometry; and thus each of the sides A C and B C

* Tlic grctitcst poHsible error in the Irisli base of between seven and ciglit

miles, near Londonderry, is supposed not to exceed two inches.

i ,
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becomes in its turn a base capable of being employed as

known sides of other triangles. For instance, the angles of

tlie 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 AG, C G, and B F, C F. Again, C G and C F
being known, and the included angle G C F, G F may be

calculated, and so on. Thus may all the stations be accu-

rately determined and laid down, and as this process 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 wc
please.

(275.) Now, on this process there are two important

rcniai'ks 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 ver?/ great inequality in their angles. For in-

stance, 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 one in the place of F upon

the line B F. Such ill-conditioned 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 practi-

cable to use as bases, the sides of much larger triangles, such

as G F, G H, H K, &c. ; by which means the next 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 neigh-

bourhood 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 well determined, may be afterwards, b}- 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 consti'ucted, with

any reqiiircd degree of detail.

M 4
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(276.) The next remark we have to iniike is, that all the

triangles in question are not, rigoi'ously speaking, plane, but

spherical— existing on the surface of a sphere, or rather, to

speak correctly, of an ellipsoid. In very small triangles, of

six or seven miles in the side, this may be neglected, as the

difTercnce is imperceptible ; but in the larger ones it must be

taken into consideration. It is evident that, as every object

used for pointing the telescope of a theodolite has some cer-

tain elevation, not only above the soil, but above the level of

the sea, and as, moreover, these elevations differ in every in-

stance, a reduction to the horizon of all the measured angles

would appear to be required. But, in fact, by the construc-

tion of the theodolite (art. 192.), which is nothing more than

an altitude and azimuth instrument,

this reduction is 7nade in the very

act 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 sta-

tions, A, P, Q, in a country are re-

ferred by radii E A, E B P, E C Q.

If a theodolite 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 EBP, E C Q, at M and
N, above the spherical surface. The telescope of the theodo-

lite. It is true, is pointed in succession to P, and Q ; but the

readings off of its azimuth circle give — not the angle PA Q
between the directions of the telescope, or between the ob-
jects P, Q, as seen from A ; but the azimuthal angle MAN,
Avhich 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 tri-

angles in geodesical operations is always found to be rather

more than 180°. Were the earth's surftice a plane, it ought

to be exactly 180°; and this excess, which is called the sphe-

rical excess, is so far from being a proof of incorrectness in

the work, that it is essential to its accm-acy, and offers at the

game time another palpable proof of the earth's sphericity.
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(277.) The true way, then, of concelvhig the subject of u

trigonometrical survey, when the spherical form of the earth

is taken into consideration, is to regard the network of tri-

angles 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 in-

cluded by 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 are raised, by

the superficial inequalities of mountain and valley. The

operosc calculations of spherical trigonometry wiiieh this con-

sideration would seem to render necessary for the reductions

of a survey, arc 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 cllipticity 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.) . '^hatevcr process of calculation we adopt, the re-

sult will be .1 reduction to the level of the sea, of all the

triangles, and the consequent determination of the geogra-

phical latitude and longitude of •'very station observed. Thus

we are at length enabled to c -truct maps of countries; to

lay down the uutliucs of contiuL. ts and islands; the courses

of rivers; the places of cities, to\\ us and villages ; the din c-

tion of mountain ridges, and the places of their principal

summits ; and all those details which, as they belong to phy-

sical and statistical, rather tii.m to astronomical ge(>; raphy,

we need not here dilate on. A few words, however, \^ill be

necessary respecting maps, which are used as well in astro-

nomy as in geography.

(279.) A map is nothing more than a representation, upon a

plane, of some port' of the surface of a sphere, on which are

traced the particulnrs : iended to be expressed, whether they

be continuous outli. ;"= ^
- points. Now, as a spherical surface *

* We here neglect the cllipticity of the earth, which, for such a purpose as

map-making, is too trifling to have any material influence.
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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 extending or projecting it will decide what parts shall be

enlarged or relatively contracted, and in what proportions

;

it follows, that when large portions of the sphere are to be

mapped down, a great diiFerence in their representations may
subsist, according to the system of projection adopted.

(280.) The projections chiefly used in maps, are the ortho-

graphic, stereographic, and Mercator's. In the orthographic

projection, every point of the hemi-

sphere is referred to its diametral

plane or base, by a perpendicular let

fall on it, so that the representation

of the hemisphere thus mapped on

its base, is such as would actually

appear to an eye placed at an infinite

distance from it. It is obvious, from the annexed figure,

that in this projection only the central portions are repre-

sented of their true forms, while all the exterior is more

and more distorted and crowded together as we approach the

edges of the map. Owing to this cause, the orthographic

l)rojection, though very good for small portions of the globe,

is of little service for large ones.

(281.) The stereographic

projection is in great mea
sure free from this defect.

To understand this projec-

tion, 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

ofwhich, as P, is referred to

the diametral plane A D F,

perpendicular to E B by the visual line P M E. The
stereographic projection of a sjihere, then, is a true perspec-
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tive representation of its concavity on a diametral plane ; and,

as such, it possesses some singularly elegant geometriuil pro-

perties, of which we shall state one or two of the principal.

(282.) And first, then, all circles on the sphere are re-

presented by 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 hk, 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 configura-

tions on the surface from their real forms. As In the ortho-

graphic projection, the borders of the hemisphere are unduly

crowded together; in the stereographic, their projected di-

mensions are, on the contrary, somewhat enlarged in receding

from the centre.

(283.) Both these projections may be considered natural

ones, inasmuch as they are really perspective representations

of the surface on a plane. Mercator's is entirely an artificial

representing the sphere as it cannot be seen from anyone.

one point, but as it might be seen by an eye carried succes-

sively over every part of it. In it, the degrees of longitude,

An
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enough) as to the internal constitution of the globe, and the

immediate nature of the forces which sustain its continents at

their actual elevation ; but in any future investigations which

may have for their objev;t to explain the local deviations of

the intensity of gravity, from what the hypothesis of an exact

elliptic figure would require, this, as a general fact, ought not

to be lost sight of.

(285.) Our knowledge of the sui-face of our globe is in-

complete, unless it include the heights above the sea level of

every part of the land, and the depression of the bed of the

ocean below the surface over all its extent. The latter object

is attainable (with whatever difficulty and howsoever slowly)

by direct sounding ; the former by two distinct methods : the

one consisting in trigonometrical measurement of the differ-

ences of level of all the stations of a survey ; the other, by

the use of the barometer, the principle of which is, in fact,

identical with that of the sounding line. In both cases we

measure the distance of the point whose level we would know
from the surface of an equilibrated ocean : only in the one

case it is an ocean of water; in the other, of air. In the

one case our sounding line is real and tangible ; in the other,

an imaginary one, measured by the length of the column of

quicksilver the superincumbent air is capable of counter-

balancing.

(286.) Suppose that instead of air, the earth and ocean

were covered with oil, and that human life could subsist

under such circumstances. Let ABODE be a continent, of

which the portion ABC projects above the water, but is

covered by the oil, which also floats at an uniform depth on

the whole ocean. Then if we would know the depth of any

point D below the sea level, we let down a plummet from F.

But, if we would know the height of B above the same level,

if
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we have only to send up a float from B to the surface of the

oil ; and having done the same at C, a point at the sea level, the

difference of the two float lines gives the height in question.

(287.) Now, though the atmosphere differs from oil in not

having a positive surface equally definite, and in not being

capable of carrying up any float adequate to such an usCj yet

it possesses all the properties of a fluid really essential to the

purpose in view, and this in particular,— that, over the whole

surface of the globe, its strata of equal density supposed in a

state of equilibrium, are parallel to the surface of equilibrium,

or to what would be the surface of the sea, \iprolonged under

the continents, and therefore each or any of them has all the

characters of a definite surface to measure from, provided it

can be ascertained and identified. Now, the height at which,

at any station B, the mercury in a barometer is supported,

informs us at once how much of the atmosphere is incumbent

on B, or, in other words, in what stratum of the general

atmosphere (indicated by its density) B is situated : whence

we are enabled finally to conclude, by mechanical reasoning *,

at what height above the sea-level that degree of density is to

be found over the whole surface of the globe. Such is the

principle of the application of the barometer to the measure-

ment of heights. For details, the reader is referred to other

works, t

(288.) We will contpnt. ourselves here with a general cau-

tion against an implicit dep'^.ndence on barometric measure-

ments, except as a differential process, at stations not too

remote from each other. They rely in their application on

the assumption of a state of equilibrium in the atmospheric

strata over the whole globe—which is very far from being

their actual state (art. 37.). Winds, especially steady and

general currents sweeping over extensive continents, undoubt-

edly tend to produce some degree of conformity in the cur-

vature of these strata to the general form of the land-surface,

• Newton's Princip. ii. Prop. 22.

f Biot, Astronomie Physique, vol. iii. For tables, see the work of Biot cited.

Also those of Oltinann, annually published by the French board of longitudes

in their Annuaire ; and Mr. Daily's Collection of Astronomical Tables and

Forinuice.
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and therefore to give an undue elevation to the mercurial

column at some points. On the other hand, the existence of

localities on the earth's surface where a permanent depres-

sion of the barometer prevails to the astonishing extent of

nearly an inch, has been clearly proved by the observations of

Ermann in Siberia and of Ross in the Antarctic Seas, and is

probably a result of the same cause, and may be conceived as

complementary to an undue habitual elevation in other

regions.

(289.) Possessed of a knowledge of the heights of stations

above the sea, we may connect all stations at the same

altitude by level lines, the lowest of which will be 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 world,

till the highest mountains were submerged. The bottoms of

valleys and the ridge-lines of hills are determined h^ their

property of intersecting all these level lines at right angles,

and being, subject to that condition, the shortest and longest,

that is to say, the steepest, and the most gently sloping

courses respectively which can be pursued from the summit

to the sea. The former constitute " the water courses" 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 ineffaceable character, on which

the distribution, limits, and peculiarities of human com-

munities are in great measure dependent. The mean height

of the continent of Europe, or that height which its surface

would have were all inequalities levelled and the mountains

spread equally over the plains, is according to Humboldt 671

English feet; that of Asia, 1137; of North America, 748;

and of South America, 1151,

1!
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CHAPTER V.

OF URANOGRAPnY.

:1*

' * .

CONSTRUCTION OF CELESTIAL MAPS AND GLOBES BY OBSERVATIONS

OP RIGHT ASCENSION AND DECLINATION.— CELESTIAL OBJECTS

DISTINGUISHED INTO FIXED AND ERRATIC. OF THE CONSTEL-

LATIONS. NATURAL REGIONS IN THE HEAVENS. THE MILKY

WAY.—THE ZODIAC.— OF THE ECLIPTIC. CELESTIAL LATITUDES

AND LONGITUDES.— PRECESSION OF THE EQUINOXES.—NUTATION.

—ABERRATION.—REFRACTION. PARALLAX.—SUMMARY VIEW OF

THE URANOGRAPHICAL CORRECTIONS. .

(290.) The determination of the relative situations of objects

in the heavens, and the construction of maps and globes

which shall truly represent their mutual configurations as

well as of catalogues which shall preserve a more precise

numerical record of the position of each, is a task at once

simpler and less laborious than that by which the surface of

the earth is mapped and measured. Every star in the great

constellation which appears to revolve above us, constitutes,

so to speak, a celestial station ; and among these stations we
may, as upon the earth, triangulate, by measuring with

proper instruments their angular distances from each other,

which, cleared of the effect of refraction, are then in a state

for laying down on charts, as we would the towns and villages

of a country : and this without moving from our place, at

least for all the stars which rise above our horizon.

(291.) Great exactness might, no doubt, be attained by

this means, and excellent celestial charts constructed; but

there is a far simpler and easier, and at the same time, infi-

nitely more accurate course laid open to us if we take advan-

tage of the earth's rotation on its axis, and by observing each

celestial object as it passes our meridian, refer it separately

and independently to the celestial equator, and thus ascertain

.i:W
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its place on the surface of an imaginary sphere, which may
be conceived to revolve with it, and on which it may be con-

sidered as projected.

(292.) The right ascension and declination of a point in

tlie heavens correspond to the longitude and latitude of a

station on the earth ; and the place of a star on a celestial

sphere is determined, when the former elements are known,

just as that of a town on a map, by knowing the latter. Tiie

great advantages which the method of meridian observation

possesses over that of triangulation from star to star, are,

then, 1st, That in it every star is observed in that point of

its diurnal course, when it is best seen and least displaced

by refraction. 2dly, That the instruments required (the

transit and meridian circle) are the simplest and least liable

to error or derangement of any used by astronomers. 3dly,

That {ill the observations can be made systematically, in

regular succession, and with equal advantages ; there being

here no question about advantageous or disadvantageous

triangles, &c. And, lastly. That, by adopting this course,

the very quantities which we should otherwise have to calcu-

late by long and tedious operations of spherical trigonometry,

and which are essential to the formation of a catalogue, are

made the objects of immediate measurement. It is almost

needless to state, then, that this is the course adopted by

astronomers.

(293.) To determine the right ascension of a celestial ob-

ject, all that is necessary is to observe the moment of its

meridian passage with a transit instrument, by a clock regu-

lated to exact sidereal time, or reduced to such by applying

its known error and rate. The rate may be obtained by

repeated observations of the same star at its successive meri-

dian passages. The error, however, requires a knowledge of

the equinox, or initial point from which all right ascensions in

the heavens reckon, as longitudes do on the earth from a first

meridian.

(294.) The nature of this point will be explained pre-

sently ; but for the purposes of uranography, in so far as

they concern only the actual configurations of the stars inter

N
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sCi a knowledge of the equinox is not necessary. The choice

of the equinox, as a. zero point of right ascensions, is purely

artificial, and a matter of convenience : but as on the earth,

any station (as a national observatory) may be chosen for an

origin of longitudes ; so in uranography, any conspicuous

star might be selected as an initial point from which hour

angles might be reckoned, and from which, by merely ob-

serving differences or intervals of time, the situation of all

others might bo deduced. In piTictice, these intervals are

affected by certain minute causes of inequality, which must

be allowed for, and which will be explained in their proper

places.

(295.) The declinations of celestial objects are obtained,

1st, By observation of their meridian altitudes, with the

mural or meridian circle, or other proper instruments. This

requires a knowledge of the geographical latitude of the

station of observation, which itself is only to be obtained

by celestial observation. 2dly, And more directly, by ob-

servation of their polar distances on the mural circle, as

explained in art. 170., which is independent of any previous

determination of the latitude of the station ; neither, how-

ever, in this case, does observation give directly and imme-

diately the exact declira,tions. The observations require to

be corrected, first for refraction, and moreover for those

minute causes of inequality which have been just alluded to

in the case of right ascensions.

(296.) In this manner, then, may the places, one among
the other, of all celestial objects be ascertained, and maps

and globes constructed. Now here arises a very important

question. How far are these places permanent ? Do these

stars and the greater luminaries of heaven preserve for ever

one invariable connection and relation of place inter se, as if

they formed part of a solid though invisible firmament ; and,

like the great natural land-marks on the earth, preserve

immutably the same distances and bearings each from the

other ? If so, the most rational idea we could form of the

universe would be that of an earth at absolute rest in the

centre, and a hollow crystalline sphere circulating round it,
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he

he

and carrying sun, moon, and stars along in its diurnal motion.

If not, we must dismiss all such notions, and inquire in-

dividually into the distinct history of each object, with a view

to discovering the laws of its peculiar motions, and whether

any and what other connection subsists between them.

(297.) 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, arc in a state of continual change of

place among the rest. In the case of the moon, indeed, the

change is so rapid and remarkable, that its alteration of

situation with respect to such bright stars as may happen

to be near it may be noticed any fine night in a few hours

;

and if noticed on two successive nights, cannot fail to strike

the most careless observer. With the sun, too, the change

of place among the stars is constant and rapid ; though, from

the invisibility of stars to the naked eye in the day-time, it

is not 80 readily recognized, and requires either the use of

telescopes and angular instruments to measure it, or a longer

continuance of observation to be struck with it. Neverthe-

less, it is only necessary to call to mind its greater meridian

altitude in summer than in winter, and the fact that the

stars which come into view at night (and which are therefore

situated in an hemisphere opposite to that occupied by the

sun, and having that luminary for its centre) vary with the

season of the year, to perceive that a great change must have

taken place in that interval in its relative situation with

respect to all the stars. Besides the sun and moon, too,

there are several other bodies, called planets, which, for the

most part, appear to the naked eye only as the largest and

most brilliant slurs, and which offer the same phenomenon of

a constant change of place among the stars ; now approaching,

and now receding from, such of them as we may refer them to

as marks ; and, some in longer, some ia shorter periods,

making, like the sun and moon, the complete tour of the

heavens.

(298.) These, however, are exceptions to the general rule.

The inmunerable multitude of the stars which are distributed

N 2
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over the vault of the heavens form a constellation, which

preserves, not only to the eye of the casual observer, but to

the nice examination of the astronomer, a uniformity of

aspect which, when contrasted with the perpetual change in

the configurations of the sun, moon, and planets, may well

be termed invariable. It is true, indeed, that, by the

refinement of exact measurements prosecuted from age to

age, some small changes of apparent place, attributable to

no illusion and to no terrestrial cause, have been detected in

many of them. Such are called, in astronomy, the proper

motions of the stars. But these are so excessively slow, that

their accumulated amount (even in those stars for which

they are greatest) has been insufficient, in the whole duration

of astronomical history, to produce any obvious or material

alteration in the appearance of the starry heavens.

(299.) This circumstance, then, establishes a broad dis-

tinction of the heavenly bodies into two great classes ; — the

fixed, among Avliich (unless in a course of observations

continued for many years) no change of mutual situation can

be detected; and the erratic, or wandering— (which is

implied in the word planet*)— including the sun, moon, and

planets, as well as the singular class of I odies termed comets,

in whose apparent places among the stars, and among each

other, the observation of a few days, or even hours, is

sufficient to exhibit an indisputable alteration.

(300.) Uranography, then, as it concerns the fixed ce-

lestial bodies (or, as they are usually called, the Jixed stars),

is reduced to a simple marking down of their relative places

on a globe or on maps ; to the insertion on that globe, in its

due place in the great constellation of the stars, of the pole

of the heavenb, or the vanishing point of parallels to the

earth's axis ; and of the equator and place of the equinox

:

points and circles these, which, though artificial, and having

reference entirely to our earth, and therefore subject to all

changes (if any) to which the earth's axis may be liable, are

yet so convenient in practice, that they have obtained an

• nKttvrjTrjs, wanderer.
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admission (with some other circles and lines), sanctioned by

usage, in all globes and planispheres. The reader, however,

will take cnro to keep them 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 one

of which— a real one— are inscribed the stars ; on the others

those imaginary points, lines, and circles, which astronomers

have devised for their own uses, and to aid their calculations;

and to accustom himself to conceive in the latter or artificial

spheres a capability of being shifted in any manner upon the

surface of the other ; so that, should experience demonstrate

(as it docs) that these artificial points and lines are broughr,

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 time, with different stars, he may not be un-

prepared for the change, and may have no confusion to

correct in his notions.

(301.) 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 convenience

;

but as they are otherwise entirely arbitrary, and correspond

to no natural subdivisions or groupings of the stars, astro-

nomers treat them lightly, or altogether disregard them*,

except for briefly naming remarkable stars, as a Leonis,

/8 Scorpii, &c. &c., by letters of the Greek alphabet attached

* This disregard is neither supercilious nor causeless. The constellations

seem to have been almost purposely named and delineated to cause as much
confusion and inconvenience as possible. Innumerable snakes twine through
long and contorted areas of the heavens, where no memory can follow them :

bears, lions, and fishes, large and small, northern and southern, confuse all

nomenclature, &c. A better system of constellations might have been a ma-
terial help as an artificial memory.
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to them. The rc.iJer will find them on any celestial charts

or globes, and may compare them with the heavens, and

there learn for himself their position.

(302.) There are not wanting, however, natural districts

in the heavens, which offer great peculiarities of character,

and strike every observer : such is the milk?/ 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 the whole sphere, almost in a great circle,

which is neither an hour circle, nor coincident with any other

of our astronomical grammata. It is divided in one part of

its course, sending off a kind of branch, which unites again

with the main body, after remaining distinct for about 150

degrees, within which it suffers an interruption in its con-

tinuity. This remarkable belt has maintained, from the

earliest ages, the same relative situation among the stars

;

and, when examined through powerful telescopes, is found

(wonderful to relate !) to consist entirely of stars scattered by

millions, like glittering dust, on the black ground of the

general heavens. It will be described more particularly in

the subsequent portion of this work.

(303.) Another remarkable region in the heavens is the

zodiac, not from any thing peculiar in its own constitution,

but from its being the area within which the apparent

motions of the sun, moon, and all the greater planets are con-

fined. To trace the path of any one of these, it is only

necessary to ascertain, by continued observation, its places

afc successive epochs, and entering these upon our map rr

sphere in sufficient number to form a series, not too far

disjoined, to connect them by lines from point to point, as we
mark out the course of a vessel at sea by mapping down its

place from day to day. Now when this is done, it is found,

first, that the apparent path, or track, of the sun on the sur-

face of the heavens, is no other than an exact great circle of

the sphere which is called the ecliptic, and which is inclined

to the equinoctial at an angle of about 23° 28', intersecting

it at two opposite points, called the equinoctial pcinta, or
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or

equinoxes, and which are distinguished from each other by

the epithets vernal and autumnal ; the vernal being that at

which the sun crosses the equinoctial from south to north ;

the autumnal, when it quits the northern and enters the

southern hemisphere. Secondly, that the moon and all the

planets pursue paths which, in like manner, encircle the whole

heavens, but are not, like that of the sun, great circles exactly

returning into themselves and bisecting the sphere, but rather

spiral curves of much complexity, and described with very

unequal velocities in their different parts. They have all,

however, this in common, that the general direction of their

motions is the same with that of the sun, viz. from west to east,

that is to say, the contrary to that in which both they and

the stars appear to be carried by the diurnal motion of the

heavens ; and, moreover, that they never deviate far from the

ecliptic on either side, crossing and recrossing it at regular

and equal intervals of time, and confining themselves within

a zone, or belt (the zodiac already spoken of), extending (with

certain exceptions among the smaller planets) not further

than 8° or 9° on either side of the ecliptic.

(304.) It would manifestly be useless to map down on
globes or charts the apparent paths of any of those bodies

which never retrace the same course, and which, therefore,

demonstrably, must occupy at some one moment or other of

their history, every point in the area of that zone of the hea-

vens within which they are circumscribed. The apparent

complication of their movements arises (that of the moon ex-

cepted) from our viewing them from a station which is itself

in motion, and would disappear, could we shift our point of

view and observe them from the sun. On the other hand the

apparent motion of the sun is presented to us under its least

involved form, and is studied, from the station we occupy, to

the greatest advantage. So that, independent of the impor-

tance of that luminary to us in other respects, it is by the

investigation of the laws of its n^otions in the first instance

that we must rise to a knowledge of those of all the other

bodies of our system.

(305.) The ecliptic, which is its apparent path among the

ii
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stars, is traversed by it in the period called the sidereal i/ear,

which consists of 365^ 6^ 9°* 9*6% reckoned in mean solar

time or 366^ 6^ 9"* 96' reckoned in sidereal time. The reason

of this difference (and it is this which constitutes the origin

of the difference between solar and sidereal time) is, that as

the sun's apparent annual motion among the stars is performed

in a contrary direction to the apparent diurnal motion of both

sun and stars, it comes to the same thing as if the diurnal

motion of the sun were so much slower than that of the stars,

or as if the sun lagged behind them in its daily course.

"When this has gone on for a whole year, the sun will have

fallen behind the stars by a whole circumference of the

heavens— or, in other words— in a year the sun will have

made fewer diurnal revolutions, by one, than the stars. So

that the same interval of time which is measured by 366*^ 6**,

&c. of sidereal time, will be called 365 days, 6 hours, &c., if

reckoned in mean solar time. Thus, then, Is the proportion

between the mean solar and sidereal day established, which,

reduced into a decimal fraction, is that of 1-00273791 to 1.

The measurement of time by these different standards may
be compared to that of space by the standard feet, or ells of

two different nations ; the proportion of which, once settled

and borne in mind, can never become a source of error.

(306.) The position of the ecliptic among the stars may,

for our present purpose, be regarded as invariable. It Is

true that this is not strictly the case; and on comparing

together its position at present with that which it held at the

most distant epoch at which we possess observations, we find

evidences of a small change, \\liich theory accounts for, and

whose nature will be hereafter explained ; but that change Is

80 excessively slow, that for a great many successive years,

or even for whole centuries, this circle may be regarded, for

most ordinary purposes, as holding the same position in the

sidereal heavens.

(307.) The poles of the ecliptic, like those of any other

great circle of the sphere, are opposite points on its surface,

equidistant from the ecliptic in every direction. They are

of course not coincident with those of the equinoctial, but
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removed from it by an angular interval equal to the inclina-

tion of the ecliptic to the equinoctial (23° 28'), which is called

the obliquity of the ecliptic. In the next figure, if P j9 repre-

sent the north and south poles (by which when used without

qualification we always mean the poles of the equinoctial),

and E A Q V the equinoctial, V S AW the ecUptic, and K k,

its poles— the spherical angle Q V S is the obliquity of the

ecliptic, and is equal in angular measure to P K or S Q.
If we suppose the sun's apparent motion to be in the direction

V P A W, V will be the vernal and A the autumnal equinox.

S and W, the two points at which the ecliptic is most distant

from the equinoctial, are termed solstices, 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. S, the point where the sun

has the greatest northern declination, is called the summer,

and W, that where it is farthest 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 /i />, which passes

through the poles of the ecliptic and equinoctial, is called the

solstitial colure ; and a meridian drawn through the equinoxes,

P V /> 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 of the stars to, by circles drawn through

them from its poles, and therefore perpendicular to it. Such

circles are termed, in astronomy,

circles of latitude— the distance

of a star from the ecliptic, reck-

oned on the circle of latitude

passing through it, is called the

latitude of the stars— and the fif:

arc of the ecliptic intercepted

between the vernal equinox and

this circle, its longitude. In the

figure, X is a star, P X R a

circle of declination drawn

li!

35f^-^°//
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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 (which is

always the same, viz. 18^ 0"* 0*),

the hour angle ZPE of that

point is known. Then, in this

triangle we have given P Z, the

colatitnde ; P E, the polar dis-

tance of the pole of the ecliptic,

23° 28', and the angle ZPE
from which we may find, 1st, the side Z E, which is easily

seen to be equal to the altitude of the nonagesimal point

sought ; and 2dly, the angle P Z E, which is the azimuth of

the pole of the ecliptic, and which, therefore, 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 PS, 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 in-

quiries in physical '. onomy. It is called in most books

on astronomy, the angle of position, 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 Bun among the fixed stars is traced, and the eclipt'c

marked out among them, determines, of course, the place of

the equinox V (Fig. art. 308.) upon the starry sphere, at

'ISP
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that time— a point of great importance in practical astro-

nomy, 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, travelling continually and

regularly, although with extreme slowness, backwards, along

the ecliptic, in the direction VW from east to west, or the

contrary to that in which the sun appears to move in that

circle. As the ecliptic and equinoctial are not very much
inclined, this motion of the equinox from east to west along

the former, conspires (spenklng generally) with the diurnal

motion, and carries it, with reference to that motion, con-

tinually in advance upon the stars : hence it has acquired the

name of the precession of the equinoxes, 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 ex-

tremely minute quantity, but which, by its continual accu-

mulation from year to year, at last makes itself very palpable,

and that in a way highly inconvenient 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 catalogue on record, the place of the equinox has re-

trograded already about 30". The period in which it performs

a complete tour of the ecliptic. Is 25,868 years.*

(313.) The immediate uranographlcal effect of the pre-

cession 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 amoimt extends, the

Incipiunt magni procedcre menses. — Virgil, Pollio.
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appearance 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 equinoctial.

This increase of longitude, the reader will of course observe

and bear in mind, is, properly speaking, neither a real nor an

apparent movement 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 must 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 fluctuation, which mixes itself with what is due to

the principal uranographical cause of the phenomenon. This

cause will become at once apparent, if, instead of regarding

the equinox, we fix our attention on the pole of the equinoc-

tial, or the vanishing point of the earth's axis.

(315.) The place of this point among the stars is easily

determined at any epoch, by the most direct of all astrono-

mical observations,— those with the meridian or mural circle.

By this instrument we are enabled to ascertain at every

moment the exact distance of the polar point from any three

or more stars, and therefore to lay it down, by triangulating

from these stars, with unerring precision, on a chart or globe,

without the least reference to the position of the ecliptic, or

to any other circle not naturally connected with it. Now,
when this is done with proper diligence and exactness, it

results that, although for short intervals of time, such as a

few days, the place of the pole may be regarded as not sen-

sibly variable, yet in reality it is in a state of constant,

although extremely slow motion ; and, what is still more re-

markable, this motion is not uniform, but compounded of
sN^
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one principal, uniform, or neai'ly uniform, part, and other

smaller and subordinate periodical fluctuations : the former

giving rise to the phenomena of precession ; the latter to

another distinct phenomenon called nutation. These two

phenomena, it is true, belong, theoretically speaking, to one

and the same general head, and are intimately connected

together, forming part of a great and complicated chain of

consequences flowing from the earth's rotation on its axis

:

but it will be conducive to clearness at present to consider

them separately

(316.) It is found, then, that in virtue of the uniform part

of the motion of the pole, it describes a circle in the heavens

around the pole of the ecliptic as a centre, keeping constantly

at the same distance of 23° 28' from it in a direction from

east to west, and with such a velocity, that the annual angle

described by it, in this its imaginary orbit, is 50'10"; so that

the whole circle would be described by it in the above-men-

tioned period of 25,868 years. It is easy to perceive how
such a motion of the pole will give rise to the retrograde

motion of the equinoxes ; for in the figure, art. 308, suppose

the pole P in the progress of its motion in the small circle

PO Z round K to come to O, then, as the situation of the

equinoctial EVQ is determined by that of the pole, this, it is

evident, must cause a displacement of the equinoctial, which

will take a new situation, EU Q, 90" distant in every part

from the new position O of the pole. The point U, there-

fore, in which the displaced equinoctial will intersect the

ecliptic, i. e. the displaced equinox, will lie on that side of V,

its original position, towards which the motion of the pole is

directed, or to the westward.

(317.) The precession of the equinoxes thus conceived,

consists, then, in a real but very slow motion of the pole of

the heavens among the stars, in a small circle round the pole

of the ecliptic. Now this cannot happen without producing

corresponding changes in the apparent diurnal motion of the

sphere, and the aspect which the heavens must present at very

remote periods of history. The pole is nothing more than

the vanishing point of the earth's axis. As this point, then,

m-
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has such a motion as we have described, it necessarily follows

that the earth's axis must have a conical motion, in virtue of

which it points successively to every part of the small circle

in question. We may form the best idea of such a motion

by noticing a child's peg-top, when it spins not upright, or

that amusing toy the te-to-tum, which, when delicately ex-

ecuted, and nicely balanced, becomes an elegant philosophical

instrument, and exhibits, in the most beautiful manner, the

whole phenomenon. The reader will take care not to con-

found the variation of the position of the eartli's axis in space

with a mere shifting of the imaginary line about which it

revolves, in its interior. The whole earth participates in the

motion, and goes along with the axis as if it were really a

bar of iron driven through it. That such is the case is proved

by the two great facts : Ist, that the latitudes of places on

the earth, or their geographical situation with respect to the

poles, have undergone no perceptible change from the earliest

ages. 2dly, that the sea maintains its level, Avhich could not

be the case if the motion of the axis were not accompanied

with a motion of the whole mass of the earth.*

(318.) The visible effect of precession on the aspect of the

heavens consists in the apparent approach of some stars and

constellations to the pole and recess of others. The bright

star of the Lesser Bear, which we call the pole star, has not

always been, nor will always continue to be, our cynosure :

at the time of the construction of the earliest catalogues it

was 12° from the pole — it is now only 1" 24', and will

approach yet nearer, to within half a degree, after which it

will again recede, and slowly give place to others, which will

succeed in its companionship to the pole. After a lapse of

about 1 2,000 years, the star a Lyras, the brightest in the

northern hemisphere, will occupy the remarkable situation of

a pole star approaching within about 5° of the pole.

(319.) At the date of the erection of the Great Pyramid

of Gizeh, which precedes by 3970 years (say 4000) the pre-

if

tm

* Local changes of the sea level, arising from purely geological causes, are

easily distinguished from that general and systematic alteration which a shifting

of tlie axis of rotation would give rise to.
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sent epoch, the longitudes of all the stars were less by 55'*

45' than at present. Calculating from this datum* the 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 im-

mediate neighbourhood 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, six

(including all the largest) have the narrow passages by which

alone they can be entered, (all which open out on the northern

faces of their respective pyramids) inclined to the horizon,

downwards at angles as follows.

1st, or Pyramid of Cheops -

2d, or Pyramid of Cephren -

3d, or Pyramid of Mycerlnus

4th, - - -

5th, • -

9th, - - -

26°
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tion of these wonderful structures, we arc tlui.s furnislicd with

a monumental record of the most hupcrishablc nature.

(321.) The nutation of the earth's axis is a small and slow

subordinate gyratory movement, by which, if subsisting

alone, the \)o\c would describe among the stars, in a period of

about nineteen years, a minute ellipsis, having its longer axia

equal to 18"*5, and its shorter to 13"'74
; the longer being

directed towards the pole of the ecliptic, and the shorter, of

course, at right unglcs to it. The conscqrcnce of this real

motion of the poie is an apparent approach and recess of all

the stax'S in the heavens to the pole in the same period.

Since, also, the place of the equinox on the ecliptic is deter-

mined 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 bo

also alternately increfised and diminished.

(322.) Both these motions, however, although here con-

sidered separately, 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 pro-

gressive motion of precession over so much of its circle 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 (which, in a small circle of 23° 28' in diameter,

corresponds to 6' 20", as seen from the centre of the sphere)

:

the path which it will pursue in virtue of the two motions,

subsisting jointly, 'ill be neither an ellipse nor an exact

circle, but a gently undulated ring like that in the figure

(where, however, the undulations are much exaggerated).

(See^Y/. to art. 325.)

(323.) 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 arise from

a real rotation of the starry heavens, as a solid shell, round

.' H
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an axis passing through the poles of tho ecliptic in 25,8()B

years, and a real elliptic gyration of that axis in nineteen

years : but since they also affect the sun, moon, and planets,

which, having motions independent of tho general body of

the stars, cannot without extravagance be supposed attached

to the celestial concave *, this idea falls to the ground ; and

there only remains, then, a real motion in tho earth by which

they can be 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

unequal attraction of the sun and moon on its polar and

equatorial regions.

(324.) Uranographically considered, as aifccting the ap-

parent places of the stars, they arc of the utmost importance

in practical astronomy. When wc speak of the right as-

cension and declination of a celestial object, it becomes

necessary to state what epoch we intend, and whether we
mean the mean right ascension— cleared, that is, of the

periodical fluctuation in its amount, which arises from nutation,

or the apparent right ascension, which, being reckoned from

the actual place of the vernal equinox, is affected by the

periodical advance and recess of the equinoctial point pro-

duced by nutation— and so of the other elements. It is

the practice of astronomers to reduce, as it is termed, all

their observations, both of right ascension and declination, to

some common and convenient epoch— such as the beginning

of the year for temporary purposes, or of the decade, or the

century for more permanent uses, by subtracting from them

the whole effect of precession in the interval ; and, moreover,

to divest them of the influence of nutation by investigating

and subducting the amount of change, both in right ascension

and declination, due to the displacement of the pole from

the centre to the circumference of the little ellipse above

mentioned. This last process is technically termed correcting

* This argument, cogent as it is, acquires additional and decisive force from
the law of nutation, which is dependent on the position, for the time, of the
lunar orbit. If we attribute it to a real motion of the celestial sphere, we must
then maintain that sphere to be kept in a constant state of tremor by the motion
of the moon 1
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or equating the olwervntion for nutiitlon; by which hittor

word is always understood, in astronomy, the getting rid of

a periodical cause of fluctuation, and presenting a result, not

OS it was observed, but as it would have been observed, had

that cause of fluctuation had no existence.

(325.) For these purposes, in the present case, very con-

venient formulaa have been derived, and tables constructed.

They are, however, of too technical a character for this

work; we shall, however, point out the manner in which

the investigation is conducted. It has been shown in art.

309. by what means the right ascension and declination of an

object are derived from its longitude and latitude. Referring

to the figure of that article, and supposing the triangle

K PX orthographically projected on the plane of the ecliptic

as in the annexed figure: in the triangle KPX, KP is the

obliquity of the ecliptic, KX the co-latitude (or complement

of latitude), and the angle PKX the co-lonyitude of the

object X. These are the data of our (jucstion, of which the

second is constant, and the other two are varied by the efl'ect

of precession and nutation : and their variations (considering

the minuteness of the latter effect generally, and the small

number of years in comparison of the whole period of 25,868,

for which we ever require to estimate the effect of the

former,) are of that order

which may be regarded as

infinitesimal in geometry,

and treated as such without

fear of error. The whole

question, then, is reduced

to this :— In a spherical

triangle KPX, in which

one side KX is constant,

and an angle K, and ad-

jacent side KP vary by

given infinitesimal changes

of the position of P: re-

quired the changes thence arising in the other side PX, and

the angle KPX. This is a very simple and easy problem of

o 2
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epherlcal geometry, and being resolved, it gives at once the

reductions we are seeking ; for PX being the polar distance

of the object, and the angle K PX its right ascension phis

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 latitude, when their

amount in right ascension and declination will immediately

be obtained.

(326.) The precession in latitude is zero, since the latitudes

of objects are not changed by it : that in longitude is a quan-

tity proportional to the time at tne rate of 50" '10 per annum.

With regard to the nutation in longitude 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 depends.

(327 ) Another consequence of what has been shown

respecting precession and nutation is, that sidereal time, as

astronomers use it, i. e. as reckoned from the transit of the

equinoctial point, is not a mean or uniformlyflowing quantity,

being aiFected by nutation ; and, moreover, that so reckoned,

even when cleared of the periodical fluctuation of nutation,

it does not strictly correspond to the earth's diurnal rotation.

As the sun loses one day in the year on the stars, by its

direct motion in longitude : so the equinox gains one day in

25,868 years on them by its retrogradation. We ought,

therefore, as carefully to distinguish between mean and

apparent sidereal as between mean and apparent solar time.

(328.) Neither precession nor nutation change the apparent

places of celestial objects inter se. We sec them, so far as

these causes go, as they arc, 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
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certain slight extent talse; and whose influence must be

estimated and allowed for before we can obtain a precise

knowledge of the place of any object. This cause ia what

is called the aberration of light; a singular and surprising

effect arising from this, that we occupy a station not at rest

but in rapid motion ; 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.

(329.) Suppose a shower of rain to fall perpe'^Jicularly in a

dead calm ; .. person exposed to the shower, who should 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 a point A above a horizontal line

E F, and that at B were placed to receive it the open mouth

of an inclined hollow tube P Q ; If the tube were held im-

Qa

moveable the ball would strike on its lower side, but if the

tube were carried forward in the direction EF, with a

velocity properly fljustec" ft every instant to that of the ball,

while preserving its incliriation to the liorizon, so that when

the ball in its natural descent reached C, the tube should

have been carried into the position R S, it Is cvIdoTit. ih-xt the

: f-

ifViS
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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 PS: S Q : : velocity of light

:

velocity of the earth : : 1 : tan. 20" '5 ; and, therefore, the

angle S P Q, or P S R, 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 direc-

tion of the earth's motion is not perpendicular to the visual

ray. If S B be the true direction of the visual ray, and A C
the position in which the telescope

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

it matters not whether we use the

sines or tangents). But we have, also, by trigonometry,

BC : B A: : sine ofB A C: sine ofA C B or C B D, which last

is the apparent displacement caused by aberration. Thus it

appears that the sine of the aberration, or (since the angle is

extremely small) the aberration itself, is proportional to the

sine of the 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 to 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 moment 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 sliifts of course continually, de-

scribing the circumference of the ecliptic in a year. It is easy

to demonstrate that the effect on each particular 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.

o 4
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(334.) Aberration then affects the apparent right ascen-

Bions and declinations of all the stars, and that by quantities

easily calculable. The formula) most convenient for that

purpose, and which, systematically embracing at the same

time the coircctions for precession and nutation, enable the

observer, with the utmost readiness, to disencumber hia

observations of right ascension and declination of their in-

iluence, have been constructed by Prof. Besscl, and tabulated

in the appendix to the first volume of the Transactions of the

Astronomical Society, where they will be found accompanied

Avith an extensive catalogue of the places, for 1830, of the

])i'incipal fixed stars, one of the most useful and best arranged

works of the kind which has ever appeared.

(335.) When the body from which the visual ray emanates is

*tself in motion, an effect arises which Is not properly speaking

aberration, though it is usually treated under that head

in astronomical bocks, and indeed confounded with it, to the

production of some confusion in the mind of the student.

The effect in question (which is Independent of any theoretical

views respecting the nature of light*) may be explained as

follows. The ray by Avhich 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 apjJied as a correction, not to the line join-

ing the earth's place at the moment of observation with that

occapled by the bcly at the same moment, but at that ante-

cedent instant when the ray quitted it. Hence it is easy

to derive the rule given by astronomical writers for the case

* I
;.

The results of the iindulntory and corpuscular theories of light, in the

niiitter of iibcrration are, in the main, the same. We say in the main. There
is, however, a minute tliflerence even of numerieal results. In the undulatory
doctrine, the propagation of light takes place with equal velocity in all direc-

tions, whetliL'r the luminary be at rest or in motion. In the corpuscular, with

an excess of velocity in the direction of the motion over that in the contrary

equal to tvice the velocity of the body's motion. In the cases, then, of a body
moving with equal velocity diici'tly to and directly from the earth, the aberra-

tions will l)e a/i/ie on the undulatory, but difl'erent on the corpuscular hypothesis.

Tlie utmost dillerence which can arise from this cause «/i uur si/stan cannot
amount to <ibove six thousandths of a second.
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of a moving object. From the known laws of its motion and

the eartKs, calculate its apparent or relative angular motion in

the time taken by light to traverse its distance from the earth.

This is the total amount of its apparent misplacement. 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 the composi-

tion of the earth's motion with that of light, the other being

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 astro-

nomical observation consists in applying to the place of the

observed heavenly body as read off on the instruments (sup-

posed perfect and in perfect adjustment) five distinct and

independent corrections, viz. those for refraction, parallax,

aberration, precession, and nutation. Of these the correc-

tion for refraction enables us to declare what would have

been the observed place, were there no atmosphere to

displace it. That for parallax enables us to say from its

place observed at the surface of the earth, where it would

have been seen if observed from the centre. That for aberra-

tion, where it would have been observed from a motionless,

instead of a moving station : while the corrections for pre-

cession 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 recapitu-

lation 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 astronomical correction its amount must be

applied in a contrary sense to that in which it affects the

oljservatlon ; a remark equally applicable to all other cor-

rections.

(338.) The general nature of parallax or rather of paral-

."n-
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lactic 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 being

observed, not from that point which we have fixed upon as a

conventional central station (from which we conceive the

apparent motion would be more simple in its laws), but from

some other station remote from such conventional centre : not

from the centre of the earth, for instance, but from its sur-

face : 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 displacement is called the diurnal or geocentric

parallax ; in the latter the annual or heliocentric. In either

case parallax is the correction to be 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 versd, 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 perpen-

dicular to the surface at A,

then will the object be seen

from A in the direction A S,

and its apparent zenith dis-

tance will be Z A S ;

whereas, if seen from the

centre, it will appear in the

direction C S, with an an-

gular distance from the

zeni' • )f A equal to Z C S

;

so , ZAS-ZCS or

since / trigonometry C S : C A :: sin C A S = sin

A S C is the parallax. Now
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Z A S : sin A S C, it follows tiiat the sine of the parallax

Badius of earth . ^ » o= -
J.-J---J-

X sin Z A S.
Distance or 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 apparent 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 sin^e 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 its 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 elongation) : sine of heliocentric

parallax. *

(342.) On a summary view of the whole of the urano-

graphical corrections, they divide themselves into two classes,

those which rfo, and those which do not, alter the apparent

configurations of the heavenly bodies inter sc. The former

are real, the latter technical corrections. The real corrections

are refraction, aberration and parallax. The technical are

* 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.
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precession 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 classes have

one peculiarity in respect of their law, common to them all,

which the student of practical astronomy will do well to fix

in his memory. Thei/ all refer themselves to definite apexes

or points of convergence in the sphere. Thus, refraction in its

apparent effect causes all celestial objects to draw together or

converge towards the zenith of the observer : geocentric pa-

rallax, 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 pa-

rallel 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 in that

circle. When applied as corrections to an observation, these

directions are of course to be reversed.

(344.) In the quantitative law, too, which this class of cor-

rections follow, a like agreement takes place, at least as

regards the geocentric and heliocentric pai'allax and aberra-

tion, 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 refraction 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 are

to be applied to any observation, it is as follows: 1. Refraction

;

2. Aberration; 3. Geocentric Parallax; 4. Heliocentric Pa-

rallax ; 5. Nutation ; 6. Precession. Such, at least, is the

order in theoretical strictness. But as the amount of aberra-

tion and nutation is in all cases a very minute quantity, it

matters not in what order they arc applied ; so that for prac-

tical convenience they are always thrown together with the

precession, and applied after the others.
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CHAPTER VI.

OP 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 OP THE ANGULAR VELOCITY. — EQUABLE DESCRIPTION

OF AREAS.— PARALLAX OF THE SUN. — ITS DISTANCE AND MAG-

NITUDE. COPERNICAN EXPLANATION OF THE SUN'S APPARENT

MOTION.— PARALLELISM OF THE EARTIl'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. FACULiE.

PROBABLE NATURE AND CAUSE OF THE SPOTS ATMOSPHERE

OF THE SUN ITS SUPPOSED CLOUDS— TEMPERATURE AT ITS

SURFACE — ITS EXPENDITURE OF HEAT.— TERRESTRUL EFFECTS

OF SOLAR RADLA.TION.

(346.) In the foregoing chapters, it has been shown that the

apparent path of the sun 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 ascension 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 found that, even in its own proper

path, its apparent angular motion is far from uniform. The

S4,:
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change of longitude in twenty-four mean solar hours averages

0° 59' 8"'33
; but about the Slst of December it amounts to

V 1' 9''-9, and about the Ist of July is only 0° 57' ll"-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

with 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 differ-

ent seasons of the year, with an instrument adapted for that

purpose, called the hdiometer*f or, by calculating from the

time which its disc takes to traverse the meridian in the

transit instrument. The greatest apparent diameter corre-

sponds 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, must 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 1*01679, 1 00000, and

0*98321; and that its apparent angular velocity diminishes

as the distance increases, and vice versd.

(349.) It follows from this, that the real orbit of the sun,

as referred to the earth supposed at rest, is not a circle with

the earth in the centre. The situation of the earth within it

is excentric, the excentricity amounting to 0*01679 of the

mean distance, which may be regarded as our unit of measure

in this inquiry. But besides this, the form of the orbit is

not circular, but elliptic. If from any point O, taken to

represent the earth, we draw a line, O A, in some fixed

* 'HAios the sun, and utrpnv to measure.
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direction, from which we then set off a scries of angles,

A O B, A O C, &c. equal to the observed longitudes of the

sun throughout the year, and in

these respective directions mea-

sure off from O the distances

O A, O B, O C, &c. representing
jjj

the distances deduced from the

observed diameter, and then con-

nect all the extremities A, B, C,

&c. 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 cir-

cular figure in the resulting curve becomes apparent ; it is found

to be evidently longer than it is broad— that is to say, ellip-

tic, and the point O 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 situ-

ation of that point with respect to the longer axis, or diameter

of the ellipse. This, however, is readily done; and when nu-

merically calculated, on the supposition of the excentricity

being such as above stated, a perfect coincidence is found to

subsist between the distances thus computed, and those de-

rived from the measurement of the apparent diameter.

(350.) The moan 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 dif-

ferent periods, comparing them with the mean value, and also

with the corresponding distances, it will be found, that, by

• See Conic Sections, by the Rev. H. P. Hamilton, or any other of the vtry

numerous works on this subject.

.':S*
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whatever fraction of its mean value the (hftance exceeds thu

mean, the angular velocity will fall short of iis mean or average

quantity by very nearly twice as great a fraction of the latter,

and vice versa. Hence we are led to conclude that the a/it/ular

velocitif is in the inverse proportion, not of the distance simply,

but of its square ; eo that, to compare the diiily motion in

.

longitude of the sun, at one point, A, of its path, with that

at B, we must state the proportion thus :
—

O B'^ : O 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 wc 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 uni-

form, but must be greatest at its least distance and less at its

greatest. For, were it uniform, the apparent 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 perspective, correspond to apparent angular

displacements inversely as those distances. Since, then,

observation indicates a more rapid law of variation in the

angular velocities, it is evident that mere change ot 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 terid to

render the calculation of its longitude from theory {i. c. from

a knowledge of the causes and nature of its motion) difi/cult

;

and indeed impossible, eo long as the law of its actual velocity

continues unknown. This laio, 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 series of observations registered
tti it

)
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during an entire period. It was not, therefore, without much
painful and laborious calculation, that it was discovered by
Kei)ler (who was also the first to ascertain the cllij)tic form
of the orbit), and announced in the following terms:— Let a

line be always supposed to connect the sun, supposed iu

motion, with the earth, supposed at rest; then, as the sun
moves along its ellipse, this line (which is called in astronomy
the radius vector) will describe or sicccp over that portion of

the whole area or surface of the ellipse which is included

between its consecutive positions : and the motion of the sun
will be such that equal areas are thus stcept over by the re-

volving radius vector in equal times, in whatever part of the

circumference of the ellipse the sun may be moving.

(353.) From this it necessarily follows, that in «?iequal

times, the areas described must be proportional to the times.

Thus, in the figure of art. 349. the time in which the san

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 O 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 pro-

jection on the heavens is the great circle so called. In this

plane, however, the actual path is not circular, but elliptical

;

having the earth, not in its centre, but in one focus. The
excentricity of this ellipse is 0*01679, in parts of a unit equal

to the mean distance, or half the longer diameter of the ellipse;

i, i. about one sixtieth part of that semi-diameter ; and the

motion of the sun in its circumference is so regulated, that

equal areas of the ellipse are passed over by the radius vector

in equal times.

(355.) What we have here stated supposes no knowledge

of the sun's actual distance from the earth, nor, consequently,

of the actual dimensions 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

p
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access. Now, it is obvious, that its parallax alone can afford

us any infoiwation on this subject. Suppose P A B Q to

represent the earth, C 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 spe* tators, boil* observing the sun

S at the same instavii. The spectator A will see it in the

direction A Sa, and will refer it to a point a in the infinitely

distant sphere of the fixed stars, while the spectator B will

see it in the direction B S i, and refer it to b. The angle

included between these directions, or the measure of the

celestial arc 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 C (art. 339.) is the parallax of

the sun as seen from A, and B S C as seen from B, the angl'^

A S B, or the total apparent disp' ^cement is the sum of tlie

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 north and south

of the places of observation. For the sum in question would

then be equal to the angle Z C X, which is the meridional

distance of the stations across the equator. But the effect

of parallax being in both cases to increase 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
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angle A S B. This angle, then, is obtained by subducting

the sum of the nor»,iti 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 condition 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 coure3, 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,

therefore, 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 co»i

eluded from observations of the nature above described, p'3r-

formed in stations the most remote from each other in latitude,

at which observatories have been instituted. 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 as

this quantity is, there can be no doubt that it is a tolerably

correct approximation to the t^uth ; and in conformity with it,

we must admit the sun to be situated at a mean distance

from us, t)f no less than 23984 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 magnitude, and of the scale on

which those important processes are carried on within it, by
t 3
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wliich 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 milts, and subtending an angle of 32' 3", must

have a real diameter of 882000 miles. Such, then, is the

diameter of this stupendous globe. If we compare it with

what we have already ascertained of the dimensions of our

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 hardly possible to avoid associating our con-

ception of an object of definite globular 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 structure

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 ascertained 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 g' eater dimensions of

the machinery, and impressing us with the prevalence of

similar mechanical laws, and of, at least, such a community

of iiature 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 Avith the attribute of inertia, or

weight, it becomes difficult to conceive its circulation 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 invisible 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 tliem,

'
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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 comparatively 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 difference, so far as appearances are

concerned, provided the stars be sujiposed 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 enquiry ; and from the absence

of any measureable amount of such displacement, we can con-

clu( ' Qv
' "ig but this, that the scale of the sidereal universe

is St tv. v^, 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 con-

formity with the laws of dynamics, that two bodies connected

with 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 enquiry, whereabouts between them this centre is

situated. Mechanics teach us that its place will divide their

mutual distance in the inverse ratio of their weights or

masses* ; and calculations grounded on phenomena, of which

an account will I c given further on, inform us that this ratio,

in the case of ti. ^ :j and earth, is actually that of 354936

to 1,— the sui; i

:'^,o
in that proportion, more ponderous

than the earth. Frc;.. fvh it will follow that the common
point about which the/ both circulate is only 267 miles from

the sun's centre, or about 770 yth part of its own diameter.

(361.) Henceforward, then, in conformity with the above

statements, f.nd with the Copernican view of our system, we
must learn to look upon the sun as the comparatively motion-

less centre about which the cai ch performs an annual elliptic

orbit of the t' fusions and excentricity, and wi.h a velocity,

* Pifncipia, lib. i. lex. iii. cor. 14.
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surface in these positions. Now, Ist, in the position A, the

6un is vertically over the intersection of the equinoctial FE
and the ecliptic H G. It is, therefore, in the equinox ; and

in this position the poles P Q, both fall on the extreme con-

fines of the enlightened side. In this position, therefore, it

is f!ay over half the northern and half the sout 3rn hemisphere

at I nee; and as the earth revolves on its axis, every point

of itb 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 neighbour-

hood, 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 ; therefore,

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 egion of the

earth which encircles this pole as far as B— that is, to the

distance of 23° 28' from the pole, or within what is called in

geography, the arctic circh. 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 compre-

hended 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 hemi-

sphere ; 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 versa. All these phenomena are exactly

inverted when the earth comes to the opposite point D of its

orbit.
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(366.) Now, the temperature of any part of the earth's

surface depends mainly on its exposure to the sun's rays.

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 aveiage ; 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 C, 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 sanrr; phenomena, it is

obvious, must again occur, but reversed,— it being now
v'.er in the northern and summer in the southern hemi-

dphere.

(367.) All this is exactly consonant to observed fact.

The continual day within the polar circless ' i 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 hemi-

spheres, 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 term must be explained. If, at any point, X, of the

orbit, we draw XP the earth's axis, and X S to the sun, it

is evident that the angle PXS will be the sun's polar
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distance. Now, this angle is at its maximum in the position

D, and at its minimum at B ; being in the former case = 90"

+ 23° 28'= 103° 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.

(368.) The elliptic form of the earth's orbit has but a very

trifling share in producing the variation of temperature cor-

responding to the difference of seasons. This assertion may
at first sight seem incompatible with what 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 proportion of the square

of the distance. But we have seen (art. 350.) that this is

also the pi'oportion in which the angular velocity of the earth

about the sun varies. Hence it appears, that the momentary

supply of heat received by the earth from the sun varies in

the exact proportion of the 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; AQMP the earth's orbit;

A its nearest point to the sun, or, as

it is called, the perihelion of its orbit

;

M the farthest, or the aphelion ; and

therefore ASM 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 longitude in moving from P
to Q, and as many in moving from Q to P. It appears,

therefore, from what has been shown, that the supplies of heat
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received from the sun will be equal in the two segments, in

whatever direction the line P S Q be drawn. They will, in-

deed, be described in unequal times ; that in which the peri-

helion A lies in a shorter, and the other in a longer, in pro-

portion 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 transition of seasons.

The fluctuation of distance amounts to nearly ^\jth of its mean

quantity, and, consequently, the fluctuation in the sun's

direct heating power to double this, or y'^th of the whole.

Now, the perihelion of the orbit is situated nearly at the

place of the northern winter solstice ; sc 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 light is accorded

to both.

(369.) This does not prevent, however, the direct impres-

sion 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 hemi-

sphere than in the northern. One fifteenth is tooconsiderable

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. *

* See the account of Captain Start's exploration in Athcna5um, No. 1012.
" Tlie ground was almost a molten surface, and if a match accidentally fell

upon it, it immediately ignited." The author has observed the temperature of

the surface soil in South Africa ns high as 159° Fahrenheit. An ordinary
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(370.) A conclusion of a very remarkable kind, recently

drawn by Professor Dove from the comparison of thermcmetrio

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 tempera-

ture of the whole earOCs surface in June considerably exceeds

that in December. This result, which is at variance with

the greater proximity 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 sun-

shine 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 the surface never acquires a very elevated temperature

even under the equator.

(371.) The great key to simplicity of conception in astro-

nomy, and, indeed, in all sciences where motion is concerned,

consists in contemplating 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 office of natural centres— advantageous sta-

tions for the eye of reanon and theory. Having learned to

attribute an orbitual motion to the earth, it loses this advan-

tage, which is transferred to the sun, as the fixed centre about

which its orbit is performed. Precisely as, when embarrassed

lucifer match docs not ignite when simply pressed upon a smooth surface at

31 2°, but in the act of withdrawing it, it takes fire, and the slightest friction upon
such a surface of course ignites it.
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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, wo

shall find ourselves continually embarrassed by the orbitual

motion of our point of view, unless, by the consideration of

the annual or heliocentric parallax, 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 distinction between the geocentric and heliocentric place of

an object. The former refers its situation in space to an ima-

ginary sphere of infinite radius, having the centre of the earth

for its centre— the latter to one concentric with the sun.

Thus, when we speak of the heliocentric longitudes and lati-

tudes 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.

(372.) The point in the imaginary concave of an infinite

heaven, to which a spectator in the sun refers the earth, must,

of course, be diametrically opposite to that to which a spec-

tator on the earth refers the sun's centre ; consequently the

heliocentric latitude of the earth is always nothing, and its

heliocentric longitude always equal to the sun's geocentric

longitude + 180°. The heliocentric equinoxes and solstices

arc, therefore, the same as the geocentric reversely named

;

and to conceive them, w^ 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 intersection 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 CL I be the ecliptic, E the vernal equinox, L the autumnal

{i. e. the points to which the earth is referredfrom the sun when

its heliocentric longitudes are 0° and 180° respectively). Sup-

posing the earth's motion to be performed in the direction
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E C L I, the angle E S A, or the longitude of the perihelion,

in the year 1800 was 99° 30' 5'
: we aay in the year 1800,

because, ii; 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 better 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 we should

only have to reduce to numbers the proportion following; viz.

One year : the time elapsed:: 360° : the arc of longitude

passed over. The longitude so calculated is called in astro-

nomy 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 at any proposed

moment. Nevertheless, as the excentricity and deviation

from a circle are small, the true place will never deviate very

far from that so determined (which, for distinction's sake, is

called the mean place), and the former may at all times be

calculated from the latter, by applying to it a correction or

equation (aa 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 angles are desciibed

uniformly, the proportion must now be stated thus ;—One

year : the time elapsed ::the whole area of the ellipse : the

area of the sector swept over by the radius vector in that time.

This area, therefore, becomes known, and it is then, as above

observed, a problem of pure geometry to ascertain the angle

about the sun (A S ^,Jig- art. 368.), which corresponds to any

proposed fractional area of the whole ellipse supposed to be

I !1
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contained in the sector APS. Suppose we set out from A
the perihelion, then will the angle A S P at first increase more

rapidly than the mean longitude, and will, therefore, during

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 overtakes it.

(375.) The quantity by which the true longitude of the

earth differs from the mean longitude is called the equation

of the centre, and is additive 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 substractive, 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 ascertain its place, the true longitude be-

comes known; and since the sun is always seen from the

earth in 1 80° 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 per-

formed 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 ex-

pressed in terms of the excentricity. Vice versa, therefore,

if the former quantity can be ascertained by observation, the

latter may be derived from it ; because, whenever 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,
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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 ex-

ceeds or falls short of the mean ; and the greatest amount of

this excess or defect which occurs in the whole year, is the

maximum equation of the centre. This, as a means of ascer-

taining the eccentricity of the orbit, is a far more easy and

accurate method than that of concluding the sun's distance by

measuring its apparent diameter. The results of the two

methods coincide, however, perfectly.

(378.) If the ecliptic coincided with the equinoctial, the

effect of the equation of the centre, by disturbing the unifor-

mity of the sun's apparent motion in longitude, would cause

an inequality in its time of coming on the meridian on suc-

cessive days. When the sun's centre comes to the meridian,

it is 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 -^ regulated solar clock. But, independent of the

want • ^ormity in its motion, the obliquity of the ecliptic

gives rise to another inequality in this respect ; in conse-

quence of which, the sun, even supposing its motion in the

ecliptic uniform, would yet alternately, in its time of attain-

ing the mei'idian, anticipate 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 spherical triangle, of

which its longitude is the hypothenuse, it is clear that the

uniform increase of the latter must necessitate a deviation

from uniformity in the increase of the former,

(379.) 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 diifer-

ence 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
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to the same thing, the moment, in mean time, of the sun's

culmination for each day, is set down as an astronomical phae-

nomenon to be observed.

(380.) As the sun, in its apparent annual course, is carried

along the ecliptic, it? declination is continually varying be-

tween the extreme limits of 23° 27' 30" north, and as much
south, which it attains at the solstices. It is consequently

always vertical over some part or other of that zone or ,e\t

of the earth's surface which lies between the north and sou h

parallels of 23° 27' 30". These parallels are called in geo-

graphy the tropics ; the northern one that of Cancer, and the

southern, of Capricorn ; because the sun, at the respective

solstices, is situated in the divisions, or signs of the ecliptic

80 denominated. Of these signs there are twelve, each oc-

cupying 30° of its circumference. They commence nt the

vernal equinox, and are named in order— Aries, Taurus,

Gemini, Cancer, Leo, Virgo, Libra, Scorpio, Sagittarius,

Capricornus, Aquarius, Pisces.* They are denoted also by

the following symbols : — T, 8, n, ©, ^, nn, ^, v\, t,

yf, tij, H. Longitude itself is also divided into signs,

degrees, and minutes, &c. Thus 5' 27° 0' corresponds to

177° 0'.

(381.) These Signs are purely technical subdivisions of

the ecliptic, commencing from the actual equinox, and are not

to be confounded with the constellations so called (and some-

times so symbolized). The constellations of the zodiac, as

they now stand arranged on the ecliptic, are all a full

*' sign " in advance or anticipation of their symbolic cog-

nomens thereon marked. Thus the constellation Aries

actually occupies the sign Taurus 8, the constellation

Taurus, the sign Gemini n , and so on, the signc having re-

treated t among the stars (together with the equinox their

origin), by the effect of precesfilon. The bright star Spica in

the constellation Virgo (a Virginis), by the observations of

* They may be lomembered by the following memorial hexameters :
—

Su"!*: Aries, Taurus, Gemini, Cancer, Leo, Virgo,

Libi;tqiie, Seorpius, Arcitenens, Caper, Amphora, Pisces.

I Retreated is here used with reference to longitude, not to the apparent

diurnal mot' on.
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Ilipparchus, 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 c^ och, would be

in longitude 5* 24° 0', or in the 24th degree of the sign Si,

whereas in the latter epoch it stood in the 2l8t degree of nji,

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 ordi-

nary reckoning (by degrees, &c. from to 360) adopted in

its place, and the names Aries, Virgo, &c. are becoming re-

stricted 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". The parallels

of latitude, at this distance from cither pole, are called the

polar circles, and arc 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 immediate belts

temperate zones. These last, however, are merely names

given for the sake of naming; as, in fact, owing to the ditFcvent

distribution of land and sea in the two hemispheres, zones of

climate are not co-terminal with zones of latitude.

(383.) Our seasons are determined by the apparent pas-

sages of the sun across the equinoctial, and its alternate arrival

in the northern and southern hemisphere. Were the equinox

invariable, this would hajipen at intervals precisely equal to

the duration of the ridercal year ; but, in fact, 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 somewhat before the whole sidereal circuit is completed.

The annual retreat of the equinox is 50"* 1, and this arc is

• When, however, the place of the sun is spoken of, the old usage prevails.

Thus, if we say " the sun is in Aries," it would lie interpreted to mean between
0° aiid 30° of longitude. So, also, " the first point of Aries" is still understood
Xo mean the vernal, and " the first point of Libra," the autuwial equinox ; and
so in a few other cases.
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describefl b^ the sun in the ecliptic in 20" 19**9. By so

ranch 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* 6'' 9™

9'*6, it follows, 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 11"'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

ll''-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* 6'^ 13™ 49^*3 *, and is

what is called the anomalistic year. AU 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 be a compound

phenomenon, depending chiefly and directly on the annual

revolution of the earth round the sun, but subordinately also,

and indirectly, on its rotation round its own axis, which is

what occasions the precession of the equinoxes ; 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 in-

fluence on others with which at first sight it could not possibly

be supposed to have any thing to do.

(385.); As a rough consideration of the appearance of the

earth points out the generjil roundness of its form, and more

exact enquiry has led us first to the discovery of its elliptic

figure, and, in the further progress of refinement, to the per-

ception of minuter local deviations from that figure ; eo, in

investigating the solar motions, the first notion we obtain

is that of an orbit, generally speaking, round, and not far from

* These numbers, as well as all the other numerical data of our system, arc

taken from Mr. Daily's Astronomical Tables and Formula;, unless the contrary
is expressed.
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a circle, which, on more careful and exact examination, proves

to be an ellipse of small cxcentricity, and described in con-

formity with certain laws, as above stated. Still minuter

enquiry, however, detects yet smaller deviations again from

tiiis form and from these law"-, of which we have a specimen

in the slow motion of the axis of the orbit spoken of in art.

372. ; and which are generally compreliended under the name

of perturbations and secular inequalities. Of these deviations,

and their causes, we shall speak liereafter 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 explana-

tion cannot be understood till we have developed the law of

gravitation, and carried it into its more direct consequences.

This will be the object of our three following chapters ; 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 planetary movements. We shall conclude

this by describing what is known of the physical constitution

of the sun.

(386.) When viewed through powerful telescopes, provided

with coloured glasses, to take off the heat, which would other-

wise 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 contracts into

a point, and vanishes before the border. Occasionally they

break up, or divide into two or more, and in those cases offer

every evidence of that extreme mobility which belongs only

to the fluid state, and of that excessively Violent agitation

Q 2
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which seems only compatible with the atmospheric or gaseous

state of matter. The scale on which their movements take

place is immense. A single second of angular measure, as

seen from the earth, corresponds on the sun's disc to 461

miles ; 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 fur from 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 con-

stant state of change. There is nothing which represents so

faithfully this appearance as the slow subsidence of some

flocculcnt clicmical precipitates in a transparent fluid, when

viewed perpendicularly from above : so faithfully, indeed,

that it is hardly possible not to be impressed with the idea of

a luminous medium intermixed, but not confounded, 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 tho streamers of our northern lights, directed

in lines perpendicular to the surface.

(388.) Lastly, in the neighbourhood of great sjiots, or ex-

tensive groupj 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 /«<??</«,

and among these, if not already existing, spots frequently

break out. They may, perhaps, he regarded with most pro-

bability, as the ridges of immenf<e waves in the luminous

regions of the sun's atmosphere, indicative of violent agitation

Mayer, Obs. Mar. 15. 1758. " Ingcns iiuiciila in sole conspicicbatur,

ciijus diainetor=3'5 diain, soils."
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ill their iieighbourhood. They arc most commonly, and best

seen, towards the borders of the visible disc, and their ap-

pearance is as represented in Plate I. fig. 1.

(38y.) But what are the spots? Many fanciful notions

liavo been broached on this subject, but only one seems to

have any degree of physical probability, viz. that they arc

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, different ideas again have been advocated. La-

lande (art. 3240.) suggests, that eminences in the nature of

mountains are actually laid bare, and project above the lumi-

nous ocean, appearing black above it, while their shoaling

declivities produce the penumbras, where the luminous fluid

is less deep. A fatal objection to this theoiy is the uniform

shade ofthe 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 AVilliam Ilerschel*, who considers the luminous

strata of the atmosphere to be sustained far above the level of

the solid body by a transparent clastic medium, carrying on

its upper sui'face {or ratlicr, to avoid the former objection, at

some considerultbj loiccr Iced icitldu its depth) a cloudy stratum

which, being strongly ilhiniliuited from above, reflects a con-

siderable portion of' the light to our eyes, and forms a pe-

numbra, while the solid body

shaded by the clouds, reflects

none (See Jiff.) The tem-

porary 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.

* riiil. Trans. 1801.
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(.390.) When the spots arc attentively watched, their

situation on the disc of the sun is observed to change. They

advance regularly towards its western liinb or border, where

they disappear, and are replaced by others which enter at the

eastern limb, and which, pursuing their respective coui'ses,

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 csise 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 con-

form to this view of their nature, being, 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 apjjear 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 consequently, 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 line which passes through

the place of the earth on these days. The situation of this

line, or the line of the 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 arc respectively 80° 21'

and 260° 21' (= 80° 21'+ 180°) being, of course, diametrically

o])posite in direction.

(391.) The inclination of the sun's axis (that 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

ypot ; in order to do which, its appai'cut place on the sun's disc
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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 effect of foreshortening

before they attain the actual border of the disc— but the

Uirgcr spots being traceable closer to the limb than the

smaller. *) The reduction of such observations, or the con-

clusion 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 disc. In this case the axis

of rotation of the sun will be situated in a plane passing

through the earth and at right angles to the plane of the

ecliptic. Suppose C to represent the sun's centre, P C J5
its

axis, E C the line of sight, P N Q Ap S a section of the sun

passing 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

* The great spot of Dcccmbci, 1719, is stated to have been seen as a notch in

the limb of the sun.

q4
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at A, and would be seen projected on C, the centre of the aim.

It is actually at Q, projected upon D, 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 bcinj^

C D
known by micrometric measurement, the value of _, -=-f or the

•' C N
cosine of Q C N, the inclination of the sun's 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 hemisphere. 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 gj ) 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 con-

ventional language of astronomers in si>eaking of these matters.

(392.) If the observations are made at other seasons (which,

however, arc 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. * Accord-

ing to the best determinations we 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

liours 48 minutes, f

* Sl'c tlio theory in L;il;inde's Astronomy, art. 3258., and the formulae of
tMiii|)utation in a paper by I'etersen Schumacher's Naclirichten, No. '1 19.

f Hianchi (Sclutniacliers Nach., 48.3,), agreeing with I-augier. Delatnbre

makes it 25'' O"" 17'"; I'et' r.-^en, 25'' J'" i}0">. The inclination of tlie axis is

uncertain to half a degree, ;iiul the node to several degrees. Tlie continual

changes in the spots theniselve-. cause this uncei'tainty.
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(393.) The region of the spots is confinetl, generally speak-

ing, within about 25° on either side of the sun's equator

;

Ijcyond 30° they are very rarely seen ; in the polar regions,

never. The actual equator of the sun is also less frequently

visited by spots than the adjacent zones on either side, and a

very material difference in their frequency and magnitude

subsists in its northern and southern hemisphere, those on the

northern preponderating in both respects. The zone com-

prised between the 11th and 15tli 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 nu-

merous, 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 indica-

tive 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. etseq.)

(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 equator, their configurations

inter se, their size, or other peculiarities, as well as by the In-

terval elapsing between their disappearance at one limb and

reappearance on the other. In a few rare cases, however,

they have been watched round many revolutions. The great

spot of 1779 appeared during six months, and one and the

same (jroupe was observed In 1 840 by Schwabe to return

eight times. * It has been surmised, with considerable appa-

rent probability, that some spots, at least, are generated again

'^ki^?1

"14
C"'

• Si-lium. Nacli. No. '118. p. l.O'O. The recent pajicis of Biclu, Capocci,

Seliwabe, I'astorH", and ScliiuicU, in that cullcctioii, will be found liijjhly

iiiturcsting.
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and again, at distant intervals of time, over 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 with

respect to the exact duration of its rotation renders it very

difficult to obtain convincing evidence of this ; nor, indeed, can

it be expected, until by bringing together into one connected

view the recorded state of the sun's surface during a very

long period of time, and comparing together remarkable

spots which have appeared on the same parallel, some precise

periodic time shall be found which shall exactly conciliate

numerous and well-characterized appearances. The enquiry

is one of singular interest, as there can be no reasonable

doubt that the supply of light and heat afforded to our globe

stands in intimate connexion with 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 somewhpt

imperfect transparency. When the whole disc of the sun is

seen at once through a telescope magnifying moderately

enough to allow it, and with a darkening glass such as to

suffer it to be contemplated with perfect comfort, it is very

evident that the borders of the disc are much less luminous

than the centre. That this is no illusion is shown by project-

ing the sun's image undarkened and moderately magnified,

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 appearance will be observed. This can only

arise from the circumferential rays having undergone the

absorptive action of a much greater thickness of some imper-

fectly transparent envelope (due to greater obliquity of their

passage through it) than the central.—But a still more con-

vincing and indeed decisive evidence is offered by the phaeno-

mcna 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.
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tlio moon being largo enough to cover and surpass, by u

very small breadth, the whole diso of the sun. Now when
this takes place, w^ere there no vaporous atmosphere capable

of reflecting any light about the sun, the sky ought to appear

totally dark, since (as will hereafter 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, as represented in PI. 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 beautifully seen in the

eclipse of July 7. 1842, and with this most remarkable

addition— witnessed by every spectator in Pavia, Milan,

Vienna, and elsewhere : three 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

oeen cloudy masses of the most excessive tenuity, and which

doubtless owed their sui)port, and probably their existence, to

such an atmosphere as we are now speaking of.

(396.) That the temperature at the visible surface of the

sun cannot be otherwise than very elevated, much more so

than any artificial heat produced in our furnaces, or by che-

mical or galvanic processes, we have indications of several

distinct kinds : 1st, From the law of decrease of radiant heat

and light, which, being inversely as the squares ofthe distances,

it follows, that the heat received on a given area exposed at

the distance of the earth, and on an equal area at the visible

surface of the sun, must be in the proportion of the area of

the sky occupied by the sun's apparent diso to the whole

hemisphere, or as 1 to about 300000. A far less intensity of

solar radiation, collected in the focus of a burning glass, suf-

fices to dissipate gold and platina in vapour. 2dly, From the

facility with which the calorific rays of the sun traverse glass.

'^'rt
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a property which is fuund to belong to the heat of artificial

fires in the direct proportion of their intensity.* 3dly, From
the fact, that the most vivid flames disappear, and the most

intensely ignited solids aj)pear only as black spots on the disc

of the sun when held between it and the eyc.f From the

last remark it follows, that the body of the sun, however dark

it may appear when seen through its spots, may, nevertheless,

be in a state of most intense ignition. It docs not, however,

follow of necessity that it must be so. The contrary is at

least physically possible. A perfectly rejlectwe canopy would

effectually defend it from the radiation of the luminous regions

above its atmosphere, and no heat would be conducted down-

wards through a gaseous medium increasing rapidly in density.

That the penumbral clouds are highly reflective, the fact of

their visibility in such a situation can leave no doubt.

(397.) As the magnitude of the sun has been measured,

and (as we shall hereafter see) its weight, or quantity of pon-

derable matter, ascertained, so also attempts have been made,

and not wholly without success, from the heat actually com-

municated by its rays to given surfaces of material bodies

exposed to their vertical action on the earth's surface, to esti-

mate the total expenditure of heat by that luminary in a given

time. The result of such experiments has been thus an-

nounced. Supposing a cylinder of ice 45 miles in diameter, to

be continually darted into the sun icith the velocity of liglit, and

that the water produced by its fusion were continually carried

off", the heat now given off constantly by radiation would then

be wholly expended in its liquefaction, on the one hand, so as

to leave no radiant surplus ; while, on the other, the actual

temperature at its surface would undergo no diminution.

(398.) This immense escape of heat by radiation, wc may
remark, will fully explain the constant state of tumultuous

* Uy direct measurement with the actinonwler, I find that out of UXX)
calorific solar rays, 816 penetrate a sheet of plate glass 0'12 inch thick; and
that of lOOO rays which have passed through one such plate, 853 are capable
of passing through another. II. 1827.

f The ball of ignited (juicklime, in Lieutenant Drummond's oxy-hydrogcn
lamj), gives the nearest imitation of the solar splendour which has yet been
produced, Tlie appi)earancc of this against the sun was, however, as described
in an inipeifect trial at which I was present. 'J'ho experiment ought to be
repeated under favourable circumstances. — A'o<e tu the ml, of 1833.
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ap^itiition in wliifli tlic fluiila composing tlic visiMo surfiicc Jiro

iiiMiiitaincd, iind the continnal gcncmtion and filling in of tin:

pni'fs, without having recourse to internal causes. The mode

of action here alluded to is perfectly represented to the eye

in the disturbed subsidence of a precipitate, as describca in

art. .'iH7., when the fluid from which it subsides is warm, and

losing heat from its surface.

(399.) The sun's rays are the ultimate source of almost

every motion which takes place on the surface of the earth.

By its heat are produced all winds, and those disturbances in

the electric equilibrium of the atmosphere which give rise to

the phenomena of lightning, and probably also to those of

terrestrial magnetism and the aurora. By their vivifying action

vegetables are enj))led to draw support from inorganic njatter,

and become, in their turn, the support of animals and of man,

and the sources of those great deposits of dynamical efficiency

which arc laid up for human use in our coal strata.* By them

the waters of the sea arc made to circulate in vapour through

the air, and irrigate the land, producing springs and rivers. By
them arc produced all disturbances of the chemical equilibrium

of the elements of jutture, which, by a series of compositions

and decompositioi.j, ^ive rise to new products, and originate

a transfer of materials. Even the slow degradation of the

solid constitaents of the surface, in which its chief geological

changes consist, is almost entirely due on the one hand to the

abrasion of wind and rain, and the alternation of heat and

frost ; on the other to the continual beating of the sea waves,

agitated by winds, the results of solar radiation. Tidal action

(itself partly due to the sun's agency) exercises here a com-

paratively slight influence. The effect of oceanic currents

(mainly originating in that influence), though slight in abrasion,

is powerful in diffusing and transporting the matter abraded

;

and when we consider the immense transfer of matter so pro-

duced, the increase of pressure over large spaces in the bed

of the ocean, and diminution over corresponding portions of

the land, we are not at a loss to perceive how the clastic

power of subterranean fires, thus rei)resscd on the one han i

* So in the edition of 1833.

'I
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and relieved on the other, may break forth in points when the

resistance is barely adequate to their retention, and thus brinpf

the phenomena of even vo'^anic activity under the general

law of solar influence. * '

(400.) The great mystery, however, is to conceive how so

enormous a conflagration (if such it be) can be kept up.

Every discovery in chemical science here leaves us completely

at a loss, or rather, seems to remove farther tho prospect of

probable explanation. If conjecture might be hazai*ded, we
should look rather to the known possibility of an indefinite

generation of heat by friction, or to its excitement by the

electric discharge, than to any actual combustion of ponderable

fuel, whether solid or gaseous, for the origin of the solar

radiation.f

• So in the edition of 1 833.

t Eleclricity traversing excessively rarefied air or vapours, gives out light,

and, doubtless, also ht-at. May not a continual current of electric matter be
constantly circulating in the sun's immediate neighbourhood, or traversing the

planetary spaces, and exciting, in the upper regions of its atmosnhere, 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 tliat of the aurora has been distinctly insisted on by the late Sir W. Ilerscht'l,

in his paper already cited. It would be a highly curious subject of experi-

mental inquiry, how far a mere reduplication of sheets of flame, at a distance

one behinu the other (by which their light might be brought to any required

intensity), would communicate to the heat of the resulting compound ray the

penetrating character which distinguishes the rolar calorific rays. We may also

observe, that the tranijuillity of the sun's polar, as compared with its equatorial

regions (if its spots be really atmospheric), cannot be accounted for by its ro-

tation on its axis only, but must arise from some cause external to the luminous

surface 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 alo7ie can produce no motions when once the form of equilibrium

is attained.

The prismatic « lalysis of the solar beam exhibits in the spectrum a scri'^s of
" fixed lines," toi.ally unlike those whicli belong to the light of any known ter-

restrial flame. This may hereafter lead us to a clearer insight into its origin.

But, before wc 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 no-

thing, and may conjecture every thing ; but of the blue colour of the former we
are sure ; and if this be an inherent (f, e. an absorptive) colour, the air must be

expected toac'' on tlie spectrum after the .-Mialogy of other coloured media, which

often (and esfjcdallg liyht blue media) leave unabsorbed portions separated by
dark intervals. It deserves enquiry, therefore, whether some or all the fixed

lines observed by Wollaston and Fraunhofer may not have their origin in our

own atmosphere. Ex))eriments made on lofty mountains, or tiie cars of bal-

loons, on t'.ie one liand, and on the other with reflected beams which liave been

made 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 surrounding it (whatever it be)wh'ch resists the motions of comets,

cannot be thus eliminated. — Note to the edition of 1833.
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CHAPTER VII.

01' THE MOON.— ITS SIDEREAL TERTOD.— ITS APPARENT DIAMETER.

— ITS PARALLAX, DISTANCE, AND REAL DIAMETER — FIRST

APPROXIMATION TO ITS ORBIT. — AN ELLIPSE ABOUT THE EARTH

IN THE FOCUS. — ITS EXCENTRICITY AND INCLINATION. —MOTION

OP ITS NODES AND APSIDES. OP OCCULTATIONS AND SOLAR

ECLIPSES GENERALLY. — LIMITS WITHIN WHICH THEY ARE POS-

SIBLE. THEY PROVE THE MOON TO BE AN OPAKE SOLID ITS

LIGHT DERIVED FROM THE SUN.— ITS PHASES. — SYNODIC RE-

VOLUTION OR LUNAR MONTH.—OF ECLIPSES MORE PARTICULARLY.

— THEIR PHENOMENA. THEIR PERIODICAL RECURRENCE.—PHY-

SICAL CONSTITUTION OP THE MOON.— ITS MOUNTAINS AND O-'HEU

SUPERFICIAL FE.VTURES.— INDICATIONS OP FORMER VOLCANIC

ACTIVITY.— ITS ATMOSPHERE CLIMATE.— RADIATION OF HEAT

FROrt ITS SURFACE.— ROTATION ON ITS 0"\VN AXIS.— LIBRATION.

— APPEARANCE OP THE EARTH FROM IT.

(401.) The moon, like the sun, appears to advance amongj

the stars with a movement contrary to the general diurnal

motion of the heavens, but much more rapid, so as to be

very readily perceived (as we have before observed) by a

few hours' cursory attention on any moonlight night. By
tliis continual advance, Avhich, 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*^

>jh 43m
I p.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 be veri/

different from a circle, because 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 con-

cluded from its horizontal parallax, which may be found

either directly, by observations at remote geographical sta-

tions, exactly similar to those described in art. 355., in the
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case of the sun, or by thcans of the phccndmena callctl occnl-

tations, from which also its apparent diameter is most rea-

dily and correctly found. From such observations it re-

sults that the mean or average distance of the center of the

moon from that of the earth is 5 9'9643 of the earth's equa-

torial 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 won-

derfully calculated to raise our ideas of that stupendous

luminary

!

(404.) The distance of the moon's center 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 center

is known, and the apparent zenith distance of the moon also

determined by observation ; for if we turn to the figure of

art. 339., and suppose S the moon, A the station, and C the

earth's center, the distance S C, and the earth's radius C A,

two sides of the triangle ACS are given, and the angle

CAS, which is the supplement of Z A S, the observed

zenith distance, whence it Is easy to find A S, the moon's

distance from A. From such observations and calculations

it results, that the real diameter of the moon is 2160 miles,

or about 0*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 0*0204, or about ^'tj. The difference of the

apparent diameter of the moon, as seen from the earth's cen-

ter 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 center, 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
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heavens be observed, and reduced by means of its parallax

to the earth's center, their angular intervals will become

known, so that the path of the 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 tliis is done, it is found that, neg-

lecting certain small (though very perceptible) (deviations of

which a satisfactory account will hereafter be rendered), the

form of the apparent orbit, like that of the sun, is elliptic,

but considerably more eccentric, the eccentricity amounting

to 0'05484 of the mean distance, or the major semi-axis of the

ellipse, and the earth's centre being situated in its focus.

(406.) The plane in wliich this orbit lies is not the ecliptic,

however, but is inclined to it at an angle of 5° 8' 48", wliich

is called the inclination of the lunar orbit, and intersects it in

two opposite points, wliich are called its nodes— the ascend-

ing node being that in wliich the moon passes from the

southern side of the ecliptic to the northern, and the descend-

ing the reverse. The points of the orbit at which the moon
is nearest to, and farthest from, the earth, are called respec-

tively its perigee and apogee, and the line joining them and

the earth the line of apsides,

(407.) There are, however, several remarkable circum-

stances which interrupt the closeness of the analogy, which

cannot fail to strike the reader, between the motion of the

moon around the eartli, 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 percep-

tible 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

tliis cannot be done in the case of the moon. Even in a

single revolution, 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,
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if we trace by observation, from month to month, the point

where it traverses the ecHptic, we shall find that the nodes

of its orbit are in a contimxal state of retreat upon the ecliptic.

Suppose O to be the earth, and A b 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

versa ; and let A B C D E F be a portion of the moon's

orbit, embracing a complete sidereal revolution. Suppose it

to set out from the ascending node,

A; then, if the orbit lay all in

one plane, passing tlu;ough O, it

f* would have a, the opposite point

in the ecliptic, for its descending

node; after passing which, it would

again ascend at A. But, iu fact,

its real path carries it not to a, but along a certain curve,

A B C, to C, a point in the ecliptic less than 180° distant

from A ; so that the angle A O C, or the arc of longi-

tude described between the ascending and the descending

node, is somewhat less than 180°. It then pui-sues its

course below the ecliptic, along the curve C D E, and

rises again above it, not at the point c, diametrically opposite

to C, but at a point E, less advanced In longitude. On the

whole, then, the arc described In longitude between two
consecutive passages from south to north, through the plane

of the ecliptic, falls short of 360° by the angle A O E ; or,

in other words, the ascending node appears to have retreated

in one lunation on the plane of the ecliptic by that amount.

To complete a sidereal revolution, then, it must still go on to

describe an arc, E F, on Its orbit, which will no longer,

however, bring It exactly back to A, but to a point some-

what above It, or having north latitude.

(408.) The actual amount of this retreat of the moon's

node Is about 3' 10" "64 per diem, on an average, and In a

period of 6 7 93 '3 9 mean solar days, or about 18*6 years, the

ascending node is carried round In a direction contrary to the

moon's motion in its orbit (or from east to west) over a whole

circumference of the ecliptic, Of course, in the middle of
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this period the position of the orbit must have been precisely

reversed from what it was at the beginning. Its apparent

path, then, will lie among totally different stars and con-

stellations at different parts of this period ; and this kind of

spiral revolution being continually kept up, it will, at one

time or other, cover with its disc every point of the heavens

within that limit oF latitude or distance from the ecliptic

wliich its inclination permits ; that is to say, a belt or zone

of the heavens, of 10° 18' in breadth, having the ecliptic for

its middle line. Nevertheless, it still remains true that the

actual place of the moon, in consequence of this motion,

deviates in a single revolution very little from what it would

be were the nodes at rest. Supposing the moon to set out

from its node A, its latitude, when it comes to F, having

completed a revolution in longitude, will not exceed 8'

;

which, though small in a single revolution, accumulates in its

effect in a succession of many : it is to account for, and re-

present geometrically, this deviation, that the motion of the

nodes is devised.

(409.) The moon's orbit, then, is not, strictly speaking, an

ellipse returning into itself, by reason of the variation of

the plane in wliich it lies, and the motion of its nodes. But

even laying aside this consideration, the axis of the ellipse

is itself constantly changing its direction in space, as has

been already stated of the solar ellipse, but much more

rapidly ; making a complete revolution, in the same direction

with the moon's own motion, in 3232 '5753 mean solar days,

or about nine years, being about 3° of angular motion in a

whole revolution of the moon. This is the phenomenon known

by the name of the revolution of the moon's apsides. Its

cause will be hereafter explained. Its immediate effect 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 moon, 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 and a

half the position of the axis will be completely reversed, and
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the apogee 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 plane

;

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 317.

(411.) As the moon is at a very moderate distance from

us (astronomically speaking), 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

planet witliin the zone above described (and, as seen from the

surface of 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 the 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, comes to overlap any part

of the space occupied in the heavens by that luminary. On
these occasions is exhibited the most striking and impressive

of all the occasional phenomena of astronomy, an eclipse of the

sun, in wh' ih a greater or less portion, or even in some rare

conjunctures the whole, of its disc is obscured, and, as it

were, obliterated, by the superposition of that of the moon,

which appears upon it as a circularly-terminated black spot,

producing a temporary diminution of dayUght, 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

Bun's, the very singular phenomenon of an annular solar eclipse

takes place, when the edge of the sun appears for a few
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minutes as a 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 in conjunction, that is to say, have the same, or

nearly the same, position in the heavens, or the same lon-

gitude. It appears by art. 409. that this condition can only

be fulfilled at the time of a nev:) 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 tliis end we
must consider, that, by the effect of parallax, the moon's

apparent edge may be thrown in any direction, according to

a spectator's geographical station, by any amount not ex-

ceeding the horizontal parallax. Now, this comes to the

same (so far as the possibility of an eclipse is concerned) as

if the apparent 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 must

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 sum 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 h the sun's centre, M the moon's, S N the

ecliptic, M N the moon's orbit, and N the node, we may
suppose the angle N S M a right

anirle, S M ::z 1° 34' 27", and the

angle M N S =: 5° 8' 48", the in-

clination of the orbit. Hence we
calculate S N, which comes out

16° 58'. If, then, at the moment
of the new moon, the moon's node is farther from the sun
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in longitude than this limit, there can l)o no eclipse; if

within, there may, and probably will, at sonic part or other

of the eartli. 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 semidiameters exactly ascertained, and tho

local parallax, and apparent augmentation of the moon's

diameter due to the difFcrencc of her distance from the

observer and from the centre of the earth (wliich may
amount to a sixtieth part of her horizontal diameter), de-

termined ; 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 sunilar considerations. An occultation is possible, when
the moon's course, as seen from the earth's centre, carries her

witliin a distance from the star equal to the sum of her

semidlameter 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 tho

sum of her augmented scmidiameter and actual parallax. Tho
details of these calcidations, wliich are somewhat troublesome,

must be sought elsewhere.*

(414.) The phenomenon of a solar eclipse and of an occul-

tation arc 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 in-

tercepting light like a solid. They prove to us, also, that at

those times when we cannot sec 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 luiscen. For occulta-

tions take place indifferently at the dark and bright, the

visible and invisible outline, Avhichcver happens to be towards

the direction in whicli the moon is moving ; with this only

difference, that a star occulted by the bright lunb, if tho

* Woodhouse's Astronomy, vol. i. See also Trans. Ast. Soc. vol. i. p. 325
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phenomenon be watchcil Avitli 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, bo more than a few days old, it is, as it were,

extinguished in mid-air, without notice or visible cause for

its disappearance, which, as it happens instantancoushj, and

without the slightest previous diminution of its light, is

always surprising ; and, if the star be a large and bright one,

even startling from its suddenness. The re-appearance of

the star, too, when the moon has passed over it, takes placo

in those cases when the bright side of the moon is foremost,

not at the concave outline of the crescent, but at tho

invisible outline of the complete circle, and is scarcely less

sjirprlsing, from its suddenness, than its disappearance in

tlic other case*

(415.) The existence of the complete circle of the disc,

even when 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 ncio moon, with the naked eye, as a pale round

body, to which the crescent seems attached, and somewhat

projecting beyond its outline (which is an optical illusion

arising from the greater intensity of its light). The cause

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

* There is an optical illusion of a very strange and unaccountable nature
whiuh has otlen been remarked in occultations. The star appears to advance
actually upon ai>d within the edge of the disc before it disappears, and that

Konietimes to a considerable depth, I have never myself witnessed this singular

cH'oct, but it rests (mi most unequivocal testimony, I have called it an optical

illusion ; but it is harciij possible that a star may shine on such occasions through
deep fissuron in the substance of the moon. The occultations of close double
stars ought to be narrowly watched, to see whether hoth individuals are thus
projected, an well as for other purposes connected with their theory, I will only
hint at one, vi?, that a double star, too close to be seen divided with any telescopci

may yet l)e detected to be double by the mode of its disappearance. 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 sfto the individuals separately. — Note to the

edit, of 18M.
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n narrow eemicircular line to a complete circular disc, cor-

responds to the appearance a globe would present, one

hemisphere of which was Llack, the other white, when
differently turned towards the eye, so as to present a greater

or less portion of each. The obvious conclusion from tliis 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 ia

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 that in proportit n as

the moon in her monthly course becomes more and more

distant from the sun, the breadth of the crescent increases,

and vice versa.

(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, therefore, drawn from the sun to every part

of the moon's orbit may be regarded as very nearly parallel. *

Suppose, now, O to be the earth, A B C D, &c. 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 lunar globe turned towards it (on the

right) will be bright, the opposite dark, wherever it may-

stand in its orbit. Noav, in the position A, when in con-

junction with the sun, the dark part is entirely turned

* The angle subtended by the moon's orbit, as seen from the sun (in the mean
state of things), is only 17' 12".
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towards O, and the bright from it. In this case, then, the

moon is not seen, it is new moon. When the moon haa come
to C, half the bright and half the dark hemisphere are pre-

sented to O, and the same in the opposite situation G : these

are the first and tliird quarters of the moon. Lastly, when
at E, the whole bright face is towards the earth, the whole

dark side from it, and it is then seen wholly bright or full

moon. In the intermediate positions B D F II, the portions

of the bright face presented to O will be at first less than

half the visible surface, 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 substance thus

illuminated should appear to shine and again illuminate the

earth. It is no more than a white cloud does standing off

upon the clear blue sky. By day, the moon can hardl)- bo

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 seeming

brightness of the moon at night.* That the earth sends also

such a light to the moon, only probably more powerful by

reason of its greater apparent slzef, is agreeable to optical

principles, and explains the appearance of the dark portion

of the youiig 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

illiuninatcs its dark half by strong earth-light ; and it is a

'4^^
m^
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• The actual illumination of the lunar surface is not much superior to that of

weathered sandstone rock in full sunshine. I have friiiuently compared the

moon setting behind the grey perpendicular fa9ade of the Table Mountain,

illuminated by the sun just risen ii\ the opposite quarter of the horizon, when it

has been scarcely distinguishablu in brightness from the rock in contact with it.

Tlie sun and moon being nearly at equal altitudes and the atmosphere perfectly

free from cloud or vapour, its cftect is alike on both luminaries. (II. 1848).

f The apparent diameter of the moon is 32' from the earth ; that of the earth

seen from the iiloon is twice her horizontal parallax, or 1° 54'. The apparent

surfaces, therefore, are as (114)' : (32)», or as 13 : 1 nearly.

*^W , Jim
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portion of this, reflected back again, wliich makea it visible

to lis in the twilight sky. As the moon gains age, the earth

offers it a less portion of its bright side, and the phenomenon

in question dies away.

(418.) The lunar month is detcnrlncd by the recurrence

of its phases : it reckons from new moon to new moon ; that

is, from leaving its conjunction 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 haa 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 con-

sidering that the superfluous arc (whatever it be) is described

by the sun with the velocity of 0°'98565 per diem, in the same

time that the moon describes that arc plus a complete revolu-

tion, with her velocity of 13'''17640 per 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 Y : v :: 1 + x : x

;

and V

—

v: v:: 1 : x, whence x is found, and - = the tune of
V

describing x, or the difference of the sidereal and synodical

periods. From these data a slight knowledge of arithmetic

will suffice to derive the arc in question, and the time of its

description by the moon; which being the excess of the

synodic over the sidereal period, the former will be had, and

Avill 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 intercept 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 O will intercept the rays of

the sun, and cast a shadow on the moon, thereby causing a

lunar eclipse. And tliis is perfectly consonant to fact, such
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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 sphericity, tliis shadow, wliich

we plaiiJy sec to enter upon and, aa it were, eat away tho

disc of tho moon, is always terminated by a circular outline,

though, from the greater size of the circle, it is only partially

seen at any one time. Now, a body which always casts a

circular shadow must itself be spherical.

(420.) Eclipses of the sun are best understood by re-

garding the sun and moon aa two independent luminaries,

each moving according to known laws, and viewed from tho

earth ; but it is also instructive to consider eclipses generally

as arising from the shadow of one body tlirown on another by

a luminary much larger than either. Suppose, then, A B to

represent tho sun, and C D a spherical body, whether earth

or moon, illuminated by it. If we join and prolong A C, B D

;

since A B is greater than C D, these lines will meet in a point

E, more or less distant from the body C D, according to its

size, and within the space C E D (wliich represents a cone,

since C D and A B are spheres), there will bo 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 tho

umbra arc two diverging 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 O N P) of the sun's surface, the rest (B O N P) being

obscured by the earth. He will, therefore, receive only

partial sunsliiuc ; and the more, the nearer he is to tho

•J*
" »>

'*•*!]

!•"«•*

M
'1-'^

^'^&^



(f
UlilMIO

252 OUTLINES OP ASTRONOMY.

':'f

exterior borders of thrt cone which is called the penumbra.

Beyond this he will see the whole sun, and be in full illu-

mination. All these ciicumstances may be perfectly well

shown by holding a small globe up in the sun, and receiving

its shadow at different 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 un-

obscured, the portion involved in the umbra is invisible to

the naked eye, though still perceptible in a telescope, and of

a dark grey hue. But as the eclipse advances, and the

enlightened part diminishes in extent, and grows gradually

more and more obscured by the advance of the penumbra,

the eye, relieved from its glare, becomes more sensible to

feeble impressions of light and colour ; and phaenomena of a

remarkable and instructive character bepin to be developed.

The umbra is seen to be very far from totally dark ; and in

its faint illumination it exhibits a grodation of colour, being

bluish, or even (by contrast) somewhat greenish, towards

the borders for a space of about 4' '^r 5' of apparent angular

breadth inwards, +henco pnesing, by delicate but rapid gra-

dation, through rose red to a fiery or copper-coloured glow,

like that of dull red-liot iron. As the eclipse prmieeds tliis

glow spreads over the Avhole surface of the moon, which then

becomes on some occasions so strongly illuminated, as to cast

a very sensible shadow, and allow the spots on its surface to

be perfectly well distinguished throiifyh p. telescope.

(422.) The cause of these singular, and gometimes very

beautiful appearances, is the refract: :)n /ff the sun's light in

passing through our atmosphere, wliicli at the same time

becomes coloured with the hues of sunset by the absorption

of more or less of the violet and bluj rays, as it passes

through strata nearer or more remote from the earth's surface,

• The actual contact with the penumbra is never seen ; the defalcation of
light comes on so very gradually that it is not till when already deeply iramerscd,

that it i'. perceived to be sensibly darkened.
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and, therefore, more or less loaded with vapour. To show this,

let A D a be a section of the cone of the umbra, and FB hf

of the penumbra, through their common axis D E S, passing

through the centres E S of the earth and sun, and let K M k

be a section of these cones at a distance EM from E, equal

to the radius of the moon's orbit, or 60 radii of the earth.*

Taking this radius for unity, since E S, the distance of the

sun, is 23984, and the semidiameter of the sun 111^ such

units, we readily calculate DE= 218, DM=158, for the

distances at which the apex of the geometrical umbra lies

behind the earth and the moon respectively. We also find

for the measure of the angle E D B, 15' 46", and therefore

DBE~a9°44' 14", whence ako we get MC (the linear

semicliametev of the umbra)— 0'725 (or in miles 2864), and

the angle C E M, its apparent angular semidiameter as seen

from E=41' 30". And instituting similar calculations for

the geometrical penumbra we get MK= 1*005 (3970 miles),

* The figure is unavoidably drawn out of nil proportion, and the angles

violently exaggerated. The reader should endeavour to draw the figure in its

true proportions.

#^
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and KE M 57' 36"; and it may be well to remember that

the doubles of these angles, or th'3 mean angular diameters of

the umbra and penumbra, are described by the moon with its

mean velocity in 2^ 43™, and 3^^ 47" respectively, which are

therefore the respective durations of the total and partial

obscuration of any one point of the moon's disc in traversing

centrally the geometrical shadow.

(423.) Were the earth devoid of atmosphere, the whole of

the phenomena of a lunar eclipse would consist in these

partial or total obscurations. Witliin the space C c the

whole of the light, and within K C and ch a, greater or less

poi'tion of it would be intercepted by the solid body B i of

the earth. The refracting atmosphere, however, extends

from B, b, to a certain unknown, but very small distance

B II, b h, which, acting as a convex lens, of gradually (and

very rapidly) decreasing density, disperses all that com-

paratively small portion of 4ight which falls upon it over a

space bounded externally by II g, parallel and very nearly

coincident with B F, and internally by a line B z, the former

representing the extreme exterior ray from the limb a

of the sun, the latter, the extreme interior ray from the

limb A. To avoid complication, however, we wiU trace

only the courses of rays which just graze the sm-face at B,

viz : B z from the upper border. A, and B v from the lower,

a, of the sun. Each of these rays is bent inwards i'rom its

original course by double the amount of the horizontal refrac-

tion (33') i. e. by 1° 6', because, in passing from B out of the

atmosphere, it undergoes a deviation equal to that at entering,

and in the same direction. Instead, therefore, of pursuing

the courses B D, B F, these rays respectively will occupy

the positions Br?/, B v, making, with the aforesaid lines,, the

angles D B 6, F B i', each 1° 6'. Now we have found

D B E = 89° 44' 14" and therefore FBE( = DBE +
angular diam. of O)= 90° 17' 17", consequently the angles

E B y and E B u will be respectively 88° 38' 14" and 89"

11' 17" from which we conclude E2rr:42'03 and Ew=88-H9
the former falling short of the moon's orbit by 17*97, and tho

latter surpassing it by 28-89 i-adii of the earth.
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(424.) The penumbra, tlicrcfore, of rays refracted at B,

will be spread over the space u B y, that at II over g H d,

and at the intermediate points, over similar intermediate

spaces, and through this compound of superpoFcd penumbras

the moon passes during the whole of its patli tlurough the

geometrical shadow, never attaining the absolute umbra H zb

at all. Without going into detail as to the intensity of

the 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 itselfj and, therefore, at all

events but feeble. And it is still further enfeebled by actual

clouds suspended in that portion of the air wliich fonns the

visible border of the earth's disc as seen from the moon, as

well as by the general want of transparency caused by in-

visible vapour, which is especially eft'ectivc in the lowermost

strata, within three or four miles of the surface, and which

will unpart to all the rays they transmit, the ruddy hue of

sunset, only s/" double the depth of tint which we admire in

our glowing sunsets, by reason of the rays having to traverse

twice as great a tliickncss 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 outwai'dly,

over the spaces xc, yQ, less so inwardly, over xy. And at

C, c, its hue will be mingled with the bluish or greenish

light which the atmosphere scatters by irregular dispersion,

or in other words by our twilight (art. 44). Nor will the

phenomenon be uniformly conspicuous at all times. Sup-

posing a generally and deeply clouded state of the atmosphere

around the edge of the earth's disc visible from the moon
{i. c. around that great circle of the earth, in which, at the

moment the sun is in the horizon,) little or no refracted light

may reach the moon.* Supposing that circle partly clouded

and partly clear, patches of red light correspondingto the clear

portions will be thrown into the umbra, and may give rise to

various and changeable distributions of light on the eclipsed

* As in the eclipses of June 5. 1620, April 25. 1642. Lalande, Ast. 1769.

m

it

^-^

m^A

:•!• *f

«!!
*^ji

IMJiri!''.



Id»

i,**^"

iii il

256 OUTLINES OF ASTRONOMY.

disc*; while, if entirely clear, the eclipse will be remarkaMe

for the coTxspicuousness of the moon during the whole or a

part of its immersion in the umbra.f

(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, howevex", 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, sur-

rounded by a fainter shadow, is formed, beyond which there

is no eclipse on any part of the earth, but witliin which there

may be either a total or partial one, as the spectator is witliin

the umbra or penumbra. 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, Avill see the whole 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 wliich the moon's synodical revolution, and that of

her nodes, are performed, eclipses return after a certain

period, very nearly In the same order and of the same

magnitude. For 223 of the moon's mean synodical revolu-

tions, or lunations, as they are called, will be found to occupy

6585*32 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. Accordingly,

• As in the eclipse of Oct. 13. 1837, observed by the nuthor.

t As in tlmt of March 19. 1848, when the moon is clescribeii as giving " good
light " during more than an hour after its total immersion, and somv persons
even doubted its being eclipsed, (Notices of R. Ast. Soc. viii. p. Vi'i.)
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this period of 223 lunations, or eighteen years and ten days,

is a very important one in the calculation of eclipses. It ia

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 elipse 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 same 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 tliis orbit,

its position, at every instant, is known from the lunar tables

and ephemeris ; and all we have, therefore, to ascertain, is,

the moment when the distance between the moon's rcntre and

the centre of the shadow is exactly equal to the sum of the

seraidiameters of the moon and penumbray or of the moon and

umbra, to know when it enters upon ami loaves them re-

spectively. No lunar eclipse can take place, if, at the moment

of the full moon, the -im be at a greater angular distance

from the node of the moon's orbit than 11° 21', meaning by

an eclipse the immersion of any part of the moon in the

vmbra, as its contact with the penumbra cannot be observed

(see note to art. 421.).

(428.) The dimensions of the shadow, at the place where

it crosses the moon's pi ^h, require us to know the distances

of the sun and moon at the time. These are variable ; but

are calculated and set down, as well as their semidiametcrs,

for every day, in the ephemeris, so that none of the data are

wanting. The sun's distance is easily calculated from its

elliptic orbit ; but the moon's is a nxatter of more difficulty.

'%
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by reason of the progressive motion of the axis of the lunar

orbit. (Art 409.)

(429.) The physical constitution of the moon is better

known to us than that of any other heavenly body. By the

aid of telescopes, we discern inequalities in its surface which

can be no other than mountains and valleys,— for this plain

reason, that we see the shadows cast by the former in the

exact proportion as to length which they ought to have, when
we take into account the inclination of the sun's rays to that

part of the moon's surface on which they stand. The convex

outline of the limb turned towards the sun is always circular,

and very nearly smooth ; but the opposite border of the

enlightened part, which (were the moon a perfect sphere)

ought to be an exact and sharply defined ellipse, is always

observed to be extremely ragged, and indented with deep

recesses and prominent points. Tlie mountains near this edge

cast long black shadows, as they should evidently do, when
we consider that the sun is in the act of rising or setting to

the parts of the moon so circumstanced. But as the en-

lightened edge advances beyond them, i. e. 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

ieen on any part ofher surface. From micrometrical measures

of the lengths of the shadows of the more conspicuous

mountains, taken under the most favourable circumstances,

the heights of many of them have been calculated. Messrs.

Beer and Maedler in their elaborate work, entitled " Der

Mond," have given a list of heights resulting from such

measurements, for no less than 1095 lunar mountains, among
which occur all degrees of elevation up to 3569 toises,

(22823 British feet), or about 1400 feet higher than Chim-

borazo in the Andes. The existence of such mountains

is further corroborated by their appearance, as small points

or islands of light beyond the extreme edge of the enlightened

part, wliich are their tops catcliing 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.
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(430.) The generality of the lunar mountains present a

striking uniformity and singularity of aspect. They are

wonderfully numerous, especially towards the Southern portion

of the disc, occupying by far the larger portion of the surface,

and almost universally of an exactly circular or cup-shaped

form, foreshortened, however, into ellipses towards the limb;

but the larger have for tlie most part flat bottoms within,

from which rises centrally a small, steep, conical hill. They
oflFer, in short, in its highest perfection, the true volcanic

character, as it may be seen in the crater of Vesuvius, and in

a map of the volcanic districts of the Campi Phlcgraei* or

the Puy de Dome, but with this remarkable peculiarity,

viz. : that the bottoms of many of the craters are very deeply

depressed below the general surface of the moon, the internal

depth being often twice or three times the external height.

In some of the principal ones, decisive marks of volcanic

stratification, arising from successive deposits of ejected matter,

and evident indications of lava currents streaming outwards

in all directions, may be clearly traced with powerful tele-

scopes. (See PI. V. fig. 2.) f In Lord Rosse's magnificent

reflector, the flat bottom of the crater called Albatognius is

seen to be strewed with blocks not visible in inferior tele-

scopes, while the exterior of another (Aristillus) is all hatched

over with deep gullies radiating towards its center. What
is, moreover, extremely singular in the geology of the moon
is, that, although nothing having the character of seas can

be traced, (for the dusky spots, wliich are commonly called

seas, when closely examined, present appearances incom-

patible with the supposition of deep water,) yet there are

large regions perfectly level, and apparently of a decided

alluvial character.

(431.) The moon has no clouds, nor any other decisive

indications of an atmosphere. Were there any, it could not

fail to be perceived in the occultations of stars and the phse-

nomena of solar eclipses, as well as in a great variety of other

phenomena. The moon's diameter, for example, as measured

* See Breislak's m.-ip of the environs of Naples, and Desmarest's of Auvergne.

\ From a drawing taken with a reflector of twenty feet focal length (/i).

'^-
^-q

''w> is



2G0 OUTLINES OV ASTItONOMV.

i-']

nucromctriciiUy, and as estimated by the Interval between

tlie disappearance and reappearance of a star in an occultation,

ouglit to differ by twice the horizontal refraction at the rnoon's

surface. No appretiablc difference being perceived, we arc

entitled to conclude the non-existence of any atniosphero

dense enough to cause a refraction of I" i.e. having one 19801h

part of the density of the earth's atmosphere. In a solar

eclipse, the existence of any sensible refracting atmosphere

in the moon, would enable us to trace the limb of the latter

beyond the cusps, externally to the sun's disc, by a narrow^

hut brilliant line of light, extending to some distance along

its edge. No such plijcnomenon is seen. Ver?/ faint stars

ought to be extinguished before occultation, were any

appretiable 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 occulta-

tion of ver?/ minute stars unobservable. But during the con-

tinuance of a total lunar eclipse, stars of the tenth and

eleventh magnitude are seen to come up to the limb, and

undergo sudden extinction as well as those of greater bright-

ness.* Hence, the climate of the moon must be very ex-

traordinary; the alternation being that of unmitigated and

burning sunshine fiercer than 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 the point

beneath the sun to that opposite, by distillation i7i vacuo after

the manner of the little instrument called a crijopliorus. The

consequence must be absolute aridity below the vertical sun,

constant accretion of hoar frost in the opposite region, and,

perhaps, a narrow zone of running water at the borders of

the enlightened hemisphere, f It is possible, then, that evapo-

• As observed by myself in the eclipse of Oct. 13. 1837.

t So ill ed. of 1833.
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ration on tlie one hand, and condensation on the other, may
to a certain extent preserve an eqiiilibrimn of temperature,

and mitigate the extreme severity of both climates ; but this

process, which would imply the continual generation and de-

struction of an atmosphere of aqueous vapour, must, in con-

formity with what has been said above of a lunar atmosphere,

be confined within very narrow limits.

(432.) Though the surface of the full moon exposed to us,

must necessarily be very much heated,

—

Tposs'.hhj to a degree

much exceeding that of boiling water,— yet we feel no heat

from it, and even in the focus of large reflectors, it fails to

affect the thermometer. No doubt, therefore, its heat (con-

Ibrmably to Avhat is observed of that of bodies heated below

the point of luminosity) is much more readily absorbed in

traversing transparent media than direct solar heat, and \%

extinguished in the upper regions of our atmosphere, never

reaching the surface of the earth at all. Some probability

is given to tliis by the tendency to disappearance of clouds

vnder the full moon, a meteorological fact, (for as such we
think it fully entitled to rank*) for which it is necessary to

seek a cause, and for which no other rational explanation

seems to offer. As for any other influence of the moon

on the weather, we have no decisive evidence in its favour.

(433.) A circle of one second In diameter, as seen from the

earth, on the surface of the moon, contains about a square

mile. Telescopes, therefore, must yet be greatly improved,

before we could expect to see signs of inhabitants, as manifested

by edifices or by changes on the surface of the soil. It should,

however, be observed, that, owing to the small density of the

materials of the moon, and the comparatively feeble gravitation

of bodies on her surface, muscular force would there go six

times as far In overcoming the weight of materials as on the

earth. Owing to the want of air, however. It seems Im-

possible that any form of life, analagous to those on earth, can

I*.
,

'S-.

;j*t*.

'K

^liH

* From my own observation, made quite inilciJeiulently of any know-

ledge of such a tendency liavin;; been observed l)y otliers. Ilumboklt, however
in his ])er.soiial narrative, speaks of it as well known to the iiilots and seamen
of Siianisli Anierioa ; sec note at tlie end of the ch.ii'ter ('i).
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subsist there. No appearance iiuVicating vegetation, or the

slightest variation of surface, whicli can, in our opinion, fairly

be ascribed to change of season, can any where be discerned.

(434.) 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

earth, and is performed in a plane 1° 30' 11" inclined to the

ecliptic, whose ascending node is always precisely coincident

with the descending 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 rotations, that about the axis and

that about the earth, which at first sight would seem

perfectly distinct, has been asserted (but we think some-

what too hastily*) to be a consequence of the general

laws to be explained hereafter. Be that how it may, it is the

cause why we always see the same face of the moon, and have

no knowledge of the other side.

(435.) The moon's rotation on her axis is uniform; but

since her motion in her orbit (like that of fhe 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 centers of the earth and moon fluctuates a little

in its position, from its mean or average intersection with her

surface, to the east or westward. And, moreover, since the

axis about which she revolves is neither exactly perpendicular

to her orbit, nor holds an invariable direction 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

librations. In consequence of these two distinct kinds of

libration, the same identical point of the moon's surface is not

always the center 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

See Edinburgh Review, No. 175. p. 192.
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present to them the extraonlinary appearance of a moon of

nearly 2° in diameter, exhibiting phases complementary to

those which we see the moon to do, hut immomihhj fixed in

their shy, (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 sp< i^s, and belted with equatorial and tropical

zones corresponding to our trade-winds; and it may be

doubted whether, in their perpetual 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, encir-

cling 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 reflecting telescope,) the seleno-topographical

charts of Lolu-mann, and the very elaborate projection of Beer

and Maedler accompanying their work already cited. * Madame
"VVitte, a Hanoverian lad} has recently succeeded in pro-

ducing from her own observations, aided by Maedler's charts,

more than one complete model of the whole visible lunar

hemisphere, of the most perfect kind, the result of incredible

dilig ce and assiduity. Single craters li, also been

modelled on a large scale, both by her and ±-< . Nasmy jj.

[Still more recently (I851)ph >tography has been .successfully

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, I . S.]

* The representations of Hevelius in his Selenograpliia, thou^^h not without

great merit at the time, and fine specimens of his own engraving, arc now become
antiquated.

Additional Note on Art. 432.

M. Arago has shown, from a comparison (.>• . an, registered as having fallen

during a long period, that a sliglit preporidkjr.r.src in respect of quantity falls

near the new Moon over that which falls near tlie iull. This would be a natural

and necessary consequence of a preponderance 1'
:i cloudless sky about the full,

and forms, therefore, part and parcel of the sma' wctcorological fact.
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CHAPTER VIII.

OF TERRESTRIAL GRAVITY.— OF THE LAW OP UNIVERSAL GRA-

VITATION. — PATHS OF PROJECTILES ; APPARENT REAL—
THE MOON RETAINED IN HER ORBIT BT GRAVITY. — ITS LAW
OP DIMINUTION. — LAWS OP ELLIPTIC MOTION. — ORBIT OP THE
EARTH ROUND THE SUN IN ACCORDANCE WITH THESE VWS.

—

MASSES OP THE EARTH AND SUN COMPARED.— DENSIT . P THE

SUN. — FORCE OP GIJAVITY AT ITS SURFACE. — DISTURBING

EFFECT OP THE SUN ON THE MOOn'S MOTION.

If ' '
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(438.) The reader hua now been made acquainted with the

chief phenomena 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 kw
of )aotion*, and bend their courses into curves concave to

their centers.

(439.) Whatever attempts may have been made by meta-

physical writers to reason away the connection of cause and

effect, and fritter it down into the unsatisfactory relation of

habitual sequence f, it is certain that the conception of some
more real and intimate connection is quite as strongly im-

pressed upon the human mind as that of the existence of an

external world,— the vindication of whose reality has (strange

• Princip. Lex. i.

j- See Brown "On Cause and Efftct,"—a work of great acutencss and subtlety
of reasoning on some points, but in wbich the whole train of argument is

vitiated by one enormous oversight ; the omission, namely, of a distinct and im-
mediate personal consciousness 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 the consciousness of effort, accompanied with intention

thereby to accomplish an end, as a thing entirely distinct from mere desire or
volition on the one hand, and from mere spasmodic contractii>n of muscles on
the other. Brown, 3d edit. Edin 1818, p. '17. (Note to edition of 1833.)
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to say) been regarded as an aclidcvement of no common merit

in the annals of this branch of pliilosophy. It is our own
immediate consciousness of effort^ when we exert force to put

matter in motion, or to oppose and neutralize force, which

gives us this internal conviction of power and causation so far

as it refers to the material world, and compels us to believe

that whenever Ave 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 con-

sequence of such an effort somehow 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 hand should

communicate motion to a stone, with which it is demonsirahly

not in contact.

(440.) All bodies with which we are acquainted, when
raised into the air and quietly abandoned, descend to the

earth's surface in lines perpendicular to it. They are there-

fore urged thereto by a force or effort, wliich it is but reason-

able to regard as the direct or indirect result of a consciousness

and a will existing somewhere, though beyond our power to

trace, which force we term gravity, and whose tendency or

direction, as universal experience teaches, is towards the

earth's center ; 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 further progress, and brought to

rc8t. But all the wliile it has been continually deflected or

bent aside from its rectilinear progress, and made to describe

a curved line concave to the earth's center ; and having a

highest point, vertex, or apogee, just as the moon has in its

orbit, where the direction of its motion is perpendicular to the

radius.

(441.) When the stone which wc fling obliquely upwards

I
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meets and is stopped in its descent by the earth's surface, its

motion is not toicards the center, 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 muy ask, is there that it would ever reach the

center 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 center

occupies the lower focus ? And if so, is it not reasonable to

imagine that the same force of gravity mai/ (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 60 radii of the earth, or to the moon ? and may not this

be the power,— for some power there must be,— which de-

flects 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, wliich, if the

speed of rotation be sufficiently 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 stone, be

brought to the utmost tension it will bear Avithout breaking

;

and if we know what weight it is capable of carrying, the

velocity necessary for tliis purpose is easily calculated. Sup-

pose, now, a. string to connect the earth's center 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 revolving body ; and any

power wliich should continually urge the body towards the

center with a force equal to its weight would perform the

office, and might supply the place of the string, if divided.
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Divide it then, and in its place let gravity act, and the body

will circulate as before ; its tendency to the center, or its

weight, being just balanced by its centrifugal force. Know-
ing 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 I'' 23"

22».

(443.) If we make the same calculation for a body at the

distance of the moon, supposing its weight or gravity the same

as at the eartKs surface, we shall find the period required to

be 10*' 45™ 30*. The actual period of the moon's revolution,

however, is 27*^ 1^ 43™ ; and hence it is clear that the moon's

velocity is not nearly sufficient to sustain it against such 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 out-

ward 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 ca-

pable of producing in it, in the same time, only ^^Viy*^ P*^
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 center is

a very little less than sixty times the distance from the center

to the surface, and 3600 : 1 : : 60' : P ; so that the pro-

portion 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

particular instance) that of the squares of the distances at

which it is compared. Now, in such a diminution of energy

with increase of distance, there is nothing prima facie inad-

missible. Emanations from a center, such as light and heat,

• Newton, Princip. b. i., Prop. 4,, Cor. '_'.
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do really diminish in intensity by increase of distance, and

in tliis 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 distance, and much more rapidly than in the

simple proportion of the increased distances. The argument

therefore, stands thus :— On the oue hand. Gravity is a real

power, of whose agency we have daily experience. We
know that it extends to the greatest 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 tc great heights from the

surface, such as that of the moon. On the other hand we
are 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 not 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 hath powers, and therefore too much urged and forced

inwards from her path.

(445.) It is on such an argument that Newton is under-

stood to have rested, iu the first instance, and provisionally,

his law of universal gravitation, which may be thus abstractly

stated :— " Every particle of matter in the universe attracts

every other particle, with a force directly proportioned 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 enquire what will be the force with

which a congeries of particles, constituting a solid mass of

any assigned figure, will attract another such collection of
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material atoms. This problem is one purely dynamical, and.,

in this its general form, is of extreme difficulty. Fortunately

however, for human knowledge when the attracting and at-

tracted bodies are spheres, it admits of an easy and direct

solution. Newton himself has shown (/V/nc?/?. 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 center,

and the spheres were single particles there placed ; 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 present.

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 ele^'ates 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 attractive 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, which of these curves shall

be described,— whether an ellipse, a circle, a parabola, or

• We refer for these fundamental propositions, as a point of duty, to the im-

mortal work in which they were first propounded. It is impossible for us, in

tills volume, to go into these investigations : even did our limits permit, it would
be utterly inconsistent 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 I'rincipia in its oriyinal form will never be laid aside, whatever be the

improvements of the modern analysis as respects facility of calculation and ex-

pression. From no otlier quarter can a thorough and complete comprehension

of the medianism of our system, (so far as the immediate scope of that work
L'Xtt'tids,) bt' anything like so well, and we may add, so easily obtnint'd

"i-m
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an hyperbola ; but one or other it must be ; and any one of

any degree of eccentricity it mai/ be, according to the cir-

cumstances of the case ; and, in all cases, the point to which

the motion is referred, whether it be the centre of one of the

spheres, or their common centre of gravity, will of necessity

be the focus of the conic section described. lie shows,

furthermore (^Princip. i. 1.), that, in every case, the angular

velocity/ with which the line joining their centres moves, must

be inversely proportional to the square of their mutual

distance, and that equal areas of the curves described will be

swept over by their line ofjunction in equal times.

(447.) All this is in conformity with what we have stated

of the solar and lunar movements. Their orbits are ellipses,

but of different degrees of eccentricity ; and this circumstance

already indicates the general applicability of the principles

in question.

(448.) But here we have already, by a natural and ready

implication (such is always the progress of generalization),

taken a further and most important step, almost unperceived.

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

natvu"e than 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 gravitation ? Now, the moment
we come to numbers, an obvious incongruity strikes us.

When we calculate, as above, from the known distance of

the sun (art. 357.), and from the period in which the earth

circulates about 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 measure of the sun's

attractive energy as exerted on the earth,) we find it to be

immensely greater than would suffice to counteract the earttCs

attraction on an equal body at that distance—greater in the

high proportion of 354936 to 1. It is clear, then, that if

the earth be retained in its orbit about the sun by solar

attraction^ conformable in its rate of diminution with the



GRAVITATION AND MASS OF THE SUN. 271

general law, this force must be no less than 354936 times

more intense than what the earth would be capable of exerting,

cceteris paribus^ at an equal distance.

(449.) What, then, are we to understand from this result?

Simply this,— that the sun attracts as a collection of 354936

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

conclusion startle us. "VVe have only to recall what has

been already shown in (art. 358.) of the gigantic dimen-

sions of this magnificent body, to perceive that, in assigning

to it so vast a mass, we are not outstepping a reasonable

proportion. In fact, when we come to compare its mass

with its bulk, 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 lighter materials, especially when we 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 is reinforced,

and rendered capable of resisting this ahnost inconceivable

pressure without collapsing into smaller dimension';.

(450.) This will be more distinctly appretiated, if we
estimate, as we are now prepared to do, the intensity of

gravity at the sim's surface.

The attraction of a sphere being the same (art. 445.) as if

its whole mass were collected 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 the

radius of the sphere. Hence we concludef, that the in-

tensities of solar and terrestrial gravity at the surfaces of the

two globes are in the proportions of 27*9 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

* The density of a material body is as the mass directly, and the yolume in-

versely: hence density of®: density of 0'-i3844^
' ^ • 0*2543 : 1.

t Solar gravity: terrestrial
:: ^^^^^^ : ^4^)2:: 27 '9 : 1; the respective radii

of the sun and earth being 440000, and 4000 miles.

''•WW
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earth's. The clHcacy of muscular power to overcome weight

is therefore proportionally nearly 28 times less on the sun

than on the earth. An ordinary man, for example, would
not only be unable to custain his own weight on the sun,

but would literally be crushed to atomo under the load.*

(451.) Henceforward, then, wo must consent to dismiss

all idea of the earth's Immobility, and transfer that attribute

to the sun, whose ponderous mass is calculated to cxhauat

the feeble attractions of such comparative atoms as the earth

and moon, without being perceptibly dragged from its place.

Their centre of gravity lies, as we have already hinted,

ahnost close to the centre of the solar globe, at an interval

quite imperceptible from our distance ; and whether we
regard the earth's orbit as being performed about the one or

the other center makes no appretiable difference in any one

phenomenon of astronomy.

(452.) It is in consequence of the mutual gravitation of

all the several parts of matter, which the Newtonian law

supposes, that the earth and moon, while iu the act of

revolving, monthly, in their mutual orbits about their common
cenier t,f 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 center of gravity, is tied by a long

string, and whirled round. Their joint system will circulate

as one body about the common center 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 ai' If

the earth alone, and not the moon, gravitated to the sun, it

would be dragged away, and leave the moon behind — and

vice versa ; but, acting on both, they continue together under

its attraction, just as the loose parts of the earth's surface

continue to rest upon it. It is, then, in strictness, not the

earth or the moon which describes an ellipse around the sun,

but their common centre of gravity. The elFect is to produce

* A innss vveigliing 12 stone or 16Slbs. on the earth, would produce a

pressure of 4687 lbs. ou ilie sun.
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a small, but very perceptible, monthly equation in the sun'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 epicycloidal curve intersecting the orbit of the

earth twice in every lunar month, and alternately witliin and

without it. But as there are not more than twelve such

months in the year, and as the total departure of the moon
from it either way does not exceed one 400th part of the

radius, this amounts only to a slight undulation upon the

earth's ellipse, so slight, indeed, that if drawn in true propor-

tion on a large sheet of paper, no eye unaided by measurement

with compasses would detect it. The real orbit of the moon

is everywhere concave towards the sun.

(453.) Here 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 we have

already noticed (arts. 407. 409.), viz. to the retrograde revo-

lution 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 phenomena would take place. Its

orbit would be a perfect ellipse, returning into itself, and

always lying in one and the same plane. That it is not so, is

a proof that some cause disturbs it, and interferes with the

earth's attraction ; and this cause is no other than the sun's

attraction— or rather, that part of it which is not equally

exerted on the earth.

(454.) Suppose two stones, side by side, or otherwise

situated with respect 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 foimed

one mass. But suppose gravity to be rather more intensely

exerted on one than the other ; then would that one be rather

more accelerated in its fall, and would gradually leave the

other ; and thus a relative motion between them would arise

from tlie difference of action, however slight.

T
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(455.) The sun is about 400 times more remote than the

moon; and, in consequence, while the moon describes her

monthly orbit round the earth, her distance from, the sun is

alternately ^^^th part greater and as much less than the

earth's. Small as this is, it is yet sufficient to produce a per-

ceptible excess of attractive tendency of the moon towards

the sun, above that of the earth when in the nearer point of

her orbit, M, and a corresponding defect on the opposite part,

N ; and, in the intermediate positions, not only will a differ-

ence o£forces subsist, but a difference of directions also ; since

however small the lunar orbit M N, it is not a point, and,

therefore, the lines drawn from the sun S to its several parts

cannot be regarded as strictly parallel. If, as we have al-

ready seen, the force of the sun were equally exerted, and in

parallel directions on both, no disturbance of their relative

situations would take place ; but from the non-verification of

these conditions arises a disturbing force, oblique to the line

joining the moon and earth, which in some situations acts to

accelerate, in others to retard, her elliptic orbitual motion ; in

some to draw tho earth from the moon, in others the moon
from the earth. Again, the lunar orbit, though very nearly,

is yet not quite coincident with the plane of the ecliptic ; and

hence the action of the sun, which is very nearly parallel to

the last-mentioned plane, tends to draw her somewhat out of

the plane of her orbit, and does actually do so—producing

the revolution ofher nodes, and other phenomena less striking.

"We are not yet prepared to go into the subject of these per-

turbations, as they are called ; but they are introduced to the

reader's notice as early as possible, for the purpose of re-

assuring his mind, should doubts have arisen as to the logical

correctnes^of our argument, in consequence of our temporary

neglect of them while working our way upward to the law

of gravity from a general consideration of the moon's orbit.
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CHAPTER IX.

OF THE SOLAR SYSTEM.

APrARENT MOTIONS OF THE PLANETS.— THEIR STATIONS AND RE-

TROGRADATIONS.— THE BUN THEIR NATURAL CENTER OP MOTION.

INFERIOR PLANETS.— THEIR PHASES, PERIODS, ETC. - niMEN-

8I0NS AND FORM OF THEIR ORBITS. — TRANSITS ACROSS THE SUN.

SUPERIOR PLANETS. THEIR DISTANCES, PERIODS, E^'C.— KEP-

LER's laws AND THEQt INTERPRETATION. — ELLIPTIC ELEMENTS
OP A planet's ORBIT.— ITS HELIOCENTRIC AND GEOCENTRIC

PLACE.—EMPIRICAL LAW OP PLANETARY DISTANCES;—vfOLATED

IN THE CASE OF NEPTUNE.—THE ULTRA-ZODIACAL PLANETS.

—

PHTSICAI. PECULIARITIES OBSERVABLE IN EACH OF THE PLANETS.

(456.) The sun and moon are not the only celestial objects

which appear to have a motion independent of that by which

the great constellation of the heavens is daily carried round

the earth. Among the stars there are several,—and those

among the brightest and most conspicuous,— which, when
attentively watched from night to night, are found to

change their relative situations among the rest ; some rapidly,

others much more slowly. These are called planets. Four

of them—Venus, Mars, Jupiter, and Saturn—are remark-

ably large 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—
Neptune, Ceres, Pallas, Vesta, Juno, Astrsea, Hebe, Iris,

Flora— are never visible to the naked eye. Besides these

fifteen, others yet undiscovered may exist * ; and it is ex-

tremely probable that such is the case,— the multitude of

* While this sheet is passing through the press, a sixteenth, not yet named,
has been added to the list, by the observations of Mr. Graham, astronomical

assistant to £. Cooper, Esq., at his observatory at Markree, Sligo, Ireland.
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telescopic stars being so great that only a small fraction of

their number Los been sufficiently noticed to ascertain whether

they retain the same places or not, and the ten last-mentioned

planets having all been discovered within little more than

half a century from the present time.

(457.) The apparent motions of the planets are much more

irregular than those of the sun or moon. Generally speaking,

and comparing their places at distant times, they all advance,

though with very different average or mean velocities, in the

same direction aa those luminaries, i. e. in opposition to the

apparent diurnal motion, or from west to east : all of them

make the entire tour of the heavens, though under very dif-

ferent circumstances ; and all of them, with the exception ofthe

eight telescopic planets,— Ceres, Pallas, Juno, Vesta, Astraea,

Hebe, Iris, and Flora (which may therefore be termed ultra-

zodiacal),— are confined in their visible paths within very

narrow limits on either side the ecliptic, and perform their

movements within that zone of the heavens we have called,

above, the Zodiac (art. 303.).

(458.) The obvious conclusion from this is, that whatever

be, otherwise, the nature and law of their motions, they are

performed nearly in the plane ofthe ecliptic—that plane, namely,

in which our own motion about the sun is performed. Hence

it follows, that we see their evolutions, not in plan, but in sec-

tion; their real angular movements and linear distances being

all foreshortened and confounded undistinguishably, while

only their deviations from the ecliptic appear of their natural

magnitude, unditninished by the effect of perspective.

(459.) The apparent motions of the sun and moon, though

not uniform, do not deviate very greatly from uniformity ; a

moderate acceleration and retardation, accountable for by the

ellipticity of their orbits, being all that is remarked. But
the case is widely different with the planets : sometimes they

advance rapidly ; then relax in their apparent speed—come

to a momentary stop ; and then actually reverse their motion,

and run back upon their former course, with a rapidity at

first increasing, then diminishing, till the reversed or retro-

grade motion ceases altogether. Another station, or moment
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of apparent rest or indecision, now takes place; after wliich

the movement is again reversed, and resumes its original di-

rect character. On the whole, however, the amount of direct

motion more than compensates the retrograde ; and by the ex-

cess of the former over the latter, the gradual advance of the

planet from west to east is maintained . Thus, supposing

the Zodiac to be unfolded into a plane surface, (or repre-

sented as in Mercator's projection, 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 the

appearance PQRS, &c. ; the motion from P to Q being

direct, at Q stationary, from Q to R retrograde, at R again

stationary, from R to S direct, and so on.

(460.) In the midst of the irregularity and fluctuation of

tliis 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 lies in the plane of the ecliptic, the

planet cannot be apparently or uranographically situated in

the celestial circle so called, without being really and locally

situated in that plane. The visible passage of a planet

through its node, then, is a phenomenon indicative of a cir-

cumstance 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 ascen-

sions and declinations into longitudes and latitudes, and the

change from north to south latitude on two successive days

will advertise us on what day the transition took place

;

while a siirple proportion, grounded on the observed state of

its motion in latitude in the interval, will suffice to fix the

precise hour and 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^
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that the interval of time elapsing between the Buccessive

passages of each planet through the same node (whether it be

the ascending or the descending) is always aUke, whether the

planet at the moment of such passage be direct or retrograde,

swift or slow, in its apparent movement.

(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 irregularities and complexities of

their movements may be owing to our not seeing them from

their natural center (art. 338. 371.), and from our mixing up

with their own proper motions movements ofa 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 center of the planetary

motions, it cannot admit of a moment's hesitation where we
should place that center with the greatest probability of truth.

It must surely bo the sun which is entitled to the first trial,

as a station to which to refer to them. If it be not connected

with them by any physical relation, it at least possesses the

advantage, which the earth does not, of comparative immo-

bility. But after what has been shown in art. 449., of the

immense mass of that luminary, and of the ofiice it performs

to us as a quiescent center of our orbitual motion, nothing

can be more natural than to suppose it may perform the same

to other globes which, like thd earth, 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 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

and even of considerable apparent diameter, and offering

distinct 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
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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

emallness 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 else than the apparent semidiameter of the earth as

seen from the body in question (art. 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 particulars, 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.

(464.) The next fact respecting them is, that their dis-

tances from us, as estimated from the measurement of their

angular diameters, are in a continual state of change, period-

ically increasing and decreasing within certain limits, but by
no means corresponding with the supposition of regular

circular or elliptic orbits described by them about the earth

as a center or focus, but maintaining a constant and obvious

relation to their apparent angular distances or elongations

from the sun. For example ; the apparent diameter of Mars

is greatest when in opposition (as it is called) to the sun, i, e.

when in the opposite part of the ecliptic, or when it comes on

the meridian at midnight,— being then about 18'',— but

diminishes rapidly from that amount to about 4'', which is its

apparent diameter when in conjunction, or when seen in

nearly the same direction as that luminary. This, and facts

of a similar character, observed with respect to the apparent

diameters of the other planets, clearly point out the sun as

having more than an accidental relation to their movements.

(465.) Lastly, certain of the planets, (Mercury, Vtnus,
T 4

*;*!

vm

UA
N "

"***i».



280 OUTLINES OF ASTRONOMY.

and IVIars,) when viewed through telescopes, exhibit the

appearance of phases like 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 suflSciently

powerful, but because the appearance and succession of the

phases themselves are (like their visible diameters) intimately

connected with their elongations from the sun, as will pre-

sently be shown.

(466.) -Accordingly it is found, that, when we refer the

planetary movements to tlie sun as a center, 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 explained in a

former chapter, is only a particular case. In order to show

how this happens, let us take the case of a single planet,

which we will suppose to revolve round the sun, in a plane

nearly, but not quite, coincident with the ecliptic, but

passing through the sun, and of course intersecting the eclip-

tic 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 remain otherwise unchanged, the times of

describing these segments must remain the same. The in-

terval, then, between the planet's quitting either node, and

returning to the same node again, must be that in which it

describes one 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.) We have said (art. 457.) that the planets make the

entire tour of the heavens under very different circumstances.

This must be explained. 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 east, sonetimes to the 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
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with a dazzling lustre ; and in favourable circumstances may

be observed to cast a pretty strong shadow.* When they

happen to be to the west of the sun, they rise before that

luminary in the morning, and appear over the eastern horizon

as morning stars: they do not, however, attain the same

elongation 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°. When they have

receded from the sun, eastward, to their respective distances,

they remain for a time, as it were, immovable with respect

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 in longitude

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

darkness has become sufficient to allow of their being seen.

For a time, then, they are not seen at all, unless on very

rare occasions, when they are to be observed passing across

the sun's disc as small, round, well-defined black spots, totally

different in appearance from the solar spots (art. 386.). These

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 their 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 the other side of the sun, 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

p. test elongation, however, they become stationary in the

heavens ; but their recess from the sun is still maintained by

the advjsnce of that luminary along the ecliptic, which

continues to leave them behind, until, having reversed their

* It must be thrown upon a white ground. An open window in a white-

washed room is the best exposure. In this situation I have obnerved not only

tlie shadow, but the diffracted fringes edging its outline.— H. Note to the

edition o/1833. Venus may often be seen with the naked eye in the daytime.
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motion, and become again direct, they acquire sufficient speed

to commence overtaking him— at which moment they have

their greatest western elongation ; and thus is a kind of oscil-

latory 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 Sim, its centre ; and A, B, D, S, successive positions of

the planet, of which B and S arc in the nodes. If, then, the

I
*

sun S stood apparently still in the ecliptic, the planets would

simply appear to oscillate backwards and forwards from A to

D, alternately passing before and behind the sun ; and, if the

eye happened to lie exactly in the plane of the orbit, transit-

ing his disc in the former case, and being covered by it in the

latter. But as the sun is not so stationary, but apparently

carried along the ecliptic P Q, let it be supposed to move
over the spaces ST, TU, UV, while the planet in each case

executes one quarter of its period. Then will its orbit be

apparently carried along with the sun, into the successive

positions represented in the figure ; 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 AN H K. In this, its motion

in longitude will have been direct in the parts A N, N H, and

retrograde in the parts H ra K ; while at the turns of the zig-

zag, as at H, it will have been stationary.

(469.) The only two planets— Mercury and Venus—
whose evolutions 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 elon-

gations', and their points of nearest approach to it, their

inferior and superior conjunctions,— the former when the
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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, or 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, abed the orbit of Mercury, and A B C D a part of

that of the earth—the direction of the circulation being the

same in both, viz. that of the arrow.

When the planet stands at a, let the ^^'^ ^^

earth be situated at A, in the direction

of a tangent, a A, to its orbit ; then

it is evident that it will appear at its \ XLi-^ifl———yc

greatest elongation from the sun,— the

angle a A S, which measures their ap-

parent 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 S a,.

S A of the two orbits are directly compai'ed. If the orbits

were both exact circles, this would of course be a perfectly

rigorous mode ofproceeding: but (as is proved by the inequality

of the resulting values of S a obtaine 1 at different times) this

is not the case ; and it becomes necessary to admit an excen-

tricity of position, and a deviation from the exact circular

fonn in both orbits, to account for this difference. Neglecting,

however, 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 varieties 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.

^:f^

P

fei



284 OUTLINES OP ASTRONOMY.

'ill

ti
i H

'm

(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 ap-

propriate observations. By such observation, so corrected, it

appears that the sidereal period of Mercury is 87** 23*» 15™

43-9" ; and that of Venus, 224'* 16'^ 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 584 days. The difference between the sidereal and st/no-

dical revolutions (art. 418.) accounts for this. Referring again

to the figure of art. 470., if the earth 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 position, e E. The determination

of this position depends on a calculation exactly similar to

what has been explained in the article referred to ; and

we need, therefore, only here state the resulting synodical

revolutions of the two planets, which come out respectively

115-877'', and 583-920**.

(473.) In this interval, the planet will have described a

whole revolution plus the arc ace, and the earth only the arc

ACE of its orbit. During its lapse, the inferior conjunction

will happen when the earth has a certain intermediate situa-

tion, B, and the planet has reached b, a point between the

sun and earth. The greatest elongation on the opposite side

of the sun will happen when the earth has come to C, and

the planet to c, where the line of junction C c is a tangent

U
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to the interior circle on the opposite side from M. Lastly,

the superior conjunction will happen when the earth arrives

jit D, and the planet at d in the same line prolonged on the

other side of the sun. The intervals at which these phaeno-

inena happen may easily be computed from a knowledge of

the synodical periods and the radii of the orbits.

(474.) The circumferences of circles are in the proportion

of their radii. If, then, we calculate the circmnferences of

the orbits of Mercury and Venus, and the earth, and com-

pare 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 J, either planet is moving in the same direc-

tion as the earth, but with a greater velocity ; it will, there-

fore, 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

obscryed fact.

(475.) The stationary points may be determined by the

following consideration. At a or c, the points of greatest

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) surpassing the earth's. Hence, the
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stationary points ought to lie, as it is found by observation

they do, between a and b, or c and i, viz. in such a 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

(

i

arcs of the orbits of the earth and planet described contem-

poraneously, at the moment when the latter appears stationary,

about S, the sun. Produce p P and e E, tangents at P
and E, to meet at R, and prolong E P backwards to Q, join

ep. Then since P E, jo e are parallel we have by similar

triangles Pj9 ; Ee::PR : RE, and since, putting v and V
for the respective velocities of the planet and the earth,

P /> : E e :: u : V ; therefore

v:V::PR:RE:: sin. P E R : sin. E P R
::cos. SEP : cos. SPQ
:: COS. SEP: cos. (S E P+E S P)

because the angles S ER and S P R are right angles. More-

M'-; 4
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over, if r and R be the radii of the respective orbits, we have

also

r : R::8in. SEP : sin. (SEP +ESP)

from which two relations it is easy to deduce the values of

the two angles SEP and ESP; the former of which is the

apparent elongation of the planet from the sun*, the latter

the difference of heliocentric longitudes of the earth and

planet.

(476.) When we regrird the orbits as other than circles

(which they really are), the problem becomes somewhat com-

plex— too much so to be here entered upon. It will suffice

to state the results which experience verifies, 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 continues 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 we have above supposed them. In fact, it

requires little more than mere inspection of the figure annexed,

to show, that to a spectator

situated on the earth E, an

inferior planet, illimiinated

by the sun, and therefore

bright on the side next to

him, and dark on that turn-

ed from him, will appear

full at the superior con-

junction A ; gibbous
(J.

e. more than half full, like the moon
between the first and second quarter) between that point and

the points B C of its greatest elongation ; half-mooned at

these points ; and crescent-shaped, or homed, between these

R V
• If —=m and — =n, SEP= *, ESPs^J/, the equations to be resolved are

r V

»//• {(p+yf/) =m sin, (p, and cot. (^ + i|')sin cm. <|',which give cos. \li=
"*""'"
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and the inferior conjunction D. As it approaches this point,

the crescent ought to thin off till it vanishes altogether, ren-

dering the planet invisible, unless in those cases where it

transits the sun's disc, and appears on it as a black spot. All

these phenomena are exactly conformable to observation.

(478.) The variation in brightness of Venns in ^?'fferent

parts of its apparent orbit is very remarkable. Tli
. arises

from two causes: 1st, the varying proportion of its visible

illuminated area to its whole disc ; and, 2dly, the varying

angular 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

thins off; but this is more than compensated, for some time,

by the increasing apparent magnitude, in consequence of its

diminishing distance. Thus the total light received from it

goes on increasing, till at length it attains a maximum, wliich

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 aiFord

the best and most exact means we possess of ascertaining the

Bun's distance, or its parallax. Without going into the niceties

of calculation of this problem, which, owing to the great mul-

titude of circumstances to be attended to, are extremely

intricate, we shall here explain its principle, which, in the

abstract, is very simple and obvious. Let E be the earth,

V Venus, and S the sun, and C D the portion of Venus's

relative orbit which she describes while in the act of transiting

the sun's disc. Suppose A B two spectators at opposite ex-

tremities of that diameter of the earth which is perpendicular

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 center

of Venus projected at a on the sun's disc, he at B will see it

projected at 5. If then one or other spectator could suddenly
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transport himself from A to B, ho would sOo Venus suddenly

displaced on the disc from a to A ; and if he had any means of

noting accurately the place of the points on the disc, either

by micromctrical measures from its edge, or by other means,

ho might ascertain the angular measure of a A as seea from

the earth. Now, since A V a, B V 6, are straight lines,' and

therefore make equal angles on each side Y, a b will be to A
B as the distance of Venus from the sun is to its distance from

the earth, or as 68 to 27, or nearly as 2^ to 1 ; ab thcreforo

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 thiug) to five times the sun's

horizontal parallax (art. 298.). Any error, therefore, which

may be committed in meaauring a b, will entail only onefifth

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 QR S,

pqr s, included between the extreme apparent paths of the

cf^nter 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 ;— to

ascertain, with all possible care and precision, each at liis 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 be done, is by r iting the tivie occupied in

the whole transit : for the relative angular motion of Veuua

being, in fact, very precisely known from the tables of her

motion, and the apparent path being very nearly a straight

line, these times give us a measure {on a very enlarged scale)

of the lengths of the chords of the segments cut off; and the
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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 egress of the center. To do this, he laust note, 1st, the

instant when the first visible impression or notch on the edge

of the disc at P is produced, or the jfirst external contact

;

2dly, when the planet is just wholly immersed, and the

broken edge of the disc just closes again at Q, or the first

internal contact', and, lastly, he must make the same observa-

tions at the egress at R, S. The mean of the internal and

external contacts, corrected for the curvature of the sun's

limb in the intervals of the respective points of contact, in-

ternal and external, gives the entry and egress of the planet's

center.

(481.) The modifications 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 refined. Any consideration of them, however, here,

would lead us too far ; but in the view we have taken of the

subject, it affords an admirable example of the way in which

minute elements in astronomy may become magnified in their

effects, and, by being made subject to measurement on a

greatly enlarged scale, or by substituting the measure of time

for space, may be ascertained with a degree of precision

adequate to every purpose, by only watching favourable

opportunities, and taking advantage of nicely adjusted com-

binations of circumstance. So important has this observation

appeared to astronomers, that at the last transit of Venus, in

1769, expeditions were fitted out, on the most efficient scale,

by the British, French, Russian, and other governments, to

the remotest corners of the globe, for the express purpose of

performing it. The celebrated expedition of Captain Cook
to Otahcite was one of them. The general result of all the

observations made on this most memorable occasion gives

8"5776 for tJie sun's horizontal parallax. The two next
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occurrences of this phsenonienon will happen on Dec. 8. 1874

and Dec. 6. 1882.

(482.) The orbit of Mercury is very elliptical, the ex-

centricity 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 vaiy

between the limits 16° 12' and 28° 48', and, from exact

measures of such elongations, it is not difficult to show

that the orbit of Venus also is slightly excentric, and that

both these planets, in fact, describe ellipses, having the

sun in their commom focus.

(483.) Transits of Mercury over the sun's disc occasionally

occur, as in the case of Ven-is, but more frequently; those

at the ascending node in November, at the descending in

INIay. The intervals (considering each node separately) are

usually either 13 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 be 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 1861. They 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 determination of the sun's parallax.

(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 : — 1st, They

are not, like tlie inferior planets, confined to certain limits

of elongation from the sun, but appear at all distances from

it, even in the opposite quarter of the heavens, or, as it is

called, in opposition; which could not happen, did not the

earth at such times place itself between them and the sun

:

2dly, They never appear horned, like Venus or Mercury,

nor even semilunar. Those, on the contrary, wliich, from

t'iy minuc ness of their parallax, Ave conclude to be the most

distant from us, viz. Jupiter, Saturn, Uranus, and Neptune,

never appear otherwise than round; a sufficient proof, of
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itself, that we see them always in a direction not very

remote from that in which the sun's rays illuminate them

;

and that, therefore, we occupy a station 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,

and of comparatively small diameter. One only of them,

Mars, exliibits any perceptible phase, and in its deficiency

from a circular outline, never surpasses a moderately gibbous

appearance,— the enlightened portion of the disc being

never less than seven-eighths of the whole. To understand

this, we need only cast our eyes on the annexed figure, in

which E is the earth, at its apparent greatest elongation

from the sun S, as seen from Mars, M. In this position,

the angle SM E, included between the hues

S M and E M, is at its maximum ; and. there-

fore, in this state of things, a spectator on the

earth is enabled to see a greater portion of

the dark hemisphere of Mars than in any other

situation. The extent of the phase, then, or

greatest observable degree of gibbosity, affords

a measure— a sure, although a i^-oarse and rude

one— of the angle SM E, and therefore of the

proportion of the distance S M, of Mars, to

S E, that of the earth from the sun, by which

it appears that the diameter of the orbit of

Mars cannot be less than 1^ times that of the

earth's. The phases of Jupiter, Saturn, Uranus, and Nep-

tune, being imperceptible, it follows that their orbits must

include not only th ; of the earth, but of Mars also.

(485.) All the buperior planets are retrograde in their

apparent motions when in opposition, and for some time

before and after ; but they differ greatly from each other,

both in the extent of their arc of retrogradation, in the

duration of their retrograde movement, and in its rapidity

when swiftest. It is more extensive and rapid in the case

of Mars than 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 re-
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trograde is easily ascertained by observing its apparent

place in the heavens from day to day; and from such

observations, made about the time of opposition, it is easy

to conclude the relative magnitudes 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 very small por-

tion of the earth's orbit,

and Mm 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 lie in one straight line S EM X. Then the angles

E S e and M S 7n are given. Now, if e w be joined and

prolonged to meet SM continued in X, the angle eXE,
which is equal to the alternate angle X e Y, is evidently

the retrogradation of Mars on that day, and is, therefore,

also given. E e, therefore, and the angle EX e, being given

in the right-angled triangle E e X, the side E X is easily

calculated, and thus S X becomes known. Consequently,

in the triangle S m X, we have given the side SX and the

two angles m S X, and m 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 required, which in

this calculation is supposed circular, as well as that of the

earth ; a supposition not exact, but sufficiently so to afford a

satisfactory approximation to the dimensions of its orbit, and

which, if the process be often repeated, in every variety of

situation at which the opposition can occur, will ultimately

afford an average or mean value of its diameter fully to be

depended upon.

(486.) To apply this principle, however, to practice, it

is necessary to know the periodic times of the several planets.

These may be obtained directly, as has been already stated,

by observing the intervals of 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 moment of their arrival on it is not ascer-
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talnable, 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 oppo-

sition with the sun, the criterion of which is a difference of

longitudes between the sun and planet of exactly 180°.

The interval between successive oppositioub thus obtained

is nearly one synodical period; and would be exactly so,

were the planet's orbit and that of the earth both circles,

and uniformly described ; but as that is found not to be the

case (and the criterion is, the inequality of successive syno-

dical revolutions so observed), the average of a great

number, taken in all varieties of situation in which the

oppositions occur, will be freed from the elhptic inequality,

and may be taken as a mean synodical period. From this,

by the considerations and by the process of calculation, in-

dicated (art. 418.) the sidereal periods are readily obtained.

The accuracy of tliis determination will, of course, be greatly

increased by embracing a long interval between the ex-

treme observations employed. In point of fact, that interval

extends to nearly 2000 years in the cases of the pLinets

known to the ancients, who have recorded their observations

of them in a manner sufficiently careful to be made use of.

Their periods may, therefore, be regarded as ascertained

with the utmost exactness. Their numerical values will

be found stated, as well as the mean distances, and all the

other elements of the planetary orbits, in the synoptic table at

the end of the volume, to which (to avoid repetition) the

reader is once for all referred.

(487.) In casting our eyes down the list of the planetary

distances, and comparing them with the periodic times, we
cannot but be struck with a certain correspondence. The
greater the distance, or the larger the orbit, evidently the

longer the period. The order of the planets, beginning

from the sun, is the same, whether we arrange them ac-

cording to their distances, or to the time they occupy in

completing their revolutions ; and is as follows :— Mercury,

Venus, Earth, Mars,— the ultra-zodiacal planets, or, as

they arc sometimes also called, Asteroids,— Jupiter, Saturn,

- .l
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Uranus, and Neptune. Nevertheless, when we come to

examine the numbers expressmg them, we find that the re-

lation between the two series is not that of simple prO'

portional increase. The periods increase more than in pro-

pox-tion to the distances. Thus, the period of Mercury-

is about 88 days, and that of the Earth 365 — being in

proportion as 1 to 4*15, while their distances are in the

less proportion of 1 to 2*56 ; 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 squares of the distances.

The square of 2*56 is 6'5536, which is considerably greater

than 4*15. An intermediate rate of increase, between the

simple proportion of the distances and that of their squares

is therefore clearly pointed out by the sequence of the

niunbcrs ; but it required no ordinary penetration in the

illustrious Kepler, backed by uncommon perseverance and

industry, at a period when the data themselves were in-

volved in obscurity, and when the processes of trigonometry

and of nmnerical calculation were encumbered with difficulties,

of which the more recent invention of logarithmic tables

has happily left us no conception, to perceive and demonstrate

the real law of their connection. This connection is ex-

pressed in the following proposition:— "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 the sun." Take, for example, the Earth and Mars *,

whose periods are in the proportion of 3652564 to 6869796,

and whose distance from the sim is that of 100000 to 152369

;

and it will be found, by any one who will take the trouble

to go through the calculation, that—
(3652564)2 : (6869796)2 :: (100000)' : (152369)'.

(488.) Of all the laws to which inductiou from pure

observation has ever conducted man, this third law (as it is

called) of Kepler may justly be regarded as the most remark-

* The expression of this law of Kepler requires a slight modiKcation when
we come to the extreme nicety of numerical calculation, for the greater planets,

(hie to the influence of their masses. This correction is imperceptible for the

Earth and Alars.
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able, 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 resemblance among them, as individuals independent

of each other, and circulating about the sun, each according

to its own peculiar nature, and conne^ ted with it by its own
peculiar tie. The resemblance is now perceived to be a

true family likeness; they are bound up in one chain

—

interwoven in one web of mutual relation and harmonious

agreement— subjected 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 hence-

forth be regarded as members.

(489.) 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 appeared, modern astronomy has completely verified

it as a matter of fact, by the general coincidence of its results

with entire series of observations of the apparent places of

the planets. These are found to accord satisfactorily with

the assumption of a particular ellipse for each planet, whose

magnitude, degree of excentricity, and situation in space,

are numerically assigned in the synoptic table before referred

to. It is true, that when observations are carried to a high

degree of precision, and when each planet is traced through

many successive revolutions, and its history carried back, by

the aid of calculations founded on these data, for many
centuries, we learn to regard the laws of Kepler as only

first approximations to the 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
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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 scries 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 accumu-
lating, 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 wc
must lay them out of consideration, as of an order too

minute to affect the general conclusions with which we are

now concerned. By what means astronomers arc enabled to

compare the results of the elliptic theory with observation,

and thus satisfy themselves of its accordance with nature,

will be explained presently.

(490.) It will first, however, be proper to point out what

jmrticular 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, and 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 with the first law, that of the equable

description of areas.— Since the planets move in curvilinear

paths, they viiist (if they be bodies obeying the laws of

dynamics) be deflected from their otherwise natural recti-

linear progress hij force. And from this law, taken as a

matter of observed fact, it follows, 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 is, from every point on all sides, toioards the

ill
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sun's center. As an abstract dynamical proposition, the

reader will find it demonstrated by Newton, in the first

proposition of the Principia, with an elementary simplicity

to which Ave really could add nothing but obscurity by

amplification, that 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

center equal areas in equal times : and vice versa, that such

equable description of areas is itself the essential criterion of

a continual direction of the acting force towards the center

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 such, we daily see it exemplified in a

thousand familiar instances. A simple experimental illus-

tration 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 center of motion in a spiral line ; and the

increase not only of its angular but of its linear velocity, and

the rapid diminution of its periodic time when near the

center, will express, more clearly than any words, the compen-

sation by which its uniform description of areas is maintained

under a constantly diminishing distance. If the motion bo

reversed, and the thread allowed to uncoil, beginning with a

rapid impulse, the velocity will diminish by the same degrees

as it 1 fore increased. The increasing rapidity of a dancer's

pirouette, as he draws in his limbs and straightens liis whole

person, so as to bring every part of his frame as near as

possible to the axis of his motion, is another 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,



T

INTERPRETATION OF KEPLER'S LAWS. 299

involves, aa a consequence, the law of solar gravitation (so be

it allowed to call the force, whatever it be, which urges them

to'vards the sun) aa exerted on each individual planet, apart

from all connection with the rest. A straight line, dynamic-

ally speaking, is the only path which can be pursued by a

body absolutelyfree, and under the action of no external force.

All deflection 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 for curvature of path ; and as a circle

is characterized by the uniformity of its curvatures in all its

parts— so is every other curve (as an ellipse) characterized

by the particular law which regulates the increase and

diminution of its curvature as we advance along its circum-

fcence. The deflecting force, then, which continually bends

a moving body into a curve, may be ascertained, provided

its direction, in the first place, and, secondly, the law of cur-

vature of the curve itself, be known. Both these enter as

elements into the expression of the force. A body may
describe, for instance, an ellipse, under a great variety of

dispositions of the acting forces : it may glide along it, for

example, as a bead upon a polished wire, bent into an elliptic

form ; in which case the acting force is always perpendicular

to the wire, and the velocity is uniform. In this case the

force is directed to no fixed center, and there is no equable

description of areas at all. Or it may describe it as we

may see done, if we suspend a ball by a very long string,

and, drawing it a little aside from the perpendicular, throw

it round with a gentle impulse. In this caae the acting force

is directed to the center of the ellipse, about which areas are

described equably, and to which a force proportional to the

distance (the decomposed result of terrestrial gravity) per-

petually urges it. * This is at once a very easy experiment,

and a very instructive one, and we shall again refer to it.

In the case before us, of an ellipse described by the action of

* If the suspended body be a vessel full of fine sand, having a small hole at

Its bottom, the elliptic trace of its orbit will be left in a sand streak on a tablc>

placed below it. This neat illustration is due, to the best of my knowledge, to

Mr. Babbage,
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a force directed to the focus, the steps of the investigation

of the law of force are these : Ist, The law of the areas

determines the actual velocity of the revolving body at every

point, or the space really run over by it in a given minute

portion of time ; 2dly, The law of curvature of the ellipse

determines the linear amount of deflection from, the tangent

ill the direction of thefocus, which corresponds to that space

80 run over ; 3dly, and lastly, The laws of accelerated motion

declare that the intensity of the acting force causing such

deflection in its own direction, is measured by or proportional

to the amount of that deflection, and may therefore be cal-

culated in any particular position, or generally expressed by

geometrical or algebraic symbols, as a law independent of

particular positions, when that deflection is so calculated or

expressed. We have here the spirit of tlic process by wliicli

Newton has resolved this interesting problem. For its

geometrical detail, we must refer to the 3d section of his

Principia. We know of no artificial mode of imitating this

species of elliptic motion ; though a rude approximation to it

— enough, however, to give a conception of the alternate ap-

proach and recess of the revolving body to and from the focus,

and the variation of its velocity—may be had by suspending

a small steel bead to a fine and very long silk fibre, and

setting it to revolve in a small orbit round the pole of a

powerful cylindrical magnet, held upright, and vertically

under the point of suspension.

(492.) The third law of Kepler, which connects the dis-

tances and periods of the planets by a general rule, bears

with it, as its theoretical interpretation, this important con-

sequence, viz. that it is one and the same force, modified only

by distance from the sun, which retains all the planets in

their orbits about it. That the attraction of the sun (if such

it be) is exerted upon all the bodies of our system indiffer-

ently, without regard to the peculiar materials of which

they may consist, in the exact proportion of their inertiae, or

quantities of matter ; that it is not, therefore, of the nature

of the elective attractions of chemistry or of magnetic action,

which is powerless on other substances than iron and some
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one or two more, but is of a more universal cliaractcr, and

extentla equally to all the material constituents of our system,

and (as we shall hereafter see abundant reason to admit) to

those of other systems than our own. This law, important

and general as it is, results, as the simplest of corollaries, from

the relations established by Newton in the section of the

Principia referred to (Prop, xv.), from which proposition it

results, that if the earth were taken from its actual orbit, and

launched anew in space at the place, in the direction, and

with the velocity of any of the other planets, it woidd de-

scribe the very same orbit, and in the same period, which

that planet actually does, a minute correction of the period

only excepted, arising from the difference between the

mass of the earth and that of the planet. Small as the

planets are compared to the sun, some of them are not, as

the earth is, mere atoms in the comparison. The strict

wording of Kepler's law, as Newton has proved in his fifty-

ninth proposition, is applicable only to the case of planets

whose proportion to the central body is absolutely inapprc-

tiable. When this is not the case, the periodic time is

shortened in the proportion of the square root of the number

expressing the sun's mass or inertia), to that of the sum of

the numbers expressing the masses of the sun and planet

;

and in general, whatever be the masses of two bodies revolv-

injr round each other under the influence 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 mean

distance, i. e. the greater semi-axis of their elliptic orbit,

and whose denominator is the sum of their masses. When
one of the masses is incomparably gi'eater than the other,

this resolves into Kepler's law; but when this is not the

case, the proposition thus generalized stands in lieu of that

law. In the system of the sun and planets, however, the

numerical 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 presently,

however, perceive all the importance of this generalization,

when we come to speak of the satellites.

'1
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(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

liow we can satisfy ourselves that the numerical data con-

tained in a tabic of such elements for the whole system docs

really exhibit a true picture of it, and afford the means of

detennining its state at every instant of time, by the mere

application of Kepler'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, tlie 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 arc deter-

mined by its greatest length and least breadth, or its two
principal axes ; but for astronomical uses it is preferable to

use the semi-axis major (or half the greatest length), and

the excentricity or distance of the focus from the center,

which last is usually estimated in parts of the former. Thus,

an ellipse, whose length is 10 and breadth 8 parts of any

scale, has for its major sen.l-axis 5, and for Its excentricity

3 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 anguln*

reckoning. "Were the axis jued, this would be the best

possible origin of longitudes ; but as it has a motion (though

an excessively slow one), there is, in fact, no advantage in

reckoning from the axis more than from the line of the

equinoxes, and astronomers therefore prefer the latter, taking

account of its variation by the effect of precession, and re-

storing it, by calculation at every instant, 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

^^ H:
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Ijc known:— Ist, the viclination of the plane of the planet's

orbit to the piano of the ecliptic; 2(lly, the line in which

these two planes intersect each other, which of necessity

passes through the sun, and whoso position with respect to

the line of the equinoxes is therefore given by statin-- its

longitude. This line is called the lino of the nodes. When
the planet is in this line, in the act of passing from the south

to the north side of the ecliptic, it is m its ascending node,

and its longitude at that moment is the element called the

hmgitiide of the node. These two data determine the situation

of the plane of the orbit ; and there only remains, for the

complete determination of the situation of the 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 longitude

of its periheliojiy or the place which the extremity of the axis

nearest the sun occupies, when orthographically projected on

the ecliptic.

(496.) The dimensions and situation of the planet's orbit

thus detcnnincd, it only remains, for a complete acquaintance

with its history, to determine 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 ; P A N the orbit of the planet, being an

r%
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ellipse, having the S in its focus, and A for its perihelion

;

and let p a'N T represent the projection of the orbit on the

plane of the ecliptic, intersecting the

hne of equinoxes S T in T, 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 di-

rection of the planet's motion to be from B to A, N will be

the ascending node, and the angle T S N the longicude of

the node. In like manner, if P be the place of the planet at

any time and if it "ud the perihelion A be projected on the

ecliptic, upon the points p, a, the angles T S />, T S a, will

be the respective heliocentric 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 magnitu\e of the area ASP.
From this it is a problem of pure geometry to determine the

corresponding angle ASP, which is called the planet's true

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. *

• It will readily be understood, that, except in the case of uniform circular

motion, an equable description of areas about any center is incompatible with

an equable description of angles, Tlie object of t'le problem in the text is to

pass from the area, supposed known, to the angle, supposed unknown : in other

words, to derive the true amount of angular motion from the perihelion, or the

true anomaly from what is technically called the mean anomaly, that is, the mean
angular motion which would have been performed had the moti-jn in angle been

uniform instead of the motion in area. It happens fortunately, that this is the
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(500.) The true anomaly thus obtained, tlie planet's

angular distance from the node, or the angle N S P, is to bo

found. Now, the longitudes of the perihelion and node being

respectively T a and T N, which are given, their difference

G N is also given, and the angle N of the spherical light-

angled triangle A N «, 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 A S P,

gives the angle N S P required. And from this, regarded

as the measure of the arc N P, forming the hypothcnusc

of the right-angled spherical triangle P N i),
whose angle N,

as before, is known, it is easy to obtain the other two sides,

N i>
and P p. The latter, being the measure of the angle

;) S P, expresses the planet's heliocentric latitude ; the fomier

measures the angle N S 7?, or the planet's distance in lon-

gitude from its node, which, added to the known angle

T S N, the longitude of the node, gives the heliocentric lon-

gitude. This process, however circuitous it may appear,

when once well understood may be gone thr ugh numerically

by the aid of the usual logaritlmiic and trigonometrical

tables, in little more tune 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 planets' 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. c. they would then be seen in their helio entric

places. The dilferencc, then, between the heliocentric and

geocentric places of a planet is, in fact, tnc same thing with

its parallax, arising from the earth's removal from the centre

I

-nj

''^

simplest of all problems of the transcendental kind, and can be resolved, in the

most difficult case, by the rule of " false jiosition," or trial and error, in a very

few minutes. Nay, it may even be resolved instantly on inspection by a s.mple

and easily constructed piece of mechanism, of which the reader may see a
description in the Cambridge Pliilosophiual Transactions, vol. iv, p. 425., I)y

the author of this work,

I'S,
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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 dis-

tances from the earth and from the sun, as compared with

the earth's distance from the sun, and the angular positions

of all three with respect to each other.

(502.) Suppose, therefore, S to represent the sun, E the

earth, and P the planet; S T the line of equinoxes, T E
the earth's orbit, and Pj9 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) re-

present the parallax of the planet

arising from the change of station

from S to E ; E P will be the appa-

rent direction of the planet seen from

E ; and if S Q be drawn parallel to

E p, the angle T S Q will be the geocentric longitude of the

planet, wliile T S E represents the heliocentric longitude of

the earth, T S /> that of the planet. The former of these,

SET, is given by the solar tables ; the latter, T S ^, is

found by the process above described (art, 500). Moreover,

S P is the radius vector of the planet's orbit, and S E that

of the earth's, both of which are determined from the known
dimensions of theii. respective ellipses, and the places of the

bodies '.n them at the assigned time. Lastly, the angle

P S /» 1.^ the planet's heliocentric latitude.

(503.) Our object, then, is, from all these data, to de-

termine the angle T S Q, and P E jo, which is the geocentric

latitude. The process, then, will stand as follows:— Ist,

In the triangle SF p, right-angled at p, given S P, and the

angle P S /> (the planet's radius vector and heliocentric

latitude), find S p and V p ; 2dly, In the triangle S E ^,

given S p (just found), S E (the earth's radius vector), and

the angle E S jo (the difference of heliocentric longitudes of

the earth and planet), find the angle S /? E, and the side

E p. The former being equal to the alternate angle /> S Q,

U
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is the parallactic removal of the planet in longitude, which,

added to T S ^, gives its geocentric longitude. The latter,

E p (which is called the curtate distance of the planet from

the earth), gives at once the geocentric latitude, by means of

the right-angled triangle P E p, of which E p and P p are

known sides, and the angle P E jt? is the geocentric latitude

sought.

(504.) The calculations required for these purposes are

nothing but the most ordinary processes of plane trigo-

nometry ; and, though somewhat tedious, are neither Intricate

nor difficult. When executed, however, they affoi-d 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 Mercury, Venus, Mars, Jupiter, and

Saturn, have been known from the earliest ages in which

astronomy has been cultivated. Uranus was discovered by

Sir W. Herschel in 1781, March 13th, 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 ex-

amination, when the new planet was immediately detected

by Its disc, under a high magnifying power. It has since

been ascertained to have been observed on many previous

-r (,;jirfions, with telescopes of insufficient powxn* to show its

<r~ xnd even entered in catalogues as a star; and some of

i" <r)servations which have been so recorded have been

UB. 1 t'.' improve and extend our knowledge of its orbit.

The discovery of the ultra-zodiacal planets dates from the

first day of 1801, when Ceres was discovered by PlazzI, at

Palermo ; a discovery speedily followed by those of Juno by

professor Harding, of Gottingen, in 1804 ; and of Pallas and

Vesta, by Dr, Olbers, of Bremen, in 1802 and 1107 re-

spectively. It ib extremely remarkable that this important

addition to our system had I en in some sort surmised as a

thing .4ot unlikely, on the ground that the interval between
X 2

"<i,i

!'
:

'^

M

HI

|*^>

' 1- ii

'M*!
m.

"^M



308 OUTLINES OF ASTRONOMY.

it

I i

ii

^*l

the orbit of Mercury and the other planetary orbits, go on

doubling as we recede from the sun, or nearly so. Thus,

the interval between the orbits of the Earth and Mercury ia

nearly twice that between those of Venus and Mercury;

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, how-

ever, is much too great, and would form 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 professe T*ode, of Berlin,* as a possible surmise, that

a planet not Ui> o . discovered might exist between Mars

and Jupiter ; anu. may easily be imagined what was the

astonishment of astronomers on finding not one only, but

four planets, differing greatly in aU 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, a priori or from theory, was to

be given of this singular progression, which is not, like

Kepler's laws, strictly exact in numerical verification: but

the clrcmnstances we have just mentioned tended to create

a strong belief that it was something beyond a mere ac-

cidental coincidence, and bore reference to the essential

structure of the planetary system. It was even conjectured

that the ultra-zodiacal planets are fragments of some greater

planet which formerly circulated in that interval, but which

has been blown to atoms by an explosion ; an idea coun-

tenanced by the exceeding minuteness of these bodies which

present discs ; and it was ai^ued that in th.at case innumerable

more such fragments must exist and might come to be here-

after discovered. Whatever may be thought of such a

speculation as a physical hypothesis, this conclusion has been

verified to a considerable extent as a matter of fact by

subsequent discovery, the result of a ca^'eful and minute

• The empirical law itself, as we have above stated it, is ascribed by Voiron,

not to Bode (who would appear, however, Pt all events, to have first drawn
attention to this interpretation of its interruption,) but to professor Titius of

Wittembcrg. (Voiron, Supplement to Bnilly.)
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examination and mapping down of the smaller stars in

and near the zodiac, undertaken with that express object.

Zodiacal charts of this kind, the product of the zeal and
industry of many astronomers, have been constructed, in

which every star down to the ninth or tenth magnitude is

inserted, and these stars being compared with the actual

stars of the heavens, the intrusion of any stranger within

their limits cannot fail to be noticed when the comparison

is systematically conducted. The discovery of AstKca, and
that of Hebe by professor Hencke, date respectively from
December 8th, 1845, and July 1st, 1847 ; those of Iris and
Flora, by IVli-. HinU, from August 13th and October 18th,

1847 ; of Metis, by Mr. Graham, from April 25th, 1848 ; and
of Hygeia, by M. De Gasparis, April 12th, 1849.

(506.) The discovery of Neptune marks in a signal manner

the maturity of astronomical science. The proof, or at least

the urgent presumption of the existence of such 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

wheicabouts it ought to appear in the heavens, if visible ,

the places thus independently calculated agreeing surpris-

ingly. Within a single degree of the place assigned by

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 neighbour-

hood 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 23d of

September, 1846.t

• Constructed by Dr. Bremiker, of Berlin. On reading tlie history of this

noble discovery, we are ready to exclaim with Schiller—
" Mit dem Genius steht die Nutur in ewigem Bunde,

Was der Eine verspricht leistet die Andre gewiss."

t Professor Challis, of the Cambridge Observatory, directing the Northum.
X S
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(507.) The mean distance of Neptune from the sun, how-

ever, so far from falling in with the supposed law of planetary

distances above mentioned, offers a decided case of discord-

ance. The interval between its orbit and that of Mercury,

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 remark-

able exception 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 the present instance,

they may prove useful auxiliaries, and serve as stepping

stones, affording a temporary footing in the path to great

discoveries. The force of this remark will be more apparent

when we come to explain more particularly the nature of

the theoretical views which led to the discovery of Neptune

itself.

(508.) We shall devote the rest of this chapter to an

account of the physical peculiarities and probable condition of

the several planets, so far as the fonner are known by ob-

seiTution, 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. TLese are, first, the difference in their re-

spective 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 globes, the inerticR of bodies must bear to

their weights; and, ih-^xlly, the difference in the nature of

the materials of which, tiom what we know of their mean
density, we have every reason to believe they consist. The
intensity of solar radiation is nearly seven times greater on

Mercury than on the Earth, and on Uranus 330 times less;

berland telescope of that Institution to the place assigned by Mr. Adams's
calculations and its vicinity, on the 4th and 12th of August 1846, saw the
planet on both those days, and noted its place (among those of other stars) for

re-observation. He, however, postponed the compirison of the places observed,
and, not possessing Dr. Bremiker's chart (which w ould have at once indicated
the presence of nn unmapped star), remained in :<^norance of the planet's

existence as a visible object till its announcement as such i>y Dr. Gallc.
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of

the proportion between the two extremes being that of up-

wards of 2000 to 1. Let any one figure to himself the

condition of our globe, were the sun to be septupled, to say

nothing of the greater ratio 1 or were it diminished to a

seventh, or to a 300th of its actual power ! Again, the in-

tensity of gravity, or its efficacy in counteracting muscular

power and repressing animal activity, on Jupiter, is nearly

two and a half times that on the Earth, on Mars not more

than one-half, on the Moon 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 one.

Lastly, the density of Saturn hardly exceeds one-eighth of

the mean density of the Earth, so that it must consist of ma-

terials not much heavier than cork. Now, under the various

combinations of elements so important to life as these, what

immense diversity must we not admit in the conditions of

that great problem, the maintenance of animal and intel-

lectual existence and happiness, which seems, so far as we
can judge by what we see around us in our own planet, and

by the way in which every corner of it is crowded with living

beings, to form an unceasing and worthy object for the exer-

cise of the Benevolence and Wisdom which preside over all

!

(509.) Quitting, however, the region of mere speculation,

we will now show what information the telescope affords us

of the actual condition of the several planets within its reach.

Of Mercury we can see little more than that it is round, and

exhibits phases. It is too small, and too much lost in the

constant neighbourhood of the Sun, to allow us to make

out more of its nature. The real diameter of Mercury is

about 3200 miles : its apparent diameter varies from 5" to

12". Nor does Venus offer any remarkable peculiarities:

although its real diameter is 7800 miles, and although it oc-

casionally attains the considerable apparent diameter of 61",

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 illuminated part dazzles the sight, and

exaggerates every imperfection of the telescope ; yet we see

clearly that its surface is not mottled over with permanent
X 4
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spots like the Moon ; we notice in it neither mountains nor

bhadows, but a uniform brightness, in which sometimes we
may indeed fancy, or perhaps more than fancy, brighter ot

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 the

case of Venus, Bianchini, and other more recent observers

have contended for a period of twenty-four times that length.

The most natural conclusion, from the very rare appearance

and want of permanence in the spots, is, that we do not see,

us in the Moon, the real surface of these planets, but only

their atmospheres, nmch loaded with clouds, and which may
serve to mitigate the otherwise intense glare of their sun-

shine.

(510.) The case is very different with Mars. In this

planet we frequently discern, with perfect distinctness, the

outlines of what may be continents and seas. (Sec Plate I.

^</. I., which represents Mars in its gibbous state, as seen

on the IGth of August, 1830, in the 20-feet reflector at

Slough.) Of these, the former are 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 districti on the Earth may possibly offer to the

inhabitants of Mars, only more decided. Contrasted with

this (by a general law in optics), the seas, as we may call

them, appear greenish.* These spots, however, are not

always to be seen equally distinct, but, when seen, they offer

the appearance of forms considerably definite and highly

characteristic,! brought successively into view by the rotation

of the planet, from the assiduous observation of which it has

even been found practicable to construct a rude chart of the

'M M

* I have noticed the phaenomena described in the text on many occasions, but
never more distinct than on the occasion when the drawing was made from
wliich the figure in Plate I. is engraved Author.

f The reader will find many of these forms represented in Schumacher's As-
tfonomischc Xnchricfttcn, No. 191. '1;3'1, and in the ehuit in No. 3'19. by Messrs.

Poer and MiiiUcr.

iiilj..
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surface of tlio planet. The variety in the spots may arise

fruui the planet not being destitute of atmosphere and clouds

;

and what adds greatly to the probability of this is the ap-

pearance of brilliant white spots at its poles,— one of wliich

appears in our figure,— wliich have been conjectured, 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. Tho

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 atten-

dance of four moons, satellites^ or secondary planets, as they are

called, which constantly accompany and revolve about it, as

the Moon does round the Earth, and in the same direction,

fonning with their principal, or primary, a beautiful miniature

system, entirely analogous to that greater one of which their

central body is itself a member, obeying the same laws, and

exemplifying, in the most striking and instructive manner,

the prevalence of the gravitating power as the ruling prin-

ciple 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 pre-

senting the appearance, in Plate III.^^. 2., which represents

this planet as seen on the 23d of September, 1832, in the

20-feet reflector at Slough. These belts are, however, by no

moans alike at all times ; they vary in breadth and in situa-

% 1

%\

t|i|j

13ter and Madlcr, Aatr. Nuchr. 3 J 9.



314 OUTLINES or A8TRONOMY.

Hi

tion on the disc (though never in their general direction).

They have even been seen broken up and distributed over

the whole face of the planet ; but this pliaenomenon is ex-

tremely rare. Branches running out from them, and subdi-

visions, as represented in the figure, as well as evident dark

spots, are by no means unconunon; and from tliese, atten-

tively 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 of the belts. Now, it is

very remarkable, and forms a most satisfactory comment on

the reasoning by wliich 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.

Tliis appearance is no optical illusion, 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 extension to this remote system, it

appears, on calculation, that this is really the degree of ob-

lateness which corresponds, on those principles, to the di-

mensions 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 compa-

r^'^^'vely clear sky, determined by currents analogous to our

trade-winds, but of a much more steady and decided charac-

ter, 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 it. (See

Plate 111. Jig. 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
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next in order of remoteness to Jupiter, to wliich it is not

much inferior in magnitude, being about 79,000 miles in dia-

meter, nearly 1000 times exceeding the earth in bulk, and

subtending an apparent angular diameter at the earth, of

about 18" at its mean distance. Tliis stupendous globe,

besides being attended by no less than seven satellites, or

moons, is surrounded with two broad, flat, extremely thin

rings, concentric with the planet and with each other ; both

lying in one plane, and separated 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 follow *
:
—

Exterior diameter of exterior ring

Interior ditto .....
Exterior diameter of interior ring

Interior ditto ......
Equatorial diameter of the body •

Interval between the planet and interior ring

Interval of the rings - - . -

Thickness of the rings not exceeding

" Mllei.

40-095 = 176,418

35-289=155,272
34-475=151,690
26-668 = 117,339
17-991= 79,160
4-339= 19,090
0-408= 1,791

250

The figure {^fig. 3. Plate III.) represents Saturn surrounded

by its rings, and having its body striped with dark belts,

somewhat similar, but broader and less strongly marked than

those of Jupiter, and owing, doubtless, to a similar cause, f

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 sun, and 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 8po\8 on its surface, which

* These dimensions are calculated from Prof. Struve's micrometric measures,

Mem. Art. Sue. iii. 301., with the exception of the thickness of the ring, which
is concluded from its total disappearance in 1 833, in a telescope which would
certainly have shown, as a visible object, a line of light one-twentieth of a
second in breadth. The interval of the rings here stated is possibly somewhat
too small.

f The equatorial bright belt is generally well seen. The subdivision of the

dark one by two narrow bright bands is seldom so distinct as represented in the

plate.
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when watched, like the spots on Miirs or Jupiter, indicate a

rotation in lO** 29™ 17' about an axis so situated.

(515.) The axis of rotation, like that of the earth, preserves

its parallelism 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 orbit, and, therefore, to the

ecliptic, viz. 28° 1 1' ; and intersects the latter plane in a

line, which makes at present* an angle with the lino 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 longi-

tudes, as at C, the plane of the 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 favour-

ably situated {coBteris paribus) for observation. Under these

circumstances the ring, if seen at all, can only appear as a

very narrow straight Hue 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, f

This remarkable phenomenon takes place at intervals of fif-

teen 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, A B C D part of Saturn's orbit situated so as to

include the node of the ring (at C) ; E F G H the Earth's

orbit; SC the line of the node; EB, GD parallel to SC
touching the earth's orbit in E G ; and let the direction of

motion of both bodies be that indicated by the arrow. Then

since the ring preserves its pai*allelism, 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,

' * According to Beessl, the longitude of the node of the ring increases be
46"462- per annum. In 1800 it was 166° 53' 8" -9.

\ Its disappearance was complete when observed with a reflector eighteen

iiK-hes in aperture and twenty feet in focal length on the 29th of April, 1833,

by the author.

iJak:
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on the other haiul, a (Ht^appearancc is possihlc (if the earth

be rightly situated) dui'ing the whole time of the deacriptiou

of the arc B D. Now, since SB or S D, the distance of

Saturn from the Sun, ia to S E or S G, that of the Earth, as

9-54 to 1, the angle C SD or C SB = 6° 1', ud the whole

angle B SD = 12° 2', which is described by Saturn (on an

average) in 359*46 days, wanting only 5*8 days of a complete

year. The Earth then describes very nearly an entire revo-

lution within the limits of time when a disappearance is pos-

sible ; and since, in either half of its orbit E F G or G H F,

it may equally encounter the plane of the ring, one such

encounter at least is unavoidable within the time specified.

(516.) Let G « 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 be 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 HE, as at M, after which

it will be behind that plane (with reference to the direction

of Saturn's motion) through all the arc MEFG up to G,

where it will again overtake it at the very moment of the

planet quitting the arc B D. In this state of things there

will be two disappearances. If, when Saturn is at B, the

Earth be anywhere in the arc a H E, it is equally evident

that it will meet and pass through the advancing plane of the

ring somewhere in the quadrant HE, that it will again
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overtake andpass through it somewhere in the semicircleEF G,

and again meet it in some point of the quadrant G H, so that

three disappearances will take place. So, also, if the Earth

be at E when Saturn is at B, the motion of the Earth being at

that instant directly towards B, the plane of the ring will

for a short time leave it behind ; but the ground so lost being

rapidly regained as the earth's motion becomes oblique to

the line jf junction, it will soon overtake and pass through

the r>laE e in the early part of the qu 'drant E F, and passing

on tlrough G before Saturn arrives at D, will meet the plane

again in the quadrant GH. The same will continue up to

a certain point b, 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 imme-

diately again left behind by it, to be again encountered by

it in GH. Finally, if the initial place of the earth (when

Saturn is at B) be in the arc bFa, there will be but one

passage through the plane of the ring, viz., in the semicircle

GHE, the earth being in advance of that plane throughout

the whole of iG.

(517,) The appearances will moreover be varied according

as the Earth passes from the enlightened to the unenlight-

ened side of the ring, or vice versa. If C be the ascending

node of th? rlug, and if the under side of the paper be sup-

posed south and the upper north of the ecliptic, then, when
the Earth meets the plane of the ring in the quadrant HE,
it passes from the bright to the dark side : where it overtakes

it in the quadrant EF, the contrary. Vice versa, when it

overtakes it in FG, the transition is from the br'^ht 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 E5, the chanj^'e is from the bright to the dark

side. When the dark side is exposed to sight, the aspecL of

the planet is very singular. It appears as a bright round

disc, with its belts, &c., but crossed equatorially by a narrow

and perfectly black line. This can never of course happen

when the plan'^.t is more than 6° 1' from the node of the ring.

Generally, the northern side is enlightened and visible when
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the heliocentric longitude of Saturn is between ITS'* 32' and

341° 3(y, and the southern when between 353°*32' and 161"

30'. The greatest opening of the ring occurs when the

planet is situated at 90° distance from the node of the ring,

or in longitudes 77° 31' ai^ d 257° 31', 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 composed of solid and ponderous materials, can be

sustained without collapsing 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 detected, 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

Satumian system, is very nearly the periodic time of a satel-

lite 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 difference does subsist as to place each independ-

ently of the other in a similar state of equilibrium

.

(519.) Although the rings are, as we have said, very

nearly concentric with the body of Saturn, yet micrometri-

cal measurements of extreme delicacy have demonstrated that

the coincidence is not mathematically exact, but that the

center of gravity of the rings oscillates round that of the

body describing a very minute orbit, probably under laws

of much complexity. Trifling as this remark may appear,

it is of the utmost importance to the stability of the system

of the rings. Supposing them mathematically
i
r^rfect 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^ which the slightest external power would

subvert— not by causing a rupture in the substance of the

rings—buL by precipitating them, unbroken, on the surface of

the planet. For the attraction of such a ring or rings on a
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point or sphere exccntrically within them, is not the same in

all directions, but tends to draw the point or sphere towards

the nearest part of the ring, or away frorxi the center. Hence,

supposing the body to become, from any cause, ever so httle

cxcentric 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 guch excentricity, exist in the attrac-

tions of the satellites, as will be shown in Chap. XII.

;

a-id in order that the system may be stable, ana possess

within itself a power of resisting the first inn ids of such

a tendency, while yet nascent and feeble, and opposing

them by an opposite or maintaining power, it has been shown

that it is sufficient to admit the rings to be loaded in some

part of their circumference, either by some minute inequality

of thickness, or by some portions being denser than others.

Such a load would give 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

sufficient to overcome minute causes of disturbance, and

establish an average bearing on its center. But even without

supposing the existence of any such load, — of which, after

all, we have no proof, — and granting, in its full extent, the

general instability of the equilibrium, we think we perceive,

in the rapid periodicity of all the causes of disturbance, a suf-

ficient 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 subversion, than

the mode in which a practised hand will sustain a long pole

in a perpendicular position resting on the finger by a con-

tinual and almost imperceptible variation of the point of sup-

port. Be that, however, as it may, the observed oscillation

of the centers of the rings about that of the planet is in itself

the evidence of a perpetual contest between conservative and

destructive powers— both extremely feeble, but so anta-

gonizing one another as to prevent the latter from ever
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acquiring an uncontrollable ascendancy, 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 nore to

separate, (for they would, once in contact, have attained

a position of stable equilibrium, and be held together ever

after by en 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 mi-
nutest precision, or that the rings must have been formed

about the planet while subject to their common orbitual mo-
tion, and under the full and free influence of all the acting

forces.

(521.) Several astronomers have suspected, and even con-

sider themselves 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 separates 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 separa-

tion.*

(522.) [The exterior ring of Saturn is described by many
observers as rather less luminous than tb interior, and the

inner portion of this latter than its oute. On the night of

Nov. 11. 1850, however, Mr. G.B.Bond, of the Harvard

Observatory (Cambridge, U. S.), using the great Fruunhofer

equatorial of that institution, became aware of a line f de-

marcation between these two portions so definite, and an

extension inwards of the dusky border to such an extent

(one fifth, by measurement, 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

• The passage of Saturn across any considerable star would afford an ad-

mirable opportunity of testing the reality of such fissures, as it would flash in

succession through them. The opportunity of watching for such occultations—
when Saturn traverses the Milky-Way, for instance— should not be neglected.
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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 une-

qual degrees of obscurix)', separated by a line more obscure

than either.]

(523.) Of Uranus we see nothing but a small round

uniformly illuminated disc, without rings, belts, ordiscerniole

spots. Its apparent diameter is about 4", from which it

never varies much, owing to the smallness of our orbit in

comparison of its own. Its real diameter is about 35,000

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) ofier remarkable

peculiarities.

(524.) The discovery of Neptune is so recent, and its

situation in the ecliptic at present so little favourable for

seeing it with perfect distinctness, that nothing very positive

can be stated as to its physical appearance. To two observers

it has afforded strong suspicion of being 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 con-

sidered as quite 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 to

any enquiry into theirs. One of them, Pallas, has been said

to have somewhat of a nebulous or hizy appearance, indicative

of an extensive and vaporous atmosphere, little repressed and

condensed by the inadequate gravity of so small a mass. It

is probable, however, that the appearance in question has

originated in some imperfection in the telescope employed or

other temporary causes of illusion. In Vesta and Pallaa

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 d< ibt the most

;
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remarkable of their peculiarities must lie in this condition

of their state. A man placed on one of them would spring

with ease 60 feet high, and sustain no greater shock in hia

descent than he does en 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 speculations 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 mustard 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,

Ceres, Vesta, and Pallas, grains ofsand, 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 notions

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 imitate 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"; Jupiter, 2"^ 56°^; Saturn, in V"

\V^\ Uranus, in 2'' 16"; and Neptune in 3" 30°^.
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CHAPTER X.

OP THE SATELLITES.

m

OF THE MOON, AS A SATELLITE OF THE EAKTH. — GENERAL PROX-

IMITY OF SATELLITES TO THEIK PRIMARIES, AND CONSEQUENT

SUBORDINATION OF THEIR MOTIONS. MASSES OF THE PRIMARIES

CONCLUDED FROM THE PERIODS OP THEIR SATELLITES.— MAIN-

TENANCE OF Kepler's laws in the secondary systems. — op

Jupiter's satellites.— their eclipses, etc.— velocity op

LIGHT discovered BY THEIR MEANS. — SATELLITES OF SATURN

OF URANUS— OF NEPTUNE.

(527.) In the 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 center of

gravity ; while this center, strictly speaking, and not either of

the two bodies thus connected, moves in an elliptic orbit,

undisturbed by their mutual action, just as the center 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 de-

scribed by either the moon's or the earth's centers, in virtue

of this compound motion, 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

comparatively very much smaller— so much so, indeed, that

every part ofthe curve described by either the earth or moon is

concave towards the sun. The excursions of the earth on

either side of the ellipse, indeed, arc so very small as to be

hardly appretiable. In fact, the center of gravity of the
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earth and moon lies always within the surface of the earth, so

that the monthly orhit described by the earth's center about

the common center of gravity is comprehended within a space

less than the size of the earth itself. The effect is, never-

theless, sensible, in producing an apparent monthly displace-

ment of the sun in longitude, of a parallactic kind, which is

called the menstrual equation; whose greatest amount is, how-

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 distant from the center of the latter. Its proximity,

therefore, to its center 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

center. 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 in-

adequate to produce that alternate acceleration and re-

tardation in its motion about the sun, which divests 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 re-

lative dimensions of their heliocentric 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 revolution.

(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 case, appears sufficiently from what

we have already stated, that the moon's 7'eal path, even when
between the earth and sun, is concave towards the latter.

But it will appear still more clearly if, from the known

periodic times* in which the earth completes its annual and

* R and r radii of two orbits (supposed circular), P and p the periodic

times ; then the arcs in question (A and a) are to each other as ^ to - ; and

since the versed sines are as the squares of the arcs directly and the radii in-

verscly, these are to each other as r;^ to -^•, and in this ratio are the forces acting

on the revolving bodies in either case.
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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 portions 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.

(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 decrease, it must follow that at equal

distances, the intensity of solar would exceed that of terres-

trial gravity in the above proportion, augmented in the

further ratio of the square of 400 to 1; that is, in the pi*o-

portion of 355000 to 1 ; and therefore, if we grant that the

intensity of the gravitating 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 yyjVuTJ ^^

that of the sim.

(532.) The argument is, in fact, nothing more than a re-

capitulation of what has been adduced in Chap VIII. (art.

448.) But it is here re-introduced, in order to show how
the mass of a planet which is attended by one or more satel-

lites can be as it were weighed against the sun, provided 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 ; 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
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general laws by which theu: 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

wliich they are obeyed in the planetary system— approxim-

ately, and without prejudice to the effects of mutual pertur-

bation, 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 excentricity, the primary occupying one

focus. About this they describe areas very nearly propor-

tional 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 be observed that

the same remark respecting their proximity to their primaries

holds good, as in the case of the moon, with a similar reason

for such close connection.

(534.) Of these systems, however, the only one which has

been studied 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 fre-

quently, and are easily observed, afford signals of considerable

use for the determination of terrestrial longitudes (art. 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 exactly, 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
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therefore but little different from the plane of the ecliptic.

Accordingly, we see their orbits projected very nearly into

straight lines, in wliich they appear to oscillate to and fro,

sometimes passing before Jupiter, and casting shadows on

his disc, (wliich 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.

(536.) The eclipses of the satellites, in their general con-

ception, 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 or umbra (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 (comparatively to the diariiv^ter 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 revolution;

and the fourth, though, from the greater inclination of its

orbit, it sometimes escapes eclipse, and mat/ 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 center of their motion,

but from a remote station, and one whose situation with

respect to the line of shadow is variable. This, of course,

makes no difference in the times of the eclipses, but 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 Jupiter, and a b the orbit of one of its satellitea.
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The cone of the shadow, then, will have its vertex at X, a

point far beyond the orbits of all the satellites; and the

3^X

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 ftom 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 describing about Jupiter

an angle equal to its apparent diameter as seen from the

center of the planet, or rather somewhat more, by reason of

the 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 of light falling on the satellite at h, 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 informa-

tion, theoretical or practical. But, if both the immersion

and emersion can be observed with the same telescope^ and hy

the samejpersouy 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. Such observations, and such only, are

of use for determining the periods and other particulars of
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the motions of the eatellites, 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 satellites' revolutions ; Trom 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 the east, when in the other

half of its orbit, or after the opposition. When the earth

approaches the opposition, the visual line becomes more and

more nearly coincident with the direction of the shadow, and

the apparent place where the eclipses haj)pen will be con-

tinually nearer and nearer to the body of the planet. When
the earth comes to F, a point detennined by drawing A F to

touch the body of the planet, the emersions will cease to be

visible, and will thenceforth, up to the time of the opposition,

happen behind the disc of the planet. Similarly, from the

opposition till the time when the earth 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 G (or H) the immersion (or emer-

sion) will happen at the very edge of the visible disc, and

when between G and H (a very small space), the satellites

will pass uneclipsed 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 aa 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 precede the satellite in its

progress over the disc before the opposition of Jupiter, and

vice versa. In these transits of the satellites, which, with

very powerful telescopes, may be observed with great

precision, it frequently happens that the satellite itself is

^M
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discernible on the disc as a bright spot if projected on a dark

belt ; but occasionally also as a dark s(>ot 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 ; for the satellites of Jupiter, small as they appear to

us, are really bodies of considerable size, as the following

comparative table will show :
*— i

.
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(on account of the great distance of the earth compared with

the rodii of the orbits of the satellites) varies but little in

the case of each satellite, being nearly equal to t!ie time

which the satellite requires to describe an arc of its orbit,

equal to the angular diameter of Jupiter as seen from its

center, which time, for the several satellites, is as follows.

viz., for the first, 2" 20": for the second, 2^' Se""; for the

third, 3** 43°» ; and for the fourth, 4'' 56™ ; the corresponding

diameters of the planet as seen from these respective satellites

being, 19" 49'; 12° 25'; 7° 47'; and 4° 25'.* Before the

opposition of Jupiter, these occultations 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, both the immersion and emersion of either of

them can never be observed in any single eclipse, the

immersion 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 commencement of the occultation, or

the passage of the satellite behind the disc, takes place while

obscuredby the shadow, before 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 sun and Jupiter, that the cone of the shadow converging

(while that of the visual rays diverges) behind the planet,

permits their occultations to be crmpletely observed both at

ingress and egress, unobscured, 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 tliree first satellites of Jupiter. If the mean angular

velocity of the first satellite be added to twice that of thj

third, the sum will °,qual three times that of the second.

From this relation it follows, that if from the mean longitude

• These data are taken approximately from Mr. Woolhouse's paper in the
su^ipleinent to tf<e Nautical Almanack for 1835.
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of tlic first added to twice that of the third, be subducted

three times that of the second, the remainder will always be

the same, or constant, 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 approximately true, the mutual attractions

of the satellites would, in process of time, render it exactly

so. One curious consequence is, that these three sastellites

cannot be all eclipsed at once ; for, in consequence of the

last-mentioned relation, when the second and third lie in the

same direction from the center, 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 sim and planet,

throwing its shadow on the disc, and vice versa.

(543.) Although, however, for the above mentioned reason,

the satellites 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 tele-

scope to discern a satellite on the body, except in peculiar cir-

cumstances. Instances ofthe actual observations ofJupitar 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) 1681.* A
similar observation is recorded by Sir W. Herschel as made

by him on May 23d, 1802. The phaenomenon has also been

observed by Mr. Wallis, on April I5th, 1826; (in which case

the deprivation continued 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

* Molyneux, Optics, p. 271.
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memorable epochs in the history of astronomy. The first

ascronomical solution of the great problem of "the lonffihide"

— practically 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 establishment of the Copernican

system of astronomy may also be considered 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 especially that which connects their periods and

distances, were speedily traced, and found to be satisfactorily

maintained. And (as if to accumulate historical interest on

this point) it is to the observation of their ecUpses that we
owe the grand discovery of the aberration of light, and the

consequent determination of the enormous velocity of that

wonderful element. This we must explain now at large.

(545.) The earth's orbit being concentric with that of

Jupiter and interior to it (see ^ff. art. 536.), their mutual

distance is continually varying, the variation extending from

the sum to the difference of the radii of the two orbits; and

the difference of the greater and least distances being equal

to a diameter of the earth's orbit. Now, it was observed by

Roemer, (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 soon— sooner, that is, than, by calculation from an

average, he expected them; whereas those which happened

when the earth was in the part of its orbit most remote from

Jupiter were always too late. Connecting the observed error

in their computed times with the variation of distance, ho

concluded, that, to make the calculation on an "verage period

correspond with fact, an allowance in respect of time behoved

to be 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

earth's orbit should correspond to 16™ 26" -6 of time allowed.

Speculating on the probable physical cause, he was naturally

p
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led to think of a gradual instead of an instantaneous pro-

pagation 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 most unequivocal kind, by Bradley's discovery of

the aberration of light (art. 329.). The velocity of light de-

duced from this last phaenomenon differs by less than one

eightieth of its amount from that calculated from the eclipses,

and even this difference will no doubt be destroyed by nicer

and more rigorously reduced observations.

(546.) The orbits of Jupiter's satellites are but little ex-

centric, those of the two interior, indeed, have no perceptible

excentricity. Their mutual action produces in them per-

turbations analagous to those of the planets about the sun,

and which have been diligently investigated by Laplace and

others. By assiduoiis observation it has been ascertained

that they are subject to marked fluctuations in respect of

brightness, and 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.

(547.) The satellites of Saturn have been much less

studied than those of Jupiter, being far more difficult to ob-

The most distant has its orbit materially inclinedserve.

(no less than 12" 14')* to the plane of the ring, with which

the orbits of all the rest nearly coincide. Nor is this the only

circumstance which separates it by a marked difference of

character from the system of the six interior ones, and renders

it in some sort an anomalous member of the Saturnian

system. Its distance from the planet's center exceeds in the

proportion of nearly three to one that of the most distant of

all the rest, being no less than 64 times the radius of the

globe of Saturn, a didtance from the primary to which our

own moon (at 60 radii) offers the only parallel. Its variation

of light also in different parts of its orbit is very much greater

* Lalande, Astron. Art. 3075.
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than in the case of any other secondary planet. Dominic

Cassini indeed (its first discoverer, ad. 1671) found it to

disappear for nearly half its revolution, when to the east of

Saturn, and though the more powerful telescopes now in use

enable us to follow it round the whole of its circuit, its

diminution of light is so great in the eastern half of its orbit

as to render it somewhat difficult to perceive. From this

circumstance (viz. from the defalcation of light occurring

constantly on the same side of Saturn as seen from the earth,

the visual ray from which is never very oblique to the di-

rection in which the sun's light falls on it) it 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 enquired intof further

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 three next satellites

still proceeding inwards J are very minute and require pretty

powerful telescopes to see them; while the two interior sa-

tellites which just skirt the edge of the ring § can only be

seen with telescopes of extraordinary power and perfection,

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 edgeways was reduced, and for a short time to

advance off it at either end, speedily to return, and hastening

to their habitual concealment behind the body.
||

• By Huyghens, March S5. 1655.

t By Bessel, Astr. Nachr. Nos. 193. 214.

I Discovered by Dominic Cassini in 1672 and 1684.

§ Discovered by Sir William Herschel in 1789,

I Considerable confusion prevails in the nomenclature of the Saturnian
syster.i, owing to the order of discovery not coinciding with that of distances.

Astronomers have not yet agreed whether to call the two interior satellites the

*!.|.
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(549.) Owing to the obliquity of the ring and of the orbits

of the satellites to Saturn's ecliptic, there are no eclipses, oc-

cultations, or 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
difficulty 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 800th

part of the larger period.

(551.) The satellites of Uranus require very powerful

and perfect telescopes 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 existence, though announced with considerable confi-

dence by their original discoverer, could hardly be regarded as "^i

6th and 7th (reckoning inward) and the older ones the 1st, 2d, Sd, 4th, and 5th,

reckoning outward ; or to commence with the innermost and reckon outwards,

from 1 to 7. This confusion has been attempted to be obviated by a mytho-
logical nomenclature, in consonance with that at length completely established

for the primary planets. Taking the names of the Titanian divinities, the

following pentameters afford an easy artificial memory, commencing with the

most distant.

lapetus, Titan ; Rhea, Dione, Tethys ; (pron. TSthys)
Enceladus, Mimas

It is worth remarking that Simon Marius, who disputed the priority of the

discovery of Jupiter's satellites with Galileo, proposed for them mythological

names, viz:— lo, Europa, Ganymede, and Callisto. The revival ofthese names
would savour of a preference of Mariub's claim, which, even if an absolute

priority were conceded (which it is not), would still leave Galileo's general

claim to the use of the telescope as a means of astronomical discovery intact.

But in the case of Jupiter's satellites there exists no confusion to rectify.

They are constantly referred to by their numerical designations in every

almanack.
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fully demonstrated, two only have been hitherto reobserved

;

viz. the first of our table, interior to the two larger ones, by

the independent observations of Mr. Laasell*, and M. Otto

Struve t, and the fourth, intermediate between the larger ones,

by the former of these astronomers. The remaining two, if

future observation should satisfactorily establish their real

existence, will probably be found to revolve in orbits exterior

to all these.

(552.) The orbits of these satellites offer remarkable, and,

indeed, quite unexpected and unexampled peculiarities. Con-

trary to the unbroken analogy of the whole planetary system

— whether of primaries or secondaries—the planes of their

orbits are nearly perpendicular to the ecliptic, being inclined no

less than 78° 58' to that plane, and in these orbits their

motions are retrograde; that is to say, their positions, when
projected on the ecliptic, instead of advancing from west to

east round the center of their primary, as is the case with

every other planet and satellite, move in the opposite di-

rection. Their orbits are nearly or quite 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

inclination, in the course, at least, of half a revolution of their

primary round the sun. When the earth is in the plane of

their orbits or nearly so, their apparent paths are straight lines

or very elongated ellipses, in which case they become in-

visible, their feeble light being effaced by the superior light of

the planet, long before they come up to its disc, so that the

observation of any eclipses or occultations they may undergo

is quite out of the question with our present telescopes.

(553.) If the observation of the satellites of Uranus be

difficult, those of Neptune, owing to the immense distance of

that planet, may be readily imagined to offer still greater

difficulties. Of the existence of one, discovered by Mr. Las-

sel J, there can remain no doubt, it having also been observed

by other astronomers, both in Europe and America. Accord-

• September 14th to November 9th, 1847.

f October 8th to December 10th, 1847.

t On July 8th, 1847.

ii'F''
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ing to M. Otto Struve* its orbit is inclined to the ecliptic

at the considerable angle of 35° ; but whether, as in the case

of the satellites of Uranus, the direction of its motion be
retrograde, it is not possible to say, until it shall have been
longer observed.

• Astron. Nachr. No. 629., from his own observations, September lltli to
December 20th, 1847.
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CHAPTER XL

OP COMETS.

GREAT NUMBER OF RECORDED COMETS. THE NUMBER OP THOSE

UlfRECORDED PROBABLY MUCH GREATER. — GENERAL DESCRIP-

TION OF A COMET.— COMETS WITnOUT 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 irregular 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 superstitious 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 we 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

satisfactory account has yet been rendered of those immensely

voluminous appendages which they bear about with them, and

which are known by the name of their tails, (though impro-

perly, 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 astro-

nomically observed, or of which notices have been recorded
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in liistory, is very great, amounting 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 conspicuoiis ones were noticed ; and

that, 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 ; it will be easily supposed that their

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

Bun,— a coincidence which happened, aa related by Seneca,

sixty-two years before Christ, when a large comet was ac-

tually 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 sun-

shine. Such were the comets of 1402, 1532, and 1843, and

that of 43 B. C. which appeared during the games celebrated

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 phaenomena. Comets consist for the most part

of a large and more or less splendid, but ill defined nebulous

mass of light, called the head, which is usually much brighter

towards its center, and offers the appearance of a vivid nucleus,

• See catalogues in the Almagest of Riccioli ; Pingr^'s Cometographie

;

Delambre's Astron. vol. iii. ; Astronomische Abhandlungen, No. 1. (which

contains the elements of all the orbits of comets which have been computed to

the time of its publication, 1823); also a catalogue, by the Rev. T. J. Hussey.

Lond. & Ed. Phil. Mag. vol. ii. No. 9. et seq. In a list cited by Lalande from

the 1st vol. of the Tables de Berlin, 700 comets are enumerated. See also

notices of the Astronomical Society and Astron. Nachr. passim. A great many
of the more ancient comets are recorded in the Chinese Annals, and in some
cases with sufficient precision to allow of the calculation of rudely approximate

orbits from their motions so described.
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like a star or planet. From the head, and in a direction

opposite to that in tohich the sun is 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 be-

hind it, but sometimes continue distinct for a great part of

their course ;
producing an effect Hke that 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

the tail. This magnificent appendage attains occasionally

an immense apparent length. A' istotle 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 modern times, and

on many accounts the most remarkable of all, with a

head not exceeding in brightness a stn* >f the second mag-

nitude, covered with its tail an exteixt if 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 &b° 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 offered no vestige of a tail; and Cassini 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 furnished with many tails or streams of

divergLag light. That of 1744 had no less than six, spread

'v

• This description however applies to the " disc " of the head of these comets

as seen in a tflescopc. Cassini's expressions are, " aussi rond, aussi net, et aussi

clair que Jupiter," (where it is to be observed that the latter epithet must by
no means be translated bright). To understand this p'\ssage fully, the reader

must refer to the description given further on, of the " disc " of Halley's comet,

after its perihelion passage in 1835-6.
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out like an immense fan, extending to a distance of nearly

30" 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 center,

where, however, they appear to have no distinct nucleus, or

any thing which seems entitled to be considered as a solid

body. Stars of the smallest magnitudes remain distinctly

visible, though covered by what appears to be the densest

portion of their substance ; although the same stars would be

completely 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 larger comets which have

presented the appearance of a nucleus have yet exhibited

no phases, though we cannot doubt that thej- shine by the

reflected 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 explanation as

forced, or feel disposed to resort to a phosphorescent quality

in the comet itself, to account for the phtenomena in question,

when we consider (what will be hereafter shown) the enor-

mous magnitude of the space thus illuminated, and the ex-

tremely small mass which there is ground to attribute to

these bodies. It will then be evident that the most un-

substantial 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
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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 coudensed part of the 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 existence

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 attribute this extra-

ordinary developement of the atmospheres of comets. If the

earth, retaining its present size, were reduced, by any

internal change (as by hollowing out its central parts) to one

thousandth part of its actual mass, its coercive power over

the atmosphere would be diminished 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 center.* An atmosphere, however, free to

expand equally in all directions, would envelope the nucleus

spherically, so that it becomes necessary to admit the action

of other causes to account for its enormous extension in the

direction of the tail,— a subject to which we shall presently

take occasion to recur.

(560.) That the luminous part of a comet is something in

the nature of a smoke, fog, or cloud, suspended in a trans-

parent 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 observed in

i t\

• Newton has calculated (Princ. III. p. 512.) that a globe of air of ordi-

nary density at the earth's surface, of one inch in diameter, if reduced to the
density due to the altitude above the surface of one radius of the earth, would
occupy a sphere exceeding in radius the orbit of Saturn. The tail of a great
comet then, for aught we can tell, may consist of only a very few pounds or even
ounces of matter.
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tlie history of comets, appear to indicate that the etruclure

of a comet, aa seen in section in the direction of its length,

must bo that of a hollow envelope, of a parabolic form,

enclosing near its vertex the nucleus and head, something aa

represented in the annexed figure. This would account for

the apparent division of the tail into two principal lateral

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 different physical

constitution, and there is no doubt that one and the same

comet at different epochs undergoes great changes, Nolh 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. Some-

times 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 unfrequently, 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. Some pursue a direct, some a retrograde, and

others a tortuous and very irregidar course; nor do 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 their first appearance as faint and slow

moving objects, with little or no tail ; but by degrees ac-

celerate, enlarge, and throw out from them this appendage,

* 120° in extent in the former editions. But this was the arc described in

longitude, and the comet at the time referred to had great north latitude.

m
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wluch increases in length and brightness till (as always

happens in such cases) they approach* the sun, and are lost

in his beams. After a time they again emerge, on the

other side, receding from the sim 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 then greatest length

and developement ; thus indicating plainly the action of the

sun's rays as the exciting cause of that extraordinary emana-

tion. 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 gravi-

tation, the enigma of these seemingly irregular and capricious

movements might have remained for ever unresolved. But

Newton, having demonstrated the possioility of any conic

section whatever being described about the sun, by a body

revolving under the dominion of that law, immediately per-

ceived the applicability of the general proposition to the case

of cometaiy ^rfbits; 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 closeness of its approach to the

sun (within one 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 tliis comet described about the sun as its

focus an llij/';ic orbit of so great an excentricity as to be

undistiDgiiis'iabl*' 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 planet iry ellipses, proportional to the times. The
representation of the apparent motions of this comet by such

an orbit, throughout its whole observed course, was foimd

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
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by the same general laws as those of the planets—the

diflference 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 general coincidence in the direction of their motions

from west to east, rather than from east to west, like what is

observed among the planets.

(563.) It is a problem of pure geometry, from the general

laws of elliptic or parabolic motion, to find the situation and

dimensions of the ellipse or parabola which shall represent

the motion of any given comet. In ge \ /"al, three complete

observations of its right ascension and declination, with the

times at which they were made, suffice for the solution of

this problem, (wliich is, however, by no means an easy one,)

and for the determination of the elements of the orbit.

These oonsist, mutatis mutandis, of the same data as are re-

quired for the computation of the motion of a planet ; (that

is to say, the longitude of the perihelion, that of the ascend-

ing node, the inclination to the ecliptic, the semiaxis, excen-

tricity, and time of perihelion passage, as also whether the

motion is direct or retrograde;) and, once determined, it

becomes very easy to compare 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 foimd 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 Ijast, so very long that no appret^able 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 is 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

i™*'-
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detenninr.te period,—but should its orbit be of the hyperbolic

character, when once 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 inmiensity

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.

(565.) We must now say a few words on the actual di-

mensions of comets. The calculation of the diameters of

their heads, and the lengths and breadths of their tails, offers

not the slightest difficulty 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 Ave 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 enquiry.

{566.) The tall of the great comet of 1680, immediately

after its perihelion passage, was found by Newton to have

h)een no less than 20000000 of leagues in length, and to have

occupied only two daya in its emission from the comet's body

!

a decisive proof this of its being darted forth by some active

force, the origin 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 J 6000000 leagues, and that of the

great comet of 18 1 1, 36000000. The portion of the head of

this last, comprised within the transparent atmospheric en-

velope which separated it from the tail, was 180000 leagues

in diameter. It is hardly conceivable, that matter once pro-

jected to such enormous distances should ever be coUected

* For example, that of 1723, calculated by Buii'kharilt ; that of 1771, by both

Burckhardt and Encke; and the second coou't of 1818, by Rosenberg and
Schwabe.

!*'iii
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again by the feeble attraction of such a body as a comet— a

consideration which accounts for the surmised progressive

diminution of the tails of such as have been frequently

observed.

(567.) The most remarkable of those comets which have

been ascertained to move in elliptic orbits is that of Halley,

BO called from the celebrated Edmund Halley, who, on cal-

culating 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 he had also

ascertained. The intervals of these successive apparitions

being 75 and 76 years, Halley was encouraged to predict

its reappearance about the year 1759. So remarkable a

prediction could not fail to attract the attention of all as-

tronomers, and, as the time approached, it became extremely

interesting to know whether the attractions of the larger pla-

nets might not materially interfere with its orbitual motion.

The computation of their influence from the Newtonian law

of gravity, a most difficult 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 which the expected return would happen later

than on the supposition of its retaining an unaltered period,—
and that, in short, the time of the expected perihelion 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 Uth, and the 26th of Novp- i^cr, 1835;

the two latter determinations appearing ei " . to the

higher degree of confidence, owing partly to the more com-

plete discussion bestowed on the observations of 1682 and

1759, and partly to the continually improving state of our

knowledge of the methods of est mating the disturbing effect

* Damoiseau, Por.tecoulant, Rosenberger, and Lehmann.
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of the several planets. The last of these 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 the 20th of Au-
gust it became generally visible, and, pursuing very nearly

its calculated path among the stars, passed its periheUon on

the 16th of November; after which, its coiwse 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.

(568.) 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 been an object of the most

diligent attention in all parts of the world to astronomers,

furnished with telescopes very far surpassing in power those

which had been applied to it at its former appearance in 1759,

and indeed to any of the greater comets on record, the

opportunity thus afforded of studying its physical structure,

and the extraordinary phaenomena which it presented when

so examined have rendered this a memorable epoch in cometio

history. Its first appearance, while yet very remote from the

sun, was that of a small round or somewhat 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 be

developed, and thenceforward increased pretty rapidly, being

already 4° or 5° long on the 5th. It attained its gro vlost

apparent length (about 20") on the 15th of October. From
that time, though not yet arrived at its perihelion, it deceased

with such rapidity, that already on the 2nth it was only 3°,

and on November the 5th 2^° in length. There is every

reason to believe that boforo the perihelion, the tail had

altogether disappeared, as, though It contInue<l to be obser^ od
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at Pulkowa up to the very day of its perihelion passage, no

mention whatever is made of any tail being then seen.

(569.) By far the most striking pha;nomena, however, ob-

served in this part of its career, were those which, commencing

simultaneously with the growth of the tail, connected them-

selves evidently with the production of that appendage and

its projection from the head. On the 2d of October (the

very day of the first observed commencement of the tail)

the nucleus, which had been faint and small, was observed

suddenly to have become much brighter, and to be in the act

of throwing out a jet or stream of light from its anterior part,

or that turned towards the sun. This ejection after ceasmg

awhile was resumed, and with much greater apparent violence,

on the 8th, and continued, with occasional intermittences, so

long as the tail itself continued visible. Both the form of

this luminous ejection, and the direction in which it issued

from the nucleus, meanwhile underwent singular and capri-

cious alterations, the different phases succeeding each other

with such rapidity that on no two successive nights were the

appearances alike. At one time the emitted jet was single,

and confined within narrow Iniits 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 agaiu two, three, or even

more icts were darted forth in diiForcnt ilirc<-tions. * (See

figures a, h, c, d, plate I. fig 4., which represent, highly mag-

nified, the appearances of the nucleus with its jets of light,

on the 8th, 9th, 10th, and 12th of October, and in which the

diivotion 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 figures not permitting its intro-

duction: e 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 either side of

* See the exquisite lithographic representations of these phcnonien<i by Bessel.

Astron. Nachr, No. ;!02., and the fine series by Schwabe in No. 297. of that

collection, as also the magnificent drawings of Struve, from which our figures a,

b, c, d, are copied.

Ci^b

'IWSZir
MPIBiWIWj f i immm MW!



352 OUTLINES OF ASTRONOMY.

1»,'ii

H

a line directed to the sun in the manner of a compass-needle

when thrown into vibration and oscillating about a mean

position, the change of direction being conspicuous even from

hour to hour. These 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, ultimately yielding to its force, so

as to be drifted back and confounded in a vaporous train,

following the general direction of the current. *

(570.) Reflecting on these phaenomena, and carefully con-

sidering the evidence aiForded by the numerous and elabo-

rately executed drawings which have been placed on record

by observers, it seems impossible to avoid the following con-

clusions. Ist. That the matter of the nucleus of 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 beliind 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 materials of the comet, the greater portion remaining

unvaporized, and a considerable part of the vapour actually

• On this point Schwabe's and Bessel's drawings art very express and un-
equivocal. Struve's attention seems to have been more especifdly directed to the
scrutiny of the nucleus.
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produced, remaining in its neighbourhood, 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 centrifugal or repulsive, 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 be

dcistroyed in the first instance, before any movement in the

contrary direction can be impressed.

6thly. That unless the matter of the tail thus repelled

from the sun be retained by a peculiar and highly energetic

attraction to the nucleus, differing from and exceptional to

the ordinary power of gravitation, it must leave the nucleus

altogether ; being in effect carried far beyond the coercive

power of so feeble a gravitating force as would correspond to

tlie mimito mass of fhe nucleus ; and it is therefore very

conceivable that a comet may lose, at every approach to the

sun, a portion of that peculiar matter, whatever it be, on which

the production of its tail depends, the remainder being of

course less excitable by the solar action, and more impassive

to his rays, and therefore, pro tanto, more nearly approximating

to the nature of the planetary bodies.

(571.) After the perihelion passage, the comet was lost

sight of for upwards of two months, and at its reappearance

(on the 24th of January 1836) presented itself under quite

a different aspect, having in the interval evidently undergone

some great physical change which had operated 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 ofmuch greater extent. Within the disc, and somewhat

excentrically situated, a minute but bright nucleus appeared,
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from which extended towards the posterior edge of the disc

(or that remote from the sun) a short vivid himinous 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 dimensions,

and that with such rapidity, that in the week elapsed from

January 25th to Febuary 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 con-

tent of the illuminated space had dilated in the ratio of

upwards of 40 to 1 . And so it continued to swell out with

undiminished rapidity, until from this cause alone it ceased

to be visible, the illumination becoming fainter as the magni-

tude increased; till at length the outline became undistinguish-

ablc from simple want of light to trace it. While this in-

crease of dimension proceeded, the form of the disc passed,

by gradual and successive additions to its length in the direc-

tion opposite to the sun, to that of a paraboloid, as represented

in
ff

fig. 4. plate I., the anterior curved portion preserving its

planetary sharpnessj but the base being faint and ill-defined.

It is evident tliat had this process continued with sufficient

light to render the result visible, a tail would have been

ultimately reproduced ; but the increase of dimension being

accompanied with diminution of brightness, a short, im-

perfect, 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 thnt only when the comet itself

had begun to fade away by reason of its increasing distance.

(572.) While the parabolic envelope was thus continually

dilating and growing fainter, the nucleus underwent little

change, but the ray proceeding from it increased in length

and comparative brightness, preserving all the time its direc-

tion along the axis of the paraboloid, and offering none

of those irregular and capricious phaenomena wliich charac-

terized the jets of light emitted anteriorly, previous to the

perihelion. If the office of those jets was to feed the tail,

the converse office of conducting back its successively con-

densing matter to the nucleus would seem to be that of
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the ray now in question. By degrees this also faded, and

the last appearance presented by the comet was that which

it offered at its first appearance in A-ugust ; viz. that of a

small round nebula with a bright point in or near the center.

(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 pro-

bability, to be identical with a magnificent comet observed

at Constantinople and in Palestine, and referred by con-

temporary 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 p issage of Homer, and which are refeiTcd, as

well as the obscurity of chronology and the indications them-

selves will allow, to the yeai's 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 over-

whelming 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
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return. It revolves in an ellipse of great excentriclty (though

not comparable to that of Halley's), the plane of which is in-

clined at an angle of about 13° 22' to the plane of the ecliptic,

and in the short period of 1211 days, or about 3y years. This

remarkable discovery was made on the occasion of its fourth

recorded api»carancej in 1819. From the ellipse then cal-

culated by Encke, its return in 1822 was predicted by him,

and observed at Paramatta, in New South Wales, by M.
RUmker, being invisible in Europe : since which it has been

re-predicted and re-observed in all the principal observatories,

both in the northern and southern hemispheres, aa a phe-

nomenon of regular occurrence.

(577.) On comparing the intervals between the successive

perihelion passages of this comet, after alio ving in the most

careful and exact manner 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 diminlthiug, or, in other

words, the mean distance from the sun, oi the major axis of

the ellipse, dwindling by slow and regular degrees at the

rate of about 0'^* 1 1 per revolution. This is evidently the efi'ect

which '"^ould be produced by a resistance expericuccd by the

comet fro; n a very rare ethereal medium pervading the regions

in which it moves ; for such resistance, by diminishing its

actual velocity, would diminish also its contrifugal force, and

thus give the sun more ]
vcr over it to draw it nearer.

Accordini'ly this is the soli m propi od by Euckc. and at

present g< nerully received, xt will, therefore, probuMy fall

ultimately iuto the sim, should it not first be dissipated

altogether,— a thing no way improbable, when the lightness

of its materials is considert" i.

(578.) By measuring the apparent magnitude oi ibis comet

at different distances from the sun, and thence, from a know-

ledge of its actual distance from the earth at the time, con-

cluding its real volume, it has boon ascertained to contract

in bulk as it annroaches to, and to expand as it recedes

from, that lumuifa'y- M. Valz, who was the first to notice

this fact, accoi ill's for it by supposing it to undergo a real

compression or o<;!*densation of volume arising from the
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pressure of an aethereal medium which he conceives to grow

more dense in the sun's neighbourhood. But such an hypo-

thesis is evidently inadmissible, since it would require us to

assume the exterior of the comet to be in the nature of a skin

or bag impervious to the compressing medium. The phe-

nomenon 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 evaporable

matter into the states of visible cloud and inv' ible gas by

the alternating action of cold and heat. This net has no

tail, but offers to the view only a small ill-defined nuchms,

excentrically situated within a more or less elongated oval

mass of vapours, being nearest to that vertex which is

towards the sun.

(579.) Another comet of short period is that of Biela, so

called from M. Biela, of Josephstadt, who first arrived at this

interesting conclusion on the occasion of its appearance in

1826. It is considered to be identical with comets which

appeared in 1772, 1805, &c., and describes its very excentric

ellipse about the sun in 2410 days or about tif 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 unattended with danger. *

• Should calculation establish the fact of a resistance experienced also by this

comet, the subject of periodical comets will assume an extraordinary degree of
interest. It cannot be doubted that many more will be discovered, and by
their resistance questions will come to be decided, such as the following .—What
is the law of de"-sity of the resisting medium which surrounds the sun? Is it

at rest or in motion? If the latter, in what direction does it move? Circularly
round the sun, or traversing space ? If circularly, in what plane ? It is obvious
that a circular or vorticose motion of the ether would accelerate some comets and
retard others, according as their revolution was, relative to such motion, direct
or retrograde.

_
Supposing the neighbourhood of the sun to be filled with a

material fluid, it is not conceivable that the circulation of the planets in it for
ages should not have impressed upon it some degree of rotation in their own
direction. And this may preserve them from the extreme effects of accumulated
resistance. —- Author,
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(580.) This comet is small and hardly -visible to the naked

eye, even when brightest. Nevertheless, as if to make up

for its seeming insignificance by the interest attaching to it in

a physical point of view, it exhibited at its last appearance

in 1846, a phajnomenon 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 distinct 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 witlun 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, referred to the

19th ofDecember 1845, when the comet appeared pear-shaped,

the nebulosity being unduly elongated in the north following

direction.! But on the 13th of January, at AVashington 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 center, 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

* Perhaps not quite so. To say nothing of a singular surmise of Kepler,

that two great comets seen at once in 16 1 8, might be a single comet separated into

two, the following passage of Hevclius cited by M. Littrow (Nachr. 564.) does
really seem to refer to some phsnomenon bearing at least a certain analogy to it.

"In ipso disco," he says (Cometographia, p. 326.) quatuor vel quinque corpus-

cula qusedam sive nucleos reliquo corporc aliquanto densiores ostendebat.

f According to Mr. Hind's observation. But there can be little doubt that

by a mistake of the most common occurrence, when no measure of the position

is taken, north following is an error of entry or printing for north preceding

(n f for n p). In fact, an elongation from north following to south preceding

would agree with the regular direction of the tail and would occasion no
remark.
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apparent direotiou of the line ofjunction all the while varying

but little with respect to the parallel.*

(58 1.) During this separation, very remarkable changes were

observed to be going on both in the original comet and its

companion. Both had nuclei, both had short tails, parallel in

direction, and nearly perpendicular to the line ofjimction, but

whereas at its first observation on January 13th, the new comet

was extremely small and faint in comparison with the old, the

difference 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, presenting at the same time

a sharp and starlike nucleus compared by Lieut. Maury to a

diamond spark. But this state of tilings was not to continue.

Already, on the 18th, tlie old comet had regained its supe-

riority, 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 exhibited. 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 resto-

ration 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 February) the appearance of a comet with three

faint tails forming angles of about 120° with each other, one

of which extended towards its companion.

f

*

• By far the greater portion of this increase of apparent distance was due to

the comet's increased proximity to th"; earth. The real increase reduced to a

distance= I of the comet was at the rate of about 3" per diem.

f Tiiese last mentioned particulars, rest on the testimony of I/ieutenant

JMaury of Washington, who had the advantage of using a nine-inch ol)jett glass

•III'
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(583.) Professor Plantamour, director of the observatory

of Geneva, having investigated the orbits of both these

comets as separate and independent bodies, from the extensive

and careful series of observations made upon them, has

arrived at the conclusion that the increase of distance between

the two nuclei, at least during the intervalfrom February \Qth

to March 22d, was simply apparent, being due to the variation

of distance from the earth, and to the angle under which

their line of junction presented itself to the visual ray ; the

real distance during all that interval (neglecting small

fractions) having been on an average about thirty-nine times

the semi-diameter of the earth, or less than two-thirds the

distance of the moon from its center. From this it would

appear, that already, at this distance, the two bodies had

ceased to exercise any perceptible amount of perturbative

gravitation on each other ; as, indeed, from the probable mi-

nuteness of cometary masses we might reasonably expect.

Calculating upon the elements assigned by him*, v-q find

16^*4 for the interval of their next perihelion passages. And
it will be, therefore, necessary at their next reappearance, to

look out for each comet as a separate and independent body,

computing its place from these elements as if the other had

no existence. Nevertheless, as it is still perfectly possible

that some link of connection may subsist between them, (if

indeed, 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

of Munich manufacture. It does not appear that any large telescope was turned
upon it iu Europe on the dates in question.

• Original Comet.

rcrilielion passage, 1846, Feb, 11-00476

Log. semiaxis major - - 0'5471002
Perihehon distance - - 9 •9327011

Angle of excentricity or

whose sine= e - - 49*12' 2"-5

Inclination - - - 12 34 53 -3

Node SI - - - - 245 54 38 -8

Perihelion - - - 109 2 '-'0 -1

Companion.

11 '07111 Geneva M.T.
0-5451271
9-9326965

490 6' 14"'4

12 34 14 -3

245 56 1 '7

109 2 39 -6

p**K3i

Mean equinox of 1 846, "O,
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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 tlie 22d 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 calcalations of

M. Nicolai, subsequently revised and slightly corrected by

M. Leverrier, have shown that an almost perfect represen-

tation of its motions during the wholf period of its visibility

would be afforded by assuming it to revolve in a period of

2717^*68 (or somewhat less than 7^ years) in an ellipse

whose excentricity is 0*55596, and inclination to the ecliptic

1 1° 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 periheUon 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. Without going minutely into this part of

the subject, which will be better understood after the perusal

of a subsequent chapter, it must be obvious, that as the

orbits of comets are very excentric, and inclined in all sorts

of angles to the ecliptic, they must in many instances, if not

actually intersect, 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 1st of July of that year was within little more than

seven times the moon's distance. The same comet in 1767

'ii
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passed Jupiter at a distance only one 58th of the radius

of thot planet's orbit, and it has been rendered extremely

probable that it is to the disturbance its former orbit under-

went during that appulse that we owe its appearance within

our own range of vision. This exceedingly remarkable

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 periheUon 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

observation on its first return in 1776 was rendered im-

possible by the relative 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, being nearer to that planet by one-fifth than

its fourth satelHte. 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 whose

elements would have the least resemblance to those of the

ellipse of Lexell. It is worthy of notice that by this ren-

contre with the system of Jupiter's satellites, none of their

motions suffered any perceptible derangement,— a sufl&cient

proof of the smallness of 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, Signer De Vico,

director of the observatory of the Collegio Romano, discovered

a comet, the motions of which, a very few observations

sufficed to shew, deviated remarkably from a parabolic orbit.

It passed its perihelion on the 2nd of September, and con-

tinued to be observed until the 7th of December. Elliptic

elements of this comet, agreemg remarkably well with each

other, were accordingly calculated by several astronomers;

from winch it appears that the period of revolution is about

1990 days, or 6\ (5*4357) years, which (supposing its orbit
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undisturbed in the interim) would bring it back to the peri-

helion on or about the 13th of January, 1850. As the

assemblage and comparison of these elements thus computed

independently, will serve better, perhaps, than any other

example, to afford the student an idea of the degree of arith-

metical certainty capable of being attained in this branch of

astronomy, difficult and complex as the calculations them-

selves are, and liable to error as individual observations of a

body 80 ill-defined as the smaller comets are for the most

part ; we shall present them in a tabular form, as on the next

page : the elements being as usual ; the time of perihelion

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 naked eye,

and had a small tail. It is especially interesting to astrono-

mers from the circumstance of its having been rendered ex-

ceedingly probable by the researches of M. Leverrier, that it

is identical with one which appeared in 1678 with some of its

elements considerably changed by perturbation. Tliis comet

is further remarkable, from having been concluded by

Messrs. Laugier and Mauvais, to be identical with the comet

of 1585 observed by Tyclio Brahe, and possibly also Avith

those of 1743, 1766, and 1819.

(587.) Elliptic elements have in like 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
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This comet is faint, and presents nothing remarkable in

its appearance. Its chief interest arises from the great

similiarity of its pumholic 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 semiaxis 6*32066,

and the inclination of its plane to that of the ecliptic

31° 2' 14". This comet passed its perihelion on the Ist 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

Lepns, under the belt of Orion. This situation was low and

unfavourable; and it was not till the 19th that the head was

reen, 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 magnificent

train of light extending 50° or 60° in length ; but the head

and nucleus appeared with extraordinary splendour, exciting

in every country where it was seen the greatest astonish-

ment and admiration. Indeed, all descriptions agree in repre-

senting 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 Diemen'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 planetary disc, from which rays
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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 direction of the axis, and trace-

able 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, Esq. of the

Royal Observatory, C. G. H., represents it aa highly sym-

metrical, and gives the idea of a vivid cone of light, with a

dark axis, and nearly rectilinear sides, inclosed in a fainter

cone, the sides of which curve slightly outwards. The light

of the nucleus at this period is compared to that of a star of

the first or second magnitude ; and on the 11th, of the third

;

from which time it degraded in l:ght so rapidly, that on the

19th it was invisible to the naked eye, the tail all the

wlule 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 long 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 before 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 aa

no other natural phaenomenon is capable of exciting. It is

clear that if we have to deal here with matter^ such as we

conceive it, viz. possessing inertia— at ally it must be under

the dominion of forces incomparably more energetic 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 the 28th of February, the day
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after its perihelion passage, by every person on board the

ir.E.I C. S. Owen Glendowerj then off the Cape, as a short

dagger-like object 3lo8e to the sun a little before sunset. On
the same day at 3^ 6" p. m., and consequently in full sun-

shine, the distance of the nucleus from the sun was actually

measured with a sextant by Mr. Clarke of Portland, United

States, the distance center from center 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 appearance, and resembled a perfectly pure white cloud

without any variation, except a slight change near the head,

just sufficient to distinguish the nucleus from the tail at that

point." The denscncss 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 fur from double the apparent diameter of the

sun ; and as we shall presently see 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 miles

for the linear dimensions of this the densest portion of that

appendage, n.aking no allowance for the foreshortening,

which at that time was very considerable.

(591.) The elements of tliis comet arc among the most re-

markable of any recorded. They have been calculated by

several eminent astronomers, among whose results we shall

specify only those which agree best ; the earlier attempts to

compute its path having been rendered uncertain by the dif-

ficulty attending exact observations of it in the first part of

its visible career. The following are those which seem

entitled to most confidence :
—
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(592.) What renders these elements so remarkable is the

Bmallness of the perihelion distance. Of all comets v/hich

have been recorded this has made the nearest approach to the

Bun. The sun's radius being the sine of his apparent semi-

diameter (16' 1" '5) to a radius equal to the earth's mean

distance = 1, is represented on that scale by 0*00466, which

falls short of 0*00534, the perihelion distance found by taking

a mean of all the foregoing results, by only 000067, or about

one seventh of its whole magnitude. The comet, therefore,

approached the luminous surface of the sun within about a

seventh part of the sun's radius ! It is worth while to con-

sider what is implied in such a fact. In the first place, the

intensity both of the light and radir.nt heat of the sun at

different distances from that luminary increase proportionally

to the spherical area of the portion of the visible hemisphere

covered by the sun's disc. This disc, in the case of the earth,

at its mean distance has an angular diameter of 32' 3". At
our comet in perihelio the apparent angular diameter of the sun

was no less than 121* 32'. The ratio of the spherical surfaces

thus occupied (as appears from spherical geometry) is that of

the squares of the sines of the fourth parts of these angles to

each other, or that of 1 : 47042. And in this proportion are

to each other the amounts of light and heat thrown by the sun

on an equal area of exposed surface on our earth and at the

comet in equal instants of time. Let any one imagine the

effect of so fierce a glare as that of 47000 suns such as we
experience the warmth of, on the materials of which the

earth's surface is composed. To form some practical idea of

it we may compare it with what is recorded of Parker'a great

lens, whose diameter was 32^ inches and focal length six feet

eight inches. The effect of this, supposing all the light and

heat transmitted, and the focal concentration perfect, (both

conditions very imperfectly satisfied,) would be to enlarge the

sun's effective angular diameter to 23° 26', which, compared

on the same principle with a sun of 32' in diameter, would

give a multiplier of only 1915 instead of 47000. The heat

to which the comet was subjected therefore surpassed that in

the focus of the lens in question, on the lowest calculation, iu
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the proporlion of 24^ to 1. Yet that lens melted camelian,

agate, and rock crystal 1

(593.) To this extremity of heat however the comet was

exposed but for a short time. Its actual velocity in perihelio

was no less than 366 miles per second, and the whole of that

segment of its orbit above (i.e. north of) the plane of the

ecliptic, and in which, as will appear from a consideration of

the elements, the perihelion was situated, was described in

little more than two hours ; such being the whole duration

of the time from the ascending to the descending node, or in

which the comet had north latitude. Arrived at the descend-

ing node, its distance from the sun would be already doubled,

and the radiation reduced to one fourth of its maximum
amount. The comet of 1680, whose perihelion distance was

0'0062, and which therefore approached the sun's surface

within one third part of his radius (more than double the

distance of the comet now in question) was computed by

Newton to have been subjected to an intensity of heat 2000

times that of red-hot iron,—a term of comparison indeed of a

very vague description, and which modem thermotics do not

recognize as affording a legitimate measure of radiant heat.*

(594.) Although some of the observations of this comet

were vague ar>d inaccurate, yet there seem good grounds

for believing that its whole course cannot be reconciled

with a parabolic orbit, and that it really describes an ellipse.

Previous to any calculation, it was remarked that in the

year 1668 the tail of an immense comet was seen in Lisbon,

at Bologna, in Brazil, and elsewhere, occupying nearly the

same situation among the stars, and at the same season of

the year, viz. on the 5th of March and the following days.

Its brightness was such that its reflected trace was easily

• A transit of this comet over the sun's disc must probably have taken place

shortly after its passage through Its descending node. It is greatly to be re-

gretted that so interesting a phtenomenon should have passed unobserved.

Whether it be possible that some offset of its tail, darted off so late as the 7th

of March, when the comet was already far south of the ecliptic, should have
crossed that plane and been seen near the Pleiades, may be doubted. Certain it

is, that on the evening of that day, a decidedly cometic ray was seen in the

immediate neighbourhood of those stars by Mr. Nasmyth. (Ast. Soc. Notices,

vol. v. p. 270.")

I
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distinguished on 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 suspicion 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 converted almost

into a certainty by a careful examination of what is recorded

of the older comet. Locating on a celestial chart the situa-

tion of the head, concluded from the direction and appearance

of the tail, when only that was seen, and its visible place,

when mentioned, according to 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 modem comet as nearly to remove

all doubt on the subject. Comets, moreover, are recorded to

have been seen in a.d. 268, 442-3, 791, 968, 1143, 1317,

1494, which may have been returns of this, since the period

above-mentioned would bring round its appearance to the

years 268, 443, 618, 793,968, 1143, 1318, and 1493, and a

certain latitude must always be allowed for unknown pertur-

bations.

(595.) But this is not the only comet on record whose

identity with the comet of '43 has been maintained. In

1689 a comet bearing a considerable resemblance to it was

observed from the 8th to the 23d of December, and from

the few and rudely observed places recorded, its elements had

been calculated by Pingre, one of the most diligent enquirers

into this part of astronomy.* From these it appears that

the perihelion distance of that comet was very remarkably

small, and a sufficient though indeed rough coincidence in the

places of the perihelion and node tended to corroborate the

suspicion. But the inclination (69°) assigned to it by Pingre

appeared .conclusive against it. On recomputing the elements,

however, from his data, Professor Pierce has assigned to that

comet an inclination widely differing from Pingr^'s, viz.

* Author of the " Cometographie," a work indispensable to all who would
study this interesting department of the science.
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30" 4' *, and quite within reasonable limits of resemblance.

But how does this agree with the longer period of 175 years

before assigned? To reconcile this we must suppose that

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 1843*156 will bring us upon a series

of years remarkable for the appearance of great comets, many
of which, as well as the imperfect descriptions we have of

their appearance and situation in the heavens, offer at least

no obvious contradiction to the supposition of their identity

with this. Besides those abeady mentioned as indicated by

the period of 175 years, we may specify as probable or

possible intermediate returns, those of the comets of 1733? f,

1689 above-mentioned, 1559?, 1537 J, 1515§, 1471, 1426,

1405-6, 1383, 1361, 1340 1|, 1296, 1274, 12301, 1208,

1098, 1056, 1034, 1012**, 990 ?tt, 925?, 858??, 684 tt, 552,

530§§, 421, 245 or 247 ||||, 18011, 158. Shomd this view of

the subject be the true one, we may expect its return about

• United States Gazette, May 29. 1843. Considering that all the obser-

vations lie near the descending node of the orbit, the proximity of the comet at

that time to the sun, and the loose nature of the recorded observations, no
doubt almost any given inclination mipht be deduced from them. The truo

test ill such cases is not to ascend from the old incorrect data to elements, but
to descend from known and certain elements to the older data, and ascertain

whether the recorded phaenomena can be represented by them (perturbations

included) within fair limits of interpretation. Such is the course pursued by
Clausen.

t P. Passage 1733"781. The graat southern comet of May I7th seems too

early in the' year.

I P. P. 1536906. In January 1537, a comet was seen in Pisces.

§ P.'P. 151S"031. A comet predicted the death of Ferdinand the Catholic.

He died Jan. 23. 1515.

II
P. P. 1340031. Evidently a southern comet, and a very probable appear-

ance.

^ P. P. 1 230"656, was perhaps a return of Halley's.
* P. P. 1011 -906. In 1012, a very great comet in the southern part of the

heavens, " Son ^clat blessait les yeux," (Pingre Com^tographie, from whom
all these recorded appearances are taken.)

ft P. P. 990-031. " Comdte fort ^pouvantable," tome year between 989 and
998.

II P. P. 683*78 1. In 684, appeared two or three comets. Dates begin to be
obscure.

§§ Two distinct comets (one probably the comet of Caesar and 1680) ap-

peared in 530 and 531, the former observed in China, the latter in Europe.

nil P. P. 246 '281 ; both southern comets of the Chinese annals. The year of

one or other may be wrong.

5Y P. P. 180*656. Nov 6. a.d. 180. A southern comet of the Chinese annals.
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the end of 1864 or beginning of 1865, in which event it will

be observable in the Southern Hemisphere both before and

after its perihelion passage.*

(596.) M. Clausen, from the assemblage of all the obser-

vations of this comet known to him, has calculated elliptic

elements which give the extraordinarily short period of

6*38 years. And in effect it has been suggested that a still

further subdivision of the period of 2 1
'8 75 into three of

7*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.) We have been somewhat diffuse on the subject of

this comet, for the sake of showing the degree and kind of

interest which attaches to cometic astronomy in 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 calcu-

lation gives us on it may be regarded as completely esta-

blished ; so that whatever may be concluded as to the motions

of any comet which shall henceforward come to be observed,

will be concluded on sure grounds and with numerical pre-

cision ; while the improvements which have been introduced

into the calculation of cometary perturbation, and the daily

increasing familiarity of numerous astronomers with compu-

tations of this nature, enable us i;o 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 sub-

jected to the ordeal of a most rigorous enquiry. Its elements,

roughly calculated within a few days of its appearance, are

gradually approximated to as observations accumulate, by a

multitude of ardent and expert computists. On the least

indication of a deviation from a parabolic orbit, its elliptic

• Clausen, Astron. Nachr. No. 485.
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elementa become a subject of universal and lively interest and

discussion. Old records are ransacked, and old observations

reduced, 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 undergone in the interval by the action of

the planets are investigated, and the past, thus brought into

unbroken connexion with the present, is made to afford sub-

stantial ground for prediction of the future. A great impulse

meanwhile has been given of late years to the discovery of

comets by the estabhshment in 1840*, by his late Majesty

the King of Denmark, of a prize medal to be awarded for

every such discovery, to the first observer, (the influence of

which may be 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 f, of

every such discovery (accompanied, when possible, by an

ephemeris), to all observers who have shown that they take

an interest in the enquiry, so as to ensure the full and com-

plete observation of the new comet so long as it remains

within the reach of our telescopes.

(598.) It is by no means merely as a subject ofantiquarian

interest, or on account of the brilliant spectacle which comets

occasionally aflPord, that astronomers attach a high degree of

importance to all that regards them. Apart even from the

singularity and mystery which appertains to their physical

constitution, they have become, through the medium of exact

calculation, unexpected instruments of enquiry into points

connected with the planetary system itself, of no small im-

portance. We have seen that the movements of the comet

of Encke, thus minutely and perseveringly traced by the

eminent 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 enquiries,

prosecuted in the cases of other periodical comets, will extend,

confirm, or modify our conclusions on this head. The per-

" See the announcement of this institution in Astron. Nachr, No. 400.

f By Prof. Schumacher, Director of the Itoyal Observatory of Altona.
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turbations, too, which comets experience in passing near any

of the planets, may afford, and have afforded, information 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 hope 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 aetherial or imponderable elements), may
ere long enable us to penetrate this mystery, and to declare

whether it is really matter in the ordinary acceptation of the

term which is projected from their heads with such extra-

vagant velocity, and if not impelled, at least directed 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 perihe-

lio, in the manner of a straight and rigid rod, in defiance of the

law of gravitation, nay, even of the received laws of motion,

extending (as we have seen in the comets of 1680 and 1843)

from near the sun's surface to the earth's orbit, yet whirled

und 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 brandished. If there could be conceived such

a thing as a negative shadow, a momentary impression made

upon the luminiferous aether behind the comet, this would

represent in some degree the conception such a phasnomenon
B B 4
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irresistibly calls up. But this is not all. Even such an ex-

traordinary excitement of the aether, conceive it as we will,

will afford no account of the projection of lateral streamers

;

of the effusion of lifjht 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 innu-

merable 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 undistingmshable from

parabolas during their description of that comparatively small

part within the range of their visibility to us, hae given rise

to an impression that they are bodies extraneous to our

Bystem, wandering through space, and merely yielding a

local and temporary obedience to its laws during their sojourn.

What truth there may be in this view, we may never have

satisfactory grounds for deciding. On such an hypothesis,

our elliptic comets owe their permanent denizenship within

the 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, and might make an inde-

finite number of revolutions, in the latter it would return no

more. 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 common occurrence, which

* The velocity in an ellipse is always less than in a parabola, at equal dis-

tances from the sun ; in an hyperbola always gnatcr.
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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 cen-

tury, concluded, that the mean or average situation of the

planes of all the cometary orbits, with respect to the ecliptic,

waa so nearly that of perpendicularity, as to afford no pre-

sumption 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 whose

inclination is unaer 17° is retrograde ; and that out of thirty-

six comets which have had elliptic elements assigned to them,

whether of great or small excentricities, and without any

limit of inclination, only five are retrograde, and of these,

only two, viz. Halley's and the great comet of 1843, can be

regarded as satisfactorily made out. Finally, of the 125

comets whose elements are given in the collection of Schu-

macher 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 co-

incident with the ecliptic, and a periodical return, are cir-

cumstances eminently favourable to direct revolution in the

cometary as they are decisive among the planetary orbits.

[Here also we may notice a very curious remark of Mr. Hind,

(Ast. Naclir. No. 724.) respecting periodic comets, viz., that,

so far Jis at present known, they divide \^hemselves for the

most part into two families,— the one having periods of about

75 years, corresponding to a mean distance about that of Ura-

nus ; the other corresponding more nearly with those of the

asteroids, and with a mean distance between those small

planets and Jupiter. The former groupe consists of four

members, Halley's comet revolving in 76 years, one dis-

covered by Olbers in 74, De Vico's 4th comet in 73, and

Brorsen's 3d in 75 respectively. Examples of the latter

groupe are to be seen in the table, p. 652., 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 envelope

about them, indicating somewhat of a cometic nature.]
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PART II.

OP THE LUNAB AND PLANETARY PERTURBATIONS.

" Magnus ab integro sieclorum nascitur ordo."— Vibo. Pollio,

f i
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CHAPTER XII.

SUBJECT PROPOUNDED. — PROBLEM OF THREE BODIES. — SUPER-

POSITION OF SMALL MOTIONS.— ESTIMATION OP THE DISTURBINQ

FORCE ITS GEOMETRICAL REPRESENTATION. — NUMERICAL ES-

TIMATION IN PARTICULAR CA8E3. — RESOLUTION INTO RECT-

ANGULAR COMPONENTS. — RADUL, TRANSVERSAL, AND ORTHO-

GONAL DISTURBING FORCES.— NORMAL AND TANGENTIAL.—THEIR

CHARACTERISTIC EFFECTS.—EFFECTS OF THE ORTHOGONAL FORCE.

MOTION OF THE NODES.— CONDITIO>S 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 RECEDES ON THE PLANE OF THE

DISTURBING ON AN AVERAGE.—COMBINED EFFECT OF MANY SUCH

DISTURBANCES. MOTION OP THE MOON's NODES. CHANGE OP

INCLINATION.— CONDITIONS OF ITS INCREASE AND DIMINUTION.

AVERAGE EFFECT IN A WHOLE REVOLUTION. COMPENSATION

IN A COMPLETE REVOLUTION OF THE NODES. — LAGRANGE'S

THEOREM OF THE STABILITY OF TilE INCLINATIONS OF THE PLA-

NETARY ORBITS. — CHANGE OF OBLIQUITY OF THE ECLIPTIC

PRECESSION OF THE EQUINOXES EXPLAINED. NUTATION.— PRIN-

CIPLE OF FORCED VIBRATIONS.

(602.) In the progress of this work, we have more than once

called the reader's attention to the existence of inequaUties

in the lunar and planetary 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 leading

features of the celestial movements, as to require, for their

detection, nicer observations, and longer-continued comparison

between facts and theories, than suffice for the establishment

and verification of the elliptic theory. These inequalities
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are known, in physical astronomy, by the name of perturba-

tions. 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 them and on

their primary. These perturbations, although small, and, in

most instances, insensible in short intervals of time, yet,

when accumulated, as some of them may become, in the

lapse of ages, alter very greatly the original elliptic relations,

80 as to render the same elements of the planetary orbits,

which at one epoch represented perfectly well their move-

ments, 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 affecting 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 onli/ centers of attraction.

So far from it, his extraordinary sagacity enabled h?jn to

perceive 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 perturba-

tions TMist exist, and might go the length of producing great

derangements from the actual state of the system, but was
owing to the then undeveloped state of the practical part of

astronomy, which had not yet attained the precision requisite

to make such an attempt inviting, or indeed feasible. What
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Newton left undone, however, hia successors have accom-

plished ; 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 their successful performance, such as is far beyond

the scope and object of this work to attempt exhibiting.

The reader who would master them must prepare himself for

the undertaking by an extensive course of preparatory study,

and must ascend by steps which we must not here even

digress to point out. It will be our object, in this chapter,

however, to give some general insight into the nature and

manner of operation of the acting forces, and to point out

what are the circumstances which, in some cases, give them

a high degree of efficiency— a sort oipurchase on the balance

of the system ; while, in others, with no less amount of

intensity^ their effective agency in producing extensive and

lasting changes is compensated or rendered abortive ; as well

as to explain the nature of those admirable results respecting

the stability of our system, to which the researches of

geometers have conducted them ; and which, under the form

of mathematical theorems of great simplicity and elegance,

involve the history of the past and future state of the planetary

orbits during ages, of which, contemplating the subject in this

point of view, we neither perceive the beginning nor the

end.

(605.) Were there no other bodies in the universe but the

sun and one planet, the latter would describe an exact ellipse

about the former (or both round their common center of

gravity), and continue to perform its revolutions in one and

the same orbit for ever; but the moment we 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 them imequally, will disturb their relation to each
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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 one another. From this way of

propounding the subject, we sec that it is not the whole

attraction of the newly-introduced body which produces per-

turbation, but the difference of its attractions on the two

originally present.

(606.) Compared to the sun, all the planets are of extreme

minuteness; the mass of Jupiter, the greatest of them all,

being not more than ^bout one 1100th part that of the sun.

Their attractions on each other, therefore, are all very feeble,

compared with the presiding central power, and the effects of

their disturbing forces are proportionally minute. In the

case of the secondaries, the chief agent by which their motions

are deranged is the sun itself, whose mass is indeed great,

but whose disturbing influence is immensely diminished by

their near proximity to their primaries, compared to their

distances from the sun, which renders the difference of

attractions on both extremely small, compared to the whole

amount. In this case the greatest part of the 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. Only the small overplus

of force on one as compared with the other acts as a

disturbing power. The mean value of this overplus, in the

case of the moon disturbed by the sun, is calculated by

Newton to amount to no higher a fraction than Ty^^Vun ^^

gravity at the earth's surface, or y|^ of the principal force

which retains the moon in its orbit."

(607.) From this extreme minuteness of the intensities

of the disturbing, compared to the principal forces, and the

consequent smallness of their momentary effects, it happens

that we can estimate each of these effects separately, as if

the others did not take place, without fear of inducing error

in our conclusions beyond the limits necessarily incident to a

first approximation. It is a principle in mechanics, im-

mediately flowing from the primary relations between forces

and the motions they produce, that when a number of very
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minuto forces act at once on a eystem, their joint effect is the

sum or aggregate of their separate effects, at least within

Buch limits, that the original relation of the parts of the

system shall not have been materially changed by their

action. Such effects supervening on the greater movements

due to the action of the primary forces may be compared to

the small riplings caused by a thoiisand varying ! reezes on

the broad and regular swell of a deep and rollmg 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 acciunulatcd

in lapse of time, so as to alter the primary relations or data

of the system, that it becomes necessary to have especial

regard to the changes correspondingly introduced into the

estimation of their momentary efficiency, by which the rate

of the subsequent changes is affected, and periods or cycles

of inunense length take their origin. From this consideration

arise some of the most curious theories of physical astronomy.

(608.) Hence it is evident, that in estimating the disturb-

ing influence of several bodies forming a system, in which

one has a remarkable preponderance over all the rest, we
need not embarrass ourselves with combinations of the dis-

turbing powers one among another, unless where immensely

long periods are concerned; such as consist of many hundreds

of revolutions of the bodies in question about their common
center. So that, in effect, so far as we propose to go into

its considcation, 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 the one or the other are the subject of

enquiry.

(609.) Both the intensity and direction of the disturbing

force are continually varying, according to the relative situ-

ation of the disturbing and disturbed body with respect to

the sun. If the attraction of the disturbing body M, on the

central body S, and the disturbed body P, (by which desig-
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nations, for brevity, we shall hereafter indicate them,) were

equal, and acted in parallel lines, whatever might otherwise

he its law of variation, there would be no deviation caused

in the elliptic motion of P about S, or of each about the

other. The case would bo strictly that of art. 454. ; tho

attraction of M, so circumstanced, being at every moment

exactly analogous in its effects to terrestrial gravity, which

acts in parallel lines, and is equally intense on all bodies,

great and small. But this is not the case of nature. What-
ever is stated in the subsequent article to that last cited, of

the disturbing effect of the sun and moon, is, mutatis mu'

tandis, applicable to every case of perturbation ; and it must

be now our business to enter, somewhat more in detail, into

the general heads of the subject there merely hinted at.

(610.) To obtain clear ideas of the manner in which tho

disturbing force produces its various effects, we must ascer-

tain at any given moment, and in any relative situations of

the three bodies, its direction and intensity as compared with

the gravitation of P towards S, in virtue of which latter force

alone P would describe an ellipse about S regarded as fixed,

or rather P and S about their common center of gravity in

virtue of their mutual gravitation to each other. In the

treatment of the problem of three bodies, it is convenient,

and tends to clearness of apprehension, to regard one of them

as fixed, and refer the motions of the others to it as to a rela-

tive center. In the case of two planets disturbing each

other's motions, the sun is naturally chosen as this fixed

center; but in that of satellites disturbing each other, or

disturbed by the sun, the center of their primary is taken as

their point of reference, and the sun itself is regarded in the

light of a very distant and massive satellite revolving about

the primary in a relative orbit, equal and similar to that

which the primary describes absolutely round the sim. Thus

the generality of our language I, preserved, and when, re-

ferring to any particular central body, we speak of an exterior

and an interior planet, we include the cases in which the

formei is the sun and the latter a satellite ; as, for example,

in the Lunar theory. It is a principle in dynamics, that the
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relative motions of a system of bodies inter se are no way
altered by impressing on all of them a common motion or

motions, or a common force or forces accelerating or retard-

ing them all equally in common directions, i. e. in parallel lines.

Suppose, therefore, we apply to all the three bodies, S, P, and

M, alike, forces equal to those with which M and P attract

S, but in opposite directions. Then will the relative motions

both of M and P about S be unaltered ; but S, being now
urged by equal and opposite forces to and from both M and

P, will remain at rest. Let us now consider how either of

the Oi.ner bodies, as P, stands affected by these newly-intro-

duced forces, in addition to those which before acted on it.

It is clear that now P will be simultaneously acted on by

four forces ; firstly, the attraction of Sin the direction P S

;

secondly, an additional force, in the same direction, equal to

its attraction on S ; thirdly, the attraction q/*M in the direc-

tion P M ; and fourthly, a force parallel to M S, and equal

to M's attraction on S. Of these, the two first, following the

same law of the inverse square of the distance S P, may be

regarded as one force, precisely as if the sum of the masses of

S and P were collected in S ; and in virtue of their joint

action, P will describe an ellipse about S, except in so far as

that elliptic motion is disturbed by the other two forces.

Thus we see that in this view of the subject the relative dis-

turbing force acting on P is no longer the mere single

attraction of M, but a force resulting from the composition of

that attraction with M's attraction on S transferred to P in a

contrary direction.

(611.) Let C P A be part of the relative orbit of the dis-

turbed, and M B of the disturbing body, their planes inter-

secting in the line of nodes SAB, and having to each other

the inclination expressed by the spherical angle P Aa. In

M P, produced if required, take M N : M S :: M S« : M P^.

Then, if S M * be taken to represent, in quantity and direction,

the accelerative attraction of M on S, M S will represent

• The reader will be careful to observe the order of the letters, where forces

are represented by lines. M S represents a force acting from M towards S, S M
from S towards M.

mi
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in quantity and direction the new force applied to P, parallel

to that line, and N M will represent on the same scale the

accelerative attraction of M on P. Consequently, the dis-

turbing force acting on P will be the resultant of two forces

applied at P, represented respectively by N M and M S,

which by the laws of dynamics are equivalent to a single

force represented in quantity and direction by N S, hut having

li^for its point of application.

(612.) The line NS, is easily calculated by trigonometry,

when the relative situations and real distances of the bodies

are known ; and the force expressed by that line is directly

comparable with the attractive forces of S on P by the fol-

lowing proportions, in which M, S, represent the masses of

those bodies which are supposed to be known, and to which,

at equal distances, their attractions are proportional :
—

Disturbing force : M's attraction on S :: N S : S M ;

M's attraction on S : S's attraction on M :: M ; S;

S's attraction on M : S's attraction on P :: S P'^ : SM*:
by compounding which proportions we collect as follows :

—
Disturbing force : S's attraction on P :: M . N S. S P^ :

S.SM'.
A few numerical examples are subjoined, exhibiting the

results of this calculation in particular cases, chosen so as to

exemplify its application under very various circumstances,
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throughout the planetary eysteni. In each case the numbei's

set down express the proportion in which the central force

retaining the disturbed body in its elliptic orbit exceeds the

disturbing force, to the nearest whole number. The calcula-

tion is made for three positions of the disturbing body— viz.

at its greatest, its least, and its mean distance from the dis-

turbed.
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duced, so tliat X now shifts to the farther side of S. In all

cases, the disturbing force is wholly effective in the plane

M P S, in which the three bodies lie.

It is very important for the student to fix distinctly and

bear constantly in his mind these relations of the disturbing-

agency considered as a single unresolved force, since their re-

collection will preserve him from many mistakes in con-

ceiving the mutual actions of the planets, &c. on each other.

For example, in the figures here referred to, that of Art. 611.

corresponds to the case of a nearer disturbed by a more

distant body, as the earth by Jupiter, or the moon by the

Sun ; and that of the present article to the converse case

:

as, for instance, of Mars disturbed by the earth. Now, in

this latter class of cases, whenever M P is greater than M S,

or S P greater than 2 S M, N lies on the same side of the

plane of P's 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 definiteness to his

ideas on the subject, if he will trace out on various sup-

l)ositions as to the relative magnitude of the disturbing and

disturbed orbits (supposed to lie in one plane) 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 for obtaining in tlio first

2

'%ll|l

'' *!

M:^i

c c

'-
»t

my.



wm

388 OUTLINES OF ASTRONOMr.

jr?

1; ^r

:""|B

m
I

'r'iim

instance a clear conception of the action of the disturbing

force, to consider it in this way as a single force having a

definite direction in space and a determinate intensity, yet as

that direction is continually varying with the position of

N S, both with respect to the radii S P> S M, the distance

P M, and the direction of P's motion, it wouM 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 sepa-

rate consideration. Now this may be done in several dift'erent

modes. Fii'st, we may resolve it into three forces acting in

fixed directions in space rectangular to one another, and by

estimating its effect in each of these three directions sepa-

rately, conclude the total or joint effect. This is the mode

of procedure which affords the readiest and most advan-

tageous 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 re-

searches on the subject. Another mode consists in resolving

it also into thi'ce rectangular components, not, however, in

fixed directions, but in variable ones, viz. in the directions

of the lines N Q, Q L, and L S, of which L S is in the direc-

tion of the radius vector S P, Q L in a direction perpendicular

to it, and in the plane in which S P and a tangent to P's

orbit at P both lie ; and lastly, N Q in a direction perpen-

dicular to the 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 the transversal: and the

third the orthogonal* When the disturbed orbit is one of

small excentricity, the transversal component acts nearly in the

direction of the tangent to P's orbit at P, and is therefore

confounded with that resolved component which we sliall

presently describe (art. 618.) imdcr the name of the tangential

I

;i) • This is a term coined for the occasion. The want of some appellation for

tills component of the disturbing force is often felt.
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force. This is tlic mode of resolving the disturbing foree

followed by Newton and his immediate successors.

(616.) The immediate actions of these components of the

disturbing force are 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 descrip-

tion of areas by P about S, since the law of areas propor-

tional 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 center.* Inasmuch, however, as its law of

variation is not conformable 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, there-

fore, of the action of this disturbing force, the orbit deviates

from the elliptic form by the approach or recess of P to or

from S, so that the effect of the perturbations produced by

this part of the disturbing force falls wholly on the radius

vector of the disturbed orbit.

(617.) The transversal disturbing force represented by

Q L, on the other hand, has no direct action to draw P to or

from S. Its whole efficiency 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, cceteris

paribus, directly as the velocity ofP in a direction perpendicular

to S P. Whatever force, therefor'', increases this transverse

velocity of P, accelerates the description of areas, and vice

With the area A S P is directly connected, by theversa.

nature of the ellipse, the angle ASP desc: '.bed or to be

described by P from a fixed line in the plane of the orbit, so

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 called in the perturbational theory

'HiW

vt-^

* Newton, i. I.
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equations {i.e. changes or fluctuations to and fro about

an average quantity) of the mean motion of the disturbed

body.

(618.) There is yet another mode of resolving the dis-

turbing force into rectangular components, which, though not

so well adapted to the computat-on of results, in reducing

to numerical calculation the motions 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 undergo in virtue of its action, and which we shall

therefore employ in preference. It consists in estimating

the components of the disturbing force, which lie in the

plane of the orbit, not in the tiirection we have termed

I'adial and transversal, i. e. in that of the radius vector P S

and perpendicular to it, but in the direction of a tangent

to the orbit at P, and in that of a normal to the curve,

and at right angles to the tangent, for which reason these

components may be called the tangential and normal disturbing

forces. When the orbit of the disturbed body is circular, or

nearly so, this mode of resolution coincides with or differs but

little from the former, but, when the ellipticity is consider-

able, these directions may deviate from the radial and trans-

versal directions to any extent. As in the Newtonian mode

of resolution, the effect of the one component falls wholly

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 we are now con-

sidering, the direct effect of the one component (the normal)

falls 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 the orbit, and diminish-

ing it when in the opposite direction; while, on the other

hand, the tangential component is directly effective on tlic

velocity of the disturbed body, increasing 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 the changes produced by the disturbing force,

in anfflc and distance from the central body, the former mode
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of resolution must have the advantage in perspicuity of view

and applicability to calculation. It is less obvious, but will

abundantly appear in the sequel that the latter offers pe-

culiar advantages in exhibiting to the eye and the reason

the momentary influence of the disturbing force on the

elements of the orbit itself.

(619.) Neither of the last mentioned pairs of resolved por-

tions of the disturbing force tends to draw P out of the plane

of its orbit PSA. But the remaining or orthogonal por-

tion 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 double 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 va-

riation in those elements of the orbit of P on which the

situation of its plane in space depends ; i. e. on its inclination

to a fixed plane, and the position in such a plane of the node

or line of its intersection therewith. As this, among all the

various effects of perturbation, is that which is at once the

most simple in its conception, and the easiest to follow

into its remoter consequences, we shall begin with its ex-

planation.

(620.) Suppose that up to P (Art. 611. 614.) the body

were describing an undisturbed orbit CP. Then at P it

would be 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 P p, 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, Vp with reference to the plane PSA. Thus,

by this action of the disturbing force, the plane of P's orbit

will have shifted its position in space from P Sjo (an elementary

portion of the old orbit) to P S q, one of the new. Now the

line of nodes S A B in the former is determined by prolonging

c c 4
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Pp into the tangent P R, intersecting the plane M S B in R,

and joining S R. And in like 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 ofnodes. Thus we see that, under the

circumstances expressed in the former figure, the momentary

action of the orthogonal disturbing force will have caused the

line of nodes to retrograde upon the plane of the orbit of the

disturbing body, and under those represented in the latter

to advance. And it is evident that the 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 go to transfer the

points of intersection of the tangents Vp otV q from R or r

to R' or /•', points nearer to or farther from S than R r, but

in the same lines.

(621.) Supposing, now, M to lie to the left instead of tlic

right side of the line of nodes in fig. 1., P retaining its situation,

and M P being less than M S, so that X shall still lie between

M and S. In tliis situation of things (or configuration, as it is

termed of the three bodies with respect to each other), N will

lie below the plane A S P, and the disturbing force will tend

to raise the body P above the plane, the resolved orthogonal

portion N Q in this case acting upwards. The disturbed arc

P^' will therefore lie above V p, and when prolonged to meet

the plane MSB, will intersect it in a point in advance of R

;

so that in this configuration the node will advance upon the

plane of the orbit of M, provided always that the latter orbit

remains fixed, or, at least, docs not itself shift its position

in puch a direction as to defeat this result.

(^622.) Generally speaking, the node of the disturbed orbit

will recede upon any plane tohich we mag consider as Jixed,

whenever the action of the orthogonal disturbing force tends

to bring the disturbed body nearer to that plane ; and vice

versa. This will be evident on a mere inspection of the

annexed figure, in which C A represents a semicircle of the

projection of the fixed plane as seen from S on the sphere of

the heavens, and C P A that of the plane of P's undisturl^ed



MOTION OP THE NODES. 393

orbit, the motion of P being in the direction of the arrow,

from C the ascending, to A the descending node. It is at

once seen, by prolonging T q, V q' 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 ?•, 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 P above its old orbit or away from the

fixed plane, and this without any reference to lohether the un-

disturbed orbitual motion of P at the moment is carrying it

towards the plane C 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 which they

may be presented to each other and to their common central

hotly. 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

"•reater than the semiaxis of the smaller. First, let both

planets lie on the same side of the line of nodes. Then (as

in art. 620.) the direction of the Avhole disturbing force, and

therefore also that of its orthogonal component, will be towards

the opposite side of the plane of P's orbit from that on which

M lies. Its effect therefore will be, to draw P out of its plane

in a direction ^/Vom the plane of M's orbit, so that in this state

of things the node will advance on the latter plane, however

P and M may be situated in these semicircumfercnces of their

icspectivc 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's orbit, be

reversed, and P in quitting that plane will now approach to

"%!
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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

other and to S in all possible configurations, the node of P's

orbit will always advance on M's when both 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, therefore, if their advance were at 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 in 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 position. To show this, let us

consider any two configurations in which M's phases are

diametrically opposite, so that the triangles P S M, P S IM ',

shall lie in one plane, having any inclination to P's orbit,

according to the situation of P. Produce P S, and draw

Mm, M'w' 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

therefore MS = M'S, N'M' wiU be less than MN; and

therefore (since PM' is greater than P M) PN' : PM'
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in a greater ratio than P N : PM ; and consequently, by

similar triangles, drawing Nn, N'n' perpendicular to PS,

N' n' : M' m' in a greater ratio than Nn : Mwi, and

therefore N'/t' is greater than N«. Now the plane

PMM' intersects P's orbit in PS, and being inclined to

that orbit at the same angle through its whole extent, if from

N and N'perpendiculars bo conceived let fall on that orbit,

tlicse will be to each other in the proportion of N w, N'n';
and therefore the perpendicular from N' will be greater than

that from N. Now since by art. 611. N ' S and N S repre-

sent in quantity and direction the total disturbing forces of

M' and M on P respectively, therefore these perpendiculars

express (art. 615.) the orthogonal disturbing forces, the

former of which tends (as above shown) to make the nodes

recede, and the latter to advance ; and therefore the prepon-

derance 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 semiaxis of the interior,

or in which the least distance of M from P is less than M S.

Take any situation of P with respect to the line of nodes

A C. Then two points d and e, distant by less than 120°,

can be taken on the orbit of M equidistant from P with S.

Suppose M to occupy successively every possible situation in

it? 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 when M occupies any

part of the semiorbit F M B, and retrograde when it is in

the opposite, but that the retrograde motion on the whole

would predominate. Much more then will it predominate

»*! -,.
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wficn there exists an arc dMe within which if M be placed,

its action will produce a retrograde instead of a direct motion,

(626.) This supposes that the arc de lies wholly in the

semicircle Fr/B. But suppose it to lie, as in the annexed

figure, partly within and partly without that circle. The

greater part rfB necessarily lies within 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 situated. Al-

though, therefore, in the por-

tion B Cy it is true, the retrograde tendency otherwise general

over the whole of that semicircle (Art. 624.) will be re-

versed, yet the effect of this will be much more than coun-

terbalanced by the more energetic and more prolonged re-

trograde action over </B ; 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 exterior. Take M D and M E (fig. of art. 611.) each equal

to MS. Then first, Avhen 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 situation) P is in

any part 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 reversed, but that portion of P's orbit being also reversely

situated with respect to tlic plane of M's, P is still urged

towards the latter plane, lut on the side opposite to M.
Thus, (M holding its plaoe) whenever P is anywhere in

DA or E C, the node recedes. On the other hand, it

advances whenever P is between A and E or between

C and D, because, in these arcs, only one of the two deter-

mining 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 below)

has undergone reversal. Now first, whenever M is anywhere



MOTION OF TIIR NODES. 307

but in the line of nodes, tlie sum of the arcs I) 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. Second!;,

,

the arcs favourable to the recess of the node comprehend those

situations In which the orthogonal disturbing force is most

powerful, and vice vcrsd. This is evident, because as P
approaches D or E, this component decreases, and vanit^hes

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.*

Owing to both these causes, therefore, (that the node 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 reasoning of this and the foregoing articles,

is no way vitiated by a moderate amount of excentricity in

cither orbit.

(628.) It is therefore a general proposition, that on the

average of each complete synodic revolution, the node of

every disturbed planet recedes upon the orbit of the disturb-

ing one, or in other words, that In every pair of orbits, the

• Tt would seem, at first siglit, as if a cliangc per sallum took place here, but
the continuity of the node's motion will be apparent from an inspection of the

annexed figure, where t at/ is a portion of P's disturbed path near the node A,
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concave towards the plane G A. The momentary place of tlie moving node is

determined by the intersection of the tangent h e with A G, which as b passes

through a lorf, recedes from A to«, rests there for an instant, and then advances

again.
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node of each recedes upon the other, and of course upon any

intermediate plane which we may regard as fixed. On a

plane not intermediate between them^ however, the node ofone

orbit will advance, and that of the other will recede. Suppose

for instance, C A C to be a plane intermediate between P P

and M M the two orbits, li p p and m m he 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 respectively 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 fix'
.' 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 relative situation

of the planes.

(629.) This is the case with the planetary orbits. They

do not all intersect each other in a common node. Although

perfectly true, therefore, that the node of any one planet

would recede on the orbit of any and each other by the in-

dividual action of that other, yet, when all act together, recess

on one plane may be equivalent to advance on another, co

that the motion of the node of any one orbit on a given plane,

arising from their joint action, taking into accoui^t the different

situations of all the planes, becomes a curiously complicated

phajnomenon whose law cannot be very easily expressed in
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v'ords, 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 a 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, however, to

the ecliptic, that we are nder the necessity of referring

their movements from our station in the system ; and if we
would transfer our ideas to a fixed plane, it becomes necessary

to take account of the /ariation 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 excessively slow, being in every case less

than a single degree per contury, 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 disturbing force itb islng from \'\q 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 levolutlon of the moon,

within which the average is struck, (and always on the side

of recess) is only 29| days, a period much shorter than 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 cal-

culated; a3 it has been, a priori from an exact ' c itimation

of all the acting forces, the result is found to coincide with

perfect precision with that immediately derived from obser-

vation, so that not a doubt can subsist as to this being the

real process by which so remarkable an effect is produced.

(632.) So fijr as the physical condition of each planet is

concerned, it is evident that the position of their nodes can

be of little importance. It is otherwise with the mutual

inclinations of their orbits with respect to each other, ani to
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the equator of each. A variation in the position of the

ecliptic, for instance, by wliich its pole should shift its distance

from the pole of the equator, would disturb our seasons.

Should the plane of the earth's orbit, 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, tlie

extremes of summer and winter would become intolerable.

The enquiry, 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.) Referring to the iigurcs of art. 610. et seq., it is

evident that the plane S P 7, in which the disturbed body

moves during an instant of time from its quitting P, is

differently inclined to the orbit of M, or to a fixed plai ?

from the original or undisturbed plane P S 7?. The ditfercn

of absolute position of these two planes in space is the angle

made between the planes P S R and P S r, and is therefore

calculable by spherical trigonometry, when the angle R S r

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 rc^^ps of the node there

exists an intimate relation, and that the research or the one

is in 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

hocp 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 determined 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 ; and any

change by which P should, in the next instant, alter i'ts

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
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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 r being, by reason of the small in-

clination of the planes S P R and K S r, necessarily much
smaller than the angle R S r. In proportion as the planes

of the orbits are brought to coincidence, a very trifling

angular movement of P p about P S as an axis will make a

great variation in the situation of the point r, where il.s

prolongation intersects the ground plane.

{6b5.) Referring to the figure of art. 622., we perceive

that although the motion of the node is retrograde whcnevci-

the momentary disturbed arc P Q lies between the planer

C A and C G A of the two orbits, and vice versd, indifferently

whether P be in the act of receding from the plane C A, -s

in the quadrant C Gr, 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 (i. e. of its momentary element) P 5^ or Py',

is mciisured by the spherical angle P r H or P r' 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

vovrards that plane ; and 2dly, if the disturbing force urge

T from that plane, while P's undisturbed motion also carries

it Tom it, in either case the inclination momentarily iu-

c.er^i^es; but if, 3dly, the disturbing force act to, and P's

ii.otion carry it from— or if the force act from, and the

motion carry it to, that plane, the inclination momentarily

duninishes. Or (including all the cases under one alternative)

if the action of the disturbing force and the undisturbed

motion cf P with reference to the plane of M's orbit be of

the same character, the inclination increases ; if of contraiy

characters, it diminishes.

m the momentary changes which take(d36.)

^^W^
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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 circumstances 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 Irld

down, the leading features of tliis part of the planetar r

theory, viz. the periodic nature of the change of the inclina-

tions 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 o. ^-^ nodes, we will commence, as the simplest case,

with that ol xterior planet disturbed by an interior one

at less than k f 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 g Q h A! the corresponding 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 revohi-

tion from / through g Gh 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

/? d

from that plane : the inclination, therefore, (art. 635.) in-

creases. In the second quadrant the motion of P is to, but

the force continues to act from, the plane, and the inclination

again decreases. A similar alternation takes place in its

course through the quadrants C h and h A. Thus the plane

of P's orbit oscillates 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 on

either side, the extent of these oscillations would be exactly

equal, and the inclination at tlic end of one I'cvolutiou of P
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would revert precisely to its original value. But if M he

elsewhere, this will not be the case, and in a single revolution

of P5 only a partial compensation will be operated, and an

overplus on the side, suppose of diminution, will remain out-

standing. But when M comes to M', a point equidistant

from G on the other sic' , this effect will be precisely reversed

(supposing the orbits circular). On the average of both

situations, therefore, the effect 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 similarly situated

on the opposite side of the line of nodes.

(637.) The reasoning is precisely similar for the more

complicated cases of arts. (625.) and (627.). Suppose that

owing either to the proximity of the two orbits, (in the case

of an exterior disturbed planet) or to the disturbed orbit

being interior to the disturbing one, there were a larger or

less portion, d e, of P's orbit in wliich these relations were

reversed. Let M be the position of M' corresponding to

de, 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 M' M, will equally neutralize each

other in this as in the former state of things.

(638.) To operate a complete and rigorous compensation,

however, it is necessary that M should be presented to P in

every possible configuration, not only with respect to P itself,

but to the line of nodes, to the position of wliich line the

whole reasoning bears reference. In the case of the moon for

example, the disturbed body (the moon) revolves in 27^*322,

the disturbing (the sim) in 365'^-256, and the line of nodes

in 6793^*391, numbers in proportion to each other about as

1 to 13 and 249 respectively. Now in 13 revolutions of P,

and one of M, if the node remained fixed, P would have

been presented to M so nearly in every configuration as to

'
>'M
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operaiu an almost exact compensation. But in 1 revolution

of M, or 1 3 of P, the node itself has shifted ^'^'^ or about j^g

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 j-g of a

revolution in advance of the same configuration as respects

the node. The compensation, therefore, will not 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

compensation 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 restoration 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, Aat a perfect compensation will not be eitiected

either in one or in any number of revolutions of P md M,

independent of the motion of the node itself, as th^sre will

always be some configuration more favourable to either an

increase of inclination than its opposite is unfavourable.

Thus will arise a change of inclination which, were the

nodes and apsides Ox the orbits fixed, would be always pro-

gressive in one direction until the planes were brought to

coincidence. But, 1st, half a revolution of the nodes would of

itself reverse the direction of this progression by making the

position in question favour the opposite movement of in-

clination ; and, 2dly, the planetary apsides are themselves

in motion with unequal velocities, and thus the configuration

whose influence destroys the balance, is, itself, always

shifting its place on the orbits. The variations of inclination

m
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dependent on the excentrlcitles are therefore, like those

independent of them, periodical, and being, moreover, of an

order more minute (by reason of the smallness of the

excentricities) than the latter, it is evident that the total

variation of the planetary inclinations must fluctuate within

very narrow limits. Geometers have accordingly demon-

strated by an accurate analysis of all the circumstances, and

an exact estimation of the acting forces, that such is the case

;

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 Lagrange (of whose analytical conduct

it is impossible here to give any idea), the following elegant

theorem has been demonstrated :
—

"ijf the mass of every planet be 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 afixed plane, the sum of all

these products will be constantly the same under the influence of

their mutual attraction." If the 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 arrangement.

(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 effect is to bring the

ecliptic by so much per annum nearer to coincidence with

the equator; but from what we have above seen, this

diminution of the obliquity of the ecliptic wiU not go on

beyond certain very moderate limits, after which (although

in an immense period of ages, being a compound cycle

resulting from the joint action of all the planets,) it will

vt*»
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again increase, and thus oscillate 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 eifect of this variation of the plane of ihe

ecliptic,— that which causes its nodes on a fixed plane to

change,— is mixed up with the precession of the equinoxes,

and undistinguishable from it, except in theory. Tliis last-

mentioned phainomenon is, however, due to another cause,

analagous, it is true, in a general point of view, to those above

considered, but singularly modified by the circumstances

under which it is produced. We shall endeavour to render

these modifications intelligible, as far as they can be made so

without the intervention of analytical formulae.

(642.) The precession of the equinoxes, as we have shown

in art. 312., consists in a continual retrogradation of the node

of the earth's equator on the ecliptic ; and is, therefore,

obviously an effect so far analogous to the general plue-

nomenon of the retrogradation of the nodes of the orbits

on each other. The immense distance of the planets,

however, compared vrith the size of the earth, and the

smallness of their masses compared to that of the sun, puts

their action out of the question in the enquiry of its cause,

and we must, therefore, look to the massive though distant

Bun, and to our near though minute neighbour, the moon, for its

explanation. This will, accordingly, be found in their dis-

turbing action on the redundant matter accumulated on the

equator of the earth, by which its fit^ure 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 figure (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 disturbing

influence of the distant body M, (which now represents the

moon or the sun, as P docs one of the particles of the

earth's equator,) two things would happen : 1st, its figure
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would be bent out of a pliine into an undulated form, those

parts of it within the arcs D A and E C being rendered more

inclined to the plane of IVI's orbit, and those within the arcs

A E, CD, less so than they would otherwise be ; 2dly,

the nodes of this ring, regarded as a whole, without re-

spect to its change of figure, would retreat upon that

plane.

(644.) But suppose this ring, instead ofconsisting of discrete

molecules free to move independently, to be rigid and

incapable of such flexure, like the hoop we have supposed in

art. 633., but having inertia, then it is evident that the effort

of those parts of it which tend to become more inclined will

act tlu'ough the medium of the ring itself (as a mechanical

engine or lever) to counteract the effort of those which have at

the same instant a contrary tendency. In so far only, 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 com-

plete revolution of a single disturbed body, under the influ-

ence of a fixed disturbing one.

(645.) Meanwhile, however, the nodes of the rigid ring

will retrograde, the general or average tendency of the nodes

of every molecule being to do so. Here, as in the other case,

a struggle will take place by the counteracting efforts of the

molecules contrarily disposed, propagated through the solid

substance of the ring ; and thus at every instant of time, an

average will be struck, which being identical in its nature

with that effected in the complete revolution of a single

disturbed body, will, in every case, be in favour of a recess

of the node, save only when the disturbing 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 particles be small satellites retained in

circular orbits imder the equilibrated action of attractive and

centrifrugal forces, or whether they be small masses conceived

as attached to a set of imaginary spokes, as of a wheel,

1) B 4
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centering in S, and free only to shift their planes by a mo-
tion of those ppokca perpendicular to the plane of the wheel.

This makes no difference in the (jviural effect ; though tho

different velocities of rotation, wliich may be impressed on

such a system, may and will have a very great influence both

on the absolute and relative magnitudes of the two effects in

question— the motion of the nodes and change of inclination.

This will be easily understood, if we suppose the ring without

a rotatory motion, in 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 wc have boon

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 the 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 in-

different, or very nearly so, to any such cause of motion ; and

8U})posc, moreover, that instead of one such ring there arc a

vast multitude heaped together around the equator of such

a globe, 80 as to form an elliptical protuberance, enveloping

it like a shell on all sides, but whose mass, taken together,

should form but a very minute fraction of the whole spheroid.

We have now before us a tolerable representation of the case

of nature *
; and it is evident that the rings, having to drag

round with them in their nodal revolution this great inert

* That a perfect sphere would be so inert and indiiferent as to a revolution

of the nodes of its equiitor under the influence of a distant attracting body appears

from this.— thnt the direction of the resultant attraction of such a body, or of

that single force which, opposed, would neutralize and destroy its whole action,

is necessarily in a line passing throu<;h the center of the sphere, and, therefore,

can have no tendency to turn the sphere one way or other. It may be objected

by tlie reader, that the whole sphere may be conceived as consisting of rings

parallel to its equator, of every possible diameter, and that, therefore, its nodes

should retropcrade even without n protuberant equator. The inference is incorrect,

but our limits will not allow us to go into an exposition of the fallacy. We
should, however, cauticm him, genernlly, thnt no dynamical subject is open to

more mistakes of this kind, which nothing but the closest attention, in every

varied point of view, will deivet.
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maas, will have their velocity of rctrogratlation proportionally

diminished. Thus, then, it is easy to conceive how a motion

Buxiilar to the precession of the equinoxes, and, like it,

characterized by extreme slowness, will arise from the causes

in action.

(648.) Now a recess of the node of the earth's equator,

ui)on 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 reconcile 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 retrograda-

tion, wliile its inclination is preserved nearly invariable, tlu

point in the sphere of the heavens round which the pole of the

earth's equator revolves (with that extreme slowness character-

istic of the precession) is itself in a state of continual circulation

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 explain tliis better than words. P is the

pole of the ecliptic, A the pole of the

moon's orbit, moving round the small circle

A B C D in 19 years ; a the pole of the

earth's equator, wliich at each moment of

its progress has a direction perpendicular

to the varying position of the line A a,

and a velocity depending on the varying

intensity of the acting causes dm*ing the

period of the nodes. This velocity how-

ever being extremely small, when A comes

to B, C, D, E, the line A a will have

taken up the positions B 6, C c, D ef, E e, and the earth's

pole a will thus, in one tropical revolution of the node, have

arrived at e, having described not an exactly circular arc a e,

but a single undulation of a wave-shape or epicyoloidal curve,

abode, with a velocity alternately greater and less than

its mean motion, and this will be repeated in every succeed-

ing revolution of the node.

»;^:
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(649.) Now this is precisely the kind of motion which, iw

wo have seen in art. 325., the pole of the earth's equator

really has round the pole of the ecliptic, in consequence of the

joint effects of precession and nutation, which are thus

uranographically rcj)r('Hontod. If we superadd to the effect

of lunar precession that of the solar, which alone would cause

the polo to describe a circle luiifornily about P, this will

only affect the undulations of our waved curve, by extending

them in length, but will produce no effect on the depth

of the waves, or the excursions of the earth's axis to and from

the pole of the ecliptic. Thus we see that the two phenomena

of nutation and precession are intimately connected, or rather

both of them essential constituent parts of one and the same

phenomenon. It is hardly necessary to state that a rigorous

analysis of this great problem, by an exact estimation of all

the acting forces and suuuuation of their dynamical effects,

leads to the precise value of the co-efficients of precession

and nutation, which observation assigns to them. The solar

and lunar portions of the precession of the equinoxes, that is

to say, those portions which arc uniform, are to each othc

in the proportion of about 2 to 5.

(650.) In the nutation of the earth's axis wc have an ex-

ample (the first of its kind which has occurred to us), of a

periodical movement in one part of the system, giving rise to

a motion having the same precise period in another. The
motion of the moon's nodes is here, we sec, represented,

though under a very different form, yet in the same exact

periodic tune, by a moveuient 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. It may be stated as " the

principle of forced oscillations, or of forced vibrations, " and

thus generally announced :
—

If one part of any system connected cither by material ties, or

by the mutual attractions of its members, be continually main-

tained by any cause, ivhither inherent in the constitution of the
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nt/xtem or external to it, in a state of regular perioilic motion^

that motion will be propagated throughout the whole systnns

and will give rise, in every member of it, and in every part of

each member, to periodic movements executed in equal period,

with that to which they owe their origin, though not necessarily

synchronous with them in their maxima and minima, *

The system may be favourably or uuFavourably constituted

ft)r kSucIi a tranat'ur of periodic movements^ or favourably in

some of its parts and unfavourably in others ; and accordingly

jia it is the one or the other, the derivative oscillation (as it

may be termed) will be imperceptible in one case, of appre-

ciable magnitude in another, and even more perceptible in its

visible effects than the original cause in a tliird ; of this laat

kind we have an instance in the moon's acceleration, to be

hereafter noticed.

(651.) It 80 happens that our situation on the earth, and

the delicacy wlucli our observations have attained, enable us

to make it as it were an instrument to f'el these forced

vibrations,— these derivative motions, coiunmnlcated from

various quarters, especially from our near neighbour, the

moon, much in the same way as wc detect, by the trembling

of a board beneath us, the secret transfer of motion by which

the sound of an oi'gan pipe is dispersed through the air, and

carried down into the earth. Accordingly, the monthly re-

volution 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 lialf a month and half a year,

each of wlxich, 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 remarkable instance, by far, of this

propagation of periods, and one of high importance to man-

kind, 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

* See a demonstration of tliis theorem for the forced vibrations of systems

connected by material ties of imperfect elasticity, in my treatise on Sound,

Encyc. IMctrop. art. 323. The demonstration is easily extended and generalized

to take in otlier systems.
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revolving in its own orbit, and propagating its own period

into the joint phenomenon. The explanation of the tidej,

however, belongs more properly to that part of the general

subject of perturbations which treats of the action of the

radial component of the disturbing force, and is therefore

postponed to a subseq^uent chapter.
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(652.) In the foregoing chapter we have sufficiently ex-

plained the action of the orthogonal component of the dis-

turbing 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 pla::e alternately advance and recede

upon the plane of the disturbing body's orbit, with a general

preponderance on the side of advance, so as after the lapse

of a long period to cause the nodes to make a complete revo-

lution and come round to their former situation. At the

same time the inclii ation of the plane of tho disturbed mo-

tion continually changes, alternately increasing and diminish-

ing ; the increase and diminution however compensating each

other, nearly in single revolutions of the disturbed and dis-

turbing bodies, more exactly in many, and with perfect

accuracy in long periods, such as those of a complete revo-

lution of the nodes and apsides. Tn the present and fellow-
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ing chapters we shall endeavour to trace the effects of the

other components of the disturbing force,— those which act

in the plane (for the time being) of the disturbed orbit, and

which tend to derange the elhptic 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 effects in thcoi-y

one from the otuer, and thereby greatly to simplify their

consideration. Accordingly, in what follows, we shall through-

out neglect the mutual inclination of the < rbits of the dis-

turbed and disturbing bodies, and regard :tll 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 respect 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 as-

tronomers have alike agreed to use the language and laws of

the elliptic system, and to continue to apj^ly 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 detennined at any epoch, is

capable of being truly represented, by supposing the ellipse

itself to be slowly variable, to change its magnitude and

excentricity, and to sliift its position and the plane in whicli

it lies according to certain laws, while the planet all the time

continues to move in this ellipse, just as it would do if the

ellipse remainod 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 is in some sort forced upon us by the

extreme slowness with which the variations of the elements,
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at least where the planets only are concerned, develope

themselves. For instance, the fraction expressing the ex-

centricity of the earth's orbit changes no more than 0*00004

in its amount in a century ; and the place of its perihelion, aa

referred to the sphere of the heavens, by only 19' 3b" in the

same tine. For several years, therefore, it would be next

to impossible to distinguish between an ellipse so varied and

one that had not varied at all ; and in a single revolution, the

difference between the original ellipse and the curve really

represented by the varying one, is so excessively minute,

that, if accurately drawn on a table, six feet in diameter, the

nicest examination with microscopes, continued along the

whole outlines of the two curves, would hardly detect any

perceptible interval between them. Not to call a motion so

minutely conforming itself to an elliptic curve, elliptic, would

be affectation, even granting the existence of trivial departures

alternately on one side or on the other ; though, on the other

liand, to neglect a variation, which continues to acciunulate

from age to age, till it forces itself on our notice, would bo

wilful blindness.

(654.) Geometers, then, have agreed in each single re-

volution, or for any moderate interval of time, fo regard the

motion of each planet as elliptic, and performed according to

Kepler's laws, with a reserve in favour f those very small

and transient fluctuations which take plu« ithin that t':ne,

but at the same time to regard all the elements oi each ellipse

as in a continual, though extremely slow, state ei change;

and, in tracing the effects of perturbation on the systeni, they

take account principally, or entirely, of this change of the

elements, as that upon which any material change in the

great features of the system will ultimately depend.

(655.) And here ^ve encounter the distinction between

what are termed secular variations, and such as are rapidly

periodic, and are compensated in short intervals. In our

exposition of the variation of the inclination of a disturbed

orbit (art. 636.), for instance, we showed that, in each single

revolution of the disturbed body, the plane of its motion

underwent fluctuations to and fro in its inclination to that of

* >*j
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the disturbing body, which nearly compensated each other;

leaving, however, a portion outstanding, which again is

nearly compensated by the revolution of the disturbing 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

mean value. Now, the two first compensations w'uch are

operated by the planets going through the succession of

configurations with each other, and therefore in comparatively

short periods, are called periodic variations; and the deviations

thus compensated are called inequalities depending on configu-

rations ; while the last^ which is operated by a period of the

node (one of the elements^ has nothing to do with the con-

figurations of the individual planets, requires a very long

period of time for its consummation, and is, therefore, distin-

guished from the former by the term secular variation.

(656.) It is true, that, to afford an exact representation of

the motions of a disturbed body, whether planet or satellite,

both periodical and secular variations, with their 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

periodical. But these are in their nature transient and

temporary: they disappear In short periods, and leave no

trace. The planet is temporarily drawn from its orbit (its

slowly varying orbit), but forthwith 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 ; and thus continues to present,

for a succession of indefinite ages, a kind of medium picture

of all that the planet has been doing in their lapse, in which

the expression and character is preserved ; but the individual

features are merged and lost. These periodic iuequalltlcs,

however, are, as we have observed, by no means neglected,

but il; is move convenient to take account of them by a separate

process, independent of the secular varl; 'lonsof the elements.

(657.) In order to avoid complication, while endeavouring
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to give the reader an insight into both kinds of variations,

we shall henceforward conceive all the orbits to lie in one

plane, and confine our attention to the case of two only, that

of the disturbed a^id disturbing body, a view of the

subject which (as we have seen) comprehends the case of the

moon disturbed by the sun, since any one of the bodies may

«

l>e regarded as fixed at pleasure, provided we conceive all its

motions transferred in a contrary direction to each of the

others. Let therefore A P B be the undisturbed elliptic

orbit of a planet P ; M a disturbing body, join M P, and

supposing M K=M S take M N : M K :: M K^ : M PI
Then if S N be joined, N S will represent the disturbing

force of M or P, on the same scale that S M represents M's

attraction on S. Suppose Z P Y a tangent at P, S Y per-

pendicular to it, and N T, N L perpendicular respectively to

S Y and P S produced. Then will N T represent the tan-

gential, T S the normal, N L the transversal, and L S the

radial components of the disturbing force. In circular orbits

or orbits only slightly elliptic, the directions P S L and S Y
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 pro-

duced by the action of the disturbing force in those elements

E E
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on which the magnitude, situation, and fonn of the orbit

depends (i.e. the length and position of the major axis and

the excentricity), in the same way as in the last chapter we
determined the momentary changes of the inclination and

node similarly produced by the orthogonal force.

(658.) We shall begin with the momentary variation in

the length of the axis, an element of tiic 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 penna-

nent 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 per-

formed 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 excen-

tricity 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
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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 whether it will in the next

instant describe an arc of an ellipse having the same or a

varied axis will depend, 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

elements 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 one will depend

solely on this— whether its velocity/ has or has not undergone

a chc^nge by the action of the disturbing force. For the

central foio« residing m 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 to the direction in which that

.

exiraneous 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, however great, the total amount of

change which the axis may have undergone 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 center, 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

il
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the action of that force may have produced in tlie other

elements of the motion in the same time.

(660.) Now it is not the whole disturbing force which is effec-

tive 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 cur-

vature 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 that if the tangential

disturbing force conspires with the motion of P, its momentary

action increases the axis of the disturbed orbit, whatever be

the situation of P in its orbit, and vice versd.

(661.) 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 M' bodies equal to

P and M be placed, the forces exerted by M' 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 in

the direction P' Z' (suppose) will equal that exerted byM 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 acce-

lerated, as the case may be) by precisely the same force by

wliich P is accelerated (or retarded), so that the variation in

the axis of the respective orbits of P and P' will be equal

in amount, but contrary in character. Suppose now M's

orbit to be circular. Then (if the periodic times of M and P
be not commensurate, so that a moderate number of revolutions

may bring them back to the same precise relative positions) it

will necessarily happen, that in the course of a very great

* If a be the semiaxis, r the radius vector, and v the velocity of P in any

2 1
point of an ellipse, a is given by the relation «*=

force being properly assumed.

, the units of velocity and
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number of revolutions of both bodies, P will have been pre-

sented to M 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 eiFected in its axis in the

one situation will have been reversed in that symmetrically

opposite, and the ultimate result, on a general average of an

infinite number of revolutions, will be a complete and exact

compensation of the variations in one direction by those in

the direction opposite.

(662.) Suppose, next, P's orbit to be circular. If now M'a

orbit were so also, it is evident that in one complete synodic

revolution, an exact restoration of the axis to its original

length would take place, because the tangential forces would

be symmetrically equal and opposite during each alternate

quarter revolution. But let M, during a synodic revolution,

have receded somewhat from S, then will its disturbing power

have become gradually weaker, so that, in a synodic revolutioiix

the tangential force in each quadrant, though reversed in

direction being inferior in power, an exact compensation will

not have been effected, but there will be left an outstanding

uncompensated portion, the excess of the stronger over the

feebler effects. But now suppose M to approach by the

same gradations as it before receded. It is clear that this

result will be reversed ; since the uncompensated stronger

actions will all lie in the opposite direction. Now suppose

M's orbit to be elliptic. Then during its recess from S or in

the half revolution from its perihelion to its aphelion, a con-

tinual uncompensated variation will go on accumulating in one

direction. But 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, on the average of a multitude

of revolutions during which P has been presented to M in

every situation for eoery distance ofMfrom S, the restoration

wiU be effected.

(663.) If neither P's nor M's orbit be circular, and if more-

over the directions of their axes be different, this reasoning,

drawn from the symmetry of their relations to each other, does

not iipply? and it becomes necessary to take a more general
E E 3
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view of the matter. Among the fundamental 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 conservation of the vis viva,^^ which applies

directly to the case before us. This principle (or rather tliis

theorem) declares that if a body subjected at every instant of

its motion to the action of forces directed to fixed centers (no

matter how numerous), and having their intensity dependent

only on the distances from their respective centers 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 quantity

depending only on the different relative situations of these two

points in space, without the least reference to the form of the

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 the 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 centers 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 be the same

with that of its departure ; a conclusion which (for the purpose

we have in view) sets us free from the necessity of entering

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 P, or the successive stej)s by which velocity gene-

rated at one point of its intermediate path is destroyed at

another, by the reversed action of the tangential force. Now
to apply this theorem to the case in question, let M be sup-

posed to retain a fixed position during one whole revolution

of P. P then is acted on, during that revolution, by three

forces : 1st. by the central attraction of S directed always to

S ; 2nd. by that to M, always directed to M ; 3rd. by a force

equal to M's attraction on S ; but In the direction M S, which
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therefore is a constant force, acting always in parallel direc-

tions. 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 diflferenco which

will result from the non-arrival after a revolution at the exact

point of its departure by reason of the perturbations 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. 662., that what-

ever uncompensated variation of the velocity arises in suc-

cessive revolutions of P during M's recess from S will be

destroyed by contrary uncompensated variations arising during

its approach. Or, more simply and generally thus : whatever M's

situation may be, for every place whicli P can have, there must

exist some other place of P (as P'), in which the action of

M shall be precisely reversed. Now if the periods he incom-

mensurable, in an indefinite number of revolutions of both

bodies, for every possible combination of situations (M, P)

there will occur, at some time or other, the combination (M, P')

which neutralizes the cfFect of the other, when carried to the

general account ; so that ultimately, and when very long

periods of time are embraced, a complete compensation will

be found to be worked out.

(665.) This supposes, however, that in such long periods

the orbit of M is not so altered as to render the occurrence

of the compensating situation (M, P') impossible. This would

be the case if M's orbit were to dilate or contract indefinitely

by a variation in its axis. But the same reasoning which

applies to P, applies also to M. P retaining o,fixed situation,

M's velocity, and therefore the axis of its orbit, would be

exactly restored at the end of a revolution ofM ; so that for

every position P M there exists a compensating position

P M'. Thus M's orbit is maintained of the same magnitude,

and the possibility of the occuiTcnce of the compensating

situation (M, P') is secured.

(666.) To demonstrate as a rigorous mathematical truth

the complete and absolute ultimate compensation of the va-
B E 4
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riatlons in question, it would bo requisite to slrow that the

minute outstanding changes duo to the non-arrivals of P and

M at the same exact points at the end of each revolution,

cannot accumulate in the course of infinite ages in one

direction. Now it will appear in the subsequent part of this

chapter, that the effect of perturbation on the oxccntricities

and apsides of the orbits is to cause the former to undergo

only periodical variations, and the latter to revolve and take

up in succession every possible situation. Hence in the

course of infinite ages, the points of arrival of P and M
at fixed lines of direction, S P, S M, in successive revolutions,

though at one time they will approach S, at another will

recede from it, fluctuating to and fro about mean jwints

from which they never greatly depart. And if the arrival

of either of them at P, at a point nearer S, at the end of a

complete revolution, cause an excess of velocity, its arrivi>l

at a more distant point will cause a deficiency, and thus, m
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.

(667,) The dynamical proposition on which this reasoning

is based is general, and applies equally well to cases wherein

the forces act in one plane, or are directed to centers any-

where situated in space. Hence, if we take into considera-

tion the inclination of P's orbit to that of M, the same

reasoning will apply. Only that in this case, upon a com-

plete revolution 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

that the inclination fluctuates round a mean state from Avhicli

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
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win deviate as often and by the same quantities above oa

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 f'ause of non-compensation

will also be destroyed.

(668.) It is evident, also, that the dynamical proposition

in question being general, and applyii''^ equally to any num-

ber of fixed centers, as well as to any distribution of them in

space, the conclusion would be precisely the same whatever

be the number of disturbing bodies, only that the periods of

compensation would become more intricately involved. We
are, therefore, conducted to this most remarkable and im-

portant conclusion, viz. that the major axes of the planetary

(and lunar) orbits, and, consequently, also their mean mo-

tions and periodic times, arc subject to none but periodical

changes ; that the length of the year, for example, in the

lapse of infinite ages, has no preponderating tendency either

to increase or diminution, — that the planets will neither re-

cede indefinitely from the sun, nor fall 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 dimen-

sions as at present.

(669.) This theorem (the Magna Charta of our system),

the discovery of which is due to Lagrange, is justly regarded

as the most important, as a single result, of any which have

hitherto rewarded the researches of mathematicians in this

application of their science; 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 excentricity, and the inclination and nodes

;

since we have seen that the revolution of the apsides and

nodes, and the periodical increase and diminution of the ex-

centricities and inclinations, arc both essential towards ope-

rating that final and complete compensation which gives it a

character of mathematical exactness. We have here an in-

stance of a perturbation of one kind operating on a perturba-

tion of another to annihilate an effect which would otherwise

i*
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accumulate to the destruction of the system. It must, how-

evei, be borne la mind, that it is the smalhiess of the excen-

tricitiea of the more influential planets, which gives this

theorem its practical importance, and distinguishes it from &

mere barren speculative result. Within the limits of ulti-

mate restoration, it is this alone which keeps the periodical

fluctuations of the axia to a.nd fro about a mean value within

moderate and reasonable limits. Although the earth might

not fall into the sun, or recede from it beyond 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

depends. Constituted as our system is, however, changes to

anytliing like this extent are utterly precluded. The great-

est departure from the mean value of the axis of any pla-

netary orbit yet recognized by theory or observation (that of

the orbit of Saturn disturbed by Jupiter), does not amount

to a thousandth part of its length.* The effects of these

fluctuations, however, are very sensible, and manifest them-

selves in alternate accelerations and retardations in the an-

gular mo^^ions of the disturbed about the central body, which

cause it alternately to outrun and to lag behind its elliptic

place in its orbit, giving rise to what are called equations in

its motion, some of the chief instances of which will be here-

after specified when we come to trace more particularly in

'detail the effects of the tangential force in various configu-

rations of the disturbed and disturbing bodies, and to explain

the consequences of a near approach to commensurability in

their periodic times. An exact commensurability in this

respect, such, for instance, as would bring both planets round

to the same configuration in two or three revolutions of one

of them, would appear at first sight to destroy one of the

essential elements of our demonstration. But even supposing

such an exact adjustment to subsist at any epoch, it could

* Greater deviations will probably be found to exist in the orbits of the small
extra -tropical planets, Bnt these are too insignificant inenibers of our system
to need special notice in a work of this nature.
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not remain permanent, since by a remarkable property of

perturbations of this class, which geometers have demon-

strated, 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 contrary

direction in that of the disturbing, so that the periods would

recede from commensurability by the mere effect of their

mutual action. Cases are not wanting in the planetary sys-

tem of a certain approach to commensiirability, 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 validity of the argument, but

only to give rise to inequalities of very long perio'^ls, of which

more presently.*

(670.) 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 otherwise with that of its excentricity

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 elem^nts.

We shall, however, consider separately the influence of each,

and, commencing, as the simplest case, with that of the tan-

gential force ; — let P bo the place of the disturbed planet

in its elliptic orbit A P B, whose axis at the moment is A S B
and focus S. Suppose Y P Z to be a tangent to this orbit at

* 41 revolutions of Neptune are nearly equal io 81 of Uranus, giving rise

to an inequality, having G805 years for its period.
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P. Then, if we suppose AB=2 a, the other focus of the

ellipse, H, will be found by m?king the angle Z P H=Y P S

or Y P H= 180°—Y P Z, or S P H= 180°— 2 Y P S, and

taking PH=:2a— SP. This is evident from the nature

of the ellipse, in which lines drawn from any point to the two

foci make equal angles with the tangent, and have their sum

equal to the major axis. Suppose, now, the tangential 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. But the tangential force does not

alter the angle of tangency, so that to find the new posi-

tion (H') of the upper focus, we must measure oflf along

the same line P H, a distance PH'(=2a' — SP) greater

than P H. Do tliis then, and join S H' and produce it.

Then will A' B' be the new position of the axis, and ^ S H'

the new 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 perihoUon to aphelion, or

the contrary. 2dly, That on the same supposition as to

the action of the tangential foi'ce, the excentricity increases

when P is between the perihelion and the perpendicular to

the axis F H G drawn through the upper focus, and dimi-

nldhes 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 periheUon or aphelion, it

decreases to nothing, the perihelion being stationary when P
is at A or E. 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 maximmn 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 velocity, all these results are reversed.

If the orbit be very nearly circular* the points F, G, will be

* So nearly that the cube of the excentricity may be neglected.
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80 situated that, although not at opposite extremities of a
diameter, 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 time of P.

(671.) Let us now consider the effects of the normal com-
ponent of the disturbing force upon the same elements. The
direct effect of tliis force is to increase or diminish the curva-

ture of the orbit at the point P of Its action, without pro-

ducing any change on the velocity, so that the length of the

:^ 1

axis remains unaltered by its action. Now, an increase of

curvature at P is synonymous with a decrease in the angle

of tangency SPY when P is approaching towards S, and with

an increase in that angle when receding from S. Suppose

the former case, and while P approaches S (or is moving

from aphelion to periheUon), let the normal force act inwards

or towards the concavity of the ellipse. Then will the tangent

P Y by the action of that force have taken up the position

P Y'. To find the corresponding position H' taken up by

the focus of the orbit so disturbed, we must make the angle

S P H'= 180°— 2 S P Y', or, which comes to the same, draw

P H' on the side of P H opposite to 3, making the angle

H P H'= twice the angle of deflection Y P Y' and in P H'

take PH'=P H- Joining, then, SIP and producing it,

A' S H' M' will be the new position of the axis. A' the new
perihelion, and \ S H' the new excentrlcity. Hence we
conclude, 1st, that the normal force acting inwards, and P
moving towards the perihelion, the new direction S A' of the

perihelion is in advance (with reference to the direction of P's

\ M

* '%^ Z
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revolution) of the old— or the apsides advance— when P is

anywhere situated between F and A (since when at F the

point H' falls upon H 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, H' in this case

lying on the opposite side of the axis. 2dly, That the same

directions of the normal force and of P's motion being

supposed, the excentricity increases while P moves through

the whole semiellipse 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 place of inwards.

5thly, That here also the variations of the excentricity and

perihelion are complementary to each other ; the one vari-

ation being most rapid when the other vanishes, and vice

versa. 6thly, And lastly, that the changes in the situation

of the focus H produced by the actions of the tangential

and normal components of the disturbing force are at right

angles to each other in every situation of P, and therefore

where the tangential force is most efficacious (in proportion

to its intensity) in varying either the one or the other of the

elements in question, the normal is least so, and vice versa.

(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 subtract the results according as they con-

spire 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 PH"=PH + twice the

variation of a produced in the same moment of time by the

tangential force, and H" will be the new focus. The mo-

mentary velocity generated by the tangential force is cal-

01 Jable from a knowledge of that force by the ordinary prin-

ciples of dynamics ; and from this, the variation of the axis is
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easily derived. * Tlie momentary velocity generated by the

normal force in its own direction is in like manner calculable

from a knowledge of that force, and 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 tangcncy SPY, corresponding.

(673.) The following resume 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 F A G of its orbit about the perihelion or in the remoter

arc G M F about the aphelion, as the tangential force accele-

rates or retards the disturbed body, or as the normal acts in-

wards ov outwards with reference to the concavity of the orbit.

EFFECTS OF THE TANGENTIAL DISTURBING FORCE.

Direction of P's motion.
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(674.) From the momentary changes in the elements of

the distm-bed 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 considerations of the periodical

recurrence of configurations of the same character, we have

been able to demonstrate many of the most interesting con-

clusions 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 inclina-

tions, and the revolutions of the nodes of the planetary orbits

have been 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 changes induced on the disturbing forces themselves,

with the varying positions ofthe bodies, and here as in treating

of the inclinations we shall suppose, unless the contrary Is ex-

pressly indicated, both orbits to be very nearly circular,

without which limitation the complication of the subject would

become too embarrassing for the reader to follow, and defeat

the end of explanation.

(675.) On this supposition the directions of S P and S Y,

the perpendicular on the tangent at P, may be 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 the points T and L (fig. art. 687.).
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So far then as the intensiti/ of the forces is concerned, it will

make very little difference in which way the forces are re-

solved, nor will it at all materially affect our conclusions as to

the effects of the normal and tangential forces, if in estimating

their quantitative values, we take advantage of the simplifica-

tion introduced into their numerical expression by the neglect

of the angle P S Y, i. c. by the substitution for them of the

radial and transversal components. The character 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 induced by the neglect of this angle can

fall In the lunar orbit this angle never exceeds S"" 10', and

its influence on the quantitative estimation of the acting forces

may therefore be safely neglected in a first approximation.

Now MN being found by the proportion MP* : MS'^::

M S : M N, N P (=M N—M P) is also known, and there-

fore N L=N P. sin N P S=:N P. sin (A S P+ S M P) and

LS=PL-PS=NP.cosNPS-PS=NP.cos(ASP
+ SM 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 vai'ious

situations of P throi^ghout the whole circle, the reader will

easily satisfy himself — 1st. That the tangential force acce-

lerates 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.

2nd. That the tangential force vanishes at the four points

A, D, E, B, and attains amaximum at some intermediate points.

Srdly. That the normal force is directed outwards at the

Sfell

ill

R* N P* MS=R; SP= r; M P=/j A S P-=e; AM P=M; M N=

= ^"-P= (R _/) / 1 + I^ + ?L \ ; whence we have N L= (R -/) . sin {O+M)

.(\+^ + I^y, LS=(R-/). cos(e+M).(l +| + 5L.)-r. When it

aid /, owing to the great distance of M, are nearly equal, we have R -/=

PV,i-;-:=l nearly, and the angle M may be neglectt-d ; so that we have

NP^3 PV.
F F

^i'%1

'^\

''^'n

*)«•• ti
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syzigies 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 vanishes at points interme-

diate 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.

(676.) In the lunar theory, to which we shall now proceed

to apply these principles, both the geometrical representation

and the algebraic expression of the disturbing forces admit of

great simplification. Owing to the great distance of the sun

M, at whose center the radius of the moon's orbit never

subtends an angle of more than about 8', N P may be re-

garded as parallel to A B. And D S E becomes a straight line

coincident with the line of quadratures, so that V P becomes

the cosine of ASP to radius S P, and N L=N P . sin

ASP; LP=NP.co8ASP. Moreover, in this case

(see the note on the last article) NP=3PV=:3SP . cos

ASP; and consequently NL=: 3 SP. cos ASP . sin ASP
= f S P . sin 2 A S P, and L S = S P (3 . cos A S P^— 1

)

=iSP(H-3. cos 2ASP) which vanishes Avhcn cos

A S P2= |, or at 64° 14' from the syzygy. Suppose through

every point of P's orbit there be drawn S Q=:3 SP . 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 li

respectively, and P Q will always represent in quantity and

direction tlie normal force acting at P.

(677.) It is important to rcm;\rk here, because upon this

the whole lunar theory and especially that of the motion of
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the apsides hinges, that all the acting disturbing forces, at

equal angles of elongation A S P of the moon from the sun,

are cceteris 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

proportion being that of about 28 : 25. This premised, let

us first consider the effect of the normal force in displacing

the lunar apsides. This we shall best be enabled to do by
examining separately those cases in which the effects are most

strongly contrasted ; viz. when the major axis of tho moon's

orbit is directed towards the sun, and when at right angles

to that direction. First, then, let the line of apsides bo

. o

+ + M

directed to the sun as in the annexed figure, where A is the

perigee, and take the arcs A a, A 6, B c, B rf each=64" 14'.

Then while P is between a and b the normal force acting out-

wards, and the moon being near its perigee, by art. 671. the

apsides will recede, but when between c and d, the force there

acting outwards, but the moon being near its apogee, they

will advance. The rapidity of these movements will be re-

spectively at its maxima at A and B, not only because tho

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 ah cd the rapidity of their recess and advance

diminishes, and is nothing (or the apsides are stationary)

when P is at either of these points. From b 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 tliis arc

'^m

'• ^

"-^^m
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of the orbit the apsides advance. But tlie rate of advance

is feeble, because in the early part of that arc the nomml
force is small, and as P approaches 13 and the force gains

power, It acts disadvantageously to move the axis, its effect

vanishing altogether when it arri\cs beyond D at the ex-

tremity of the perpendicular to the upper focus of the lunar

cllii>se. 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 foi

the arcs d E, E a. In the figure these changes arc Indicated

by + + for rapid advance, for rapid recess, + and—
for feeble advance and recess, andO for the stationary points

Now if the forces were equal on the sides of + and — it is

evident that there would be an exact counterbalance of

advance and recess on the average of a whole revolution

liut this is not the case. The force in apogee Is greater than

that in perigee in the proportio' f 28 : 25, while in llu;

quadratures about D and E tlus 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 sitiiation of the line of apsides.

(078.) Next, sui)posc the apogee to lie at .\, and the peri-

gee at B. In this case it is evident that, so far as the di-

rection of the motions of the apsides Is concerned, all llio

conclusions of the foregoing reasoning will be revei'sed by tlio

substitution of the word pcrigv^'; for apogee, and vice rosd
;

and all the sio-ns in the fi";ure referred to will be channrod.

But now the most powerful forces act on the side of A, tluit

is to say, still on the h^itle of advance, this condition also being

reversed. In cither situation of the orbit, then, the apsides

advance.

(675).) (Case 3.) Suppose, now, the major axis to have tlic

situation D E, and the perigee to be on the side of D. Here,

in the arc b c of B's motion the normal force acts inwanlfi,

and the moon is near perigee, consequently the apsides

advance, but with a moderate rapidity, the maximum of tlic

inward normal force being only half that of the outward.
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In the arcs A h and c B the moon ia still near pcrif^oc, and

the force acts outwards, but though powerfully towiauj A
and B, yet at a constantly increasing disadvantage (art. fi7l.)

Therefore in these arcs the apsides recede, but moderately.

In a A and IW/ (being towards apogee) they again advance,

still with a moderate velocity. Lastly, throughout the are

d a, being about apogee with an inward force, they recede.

Here as before, if the 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 difference, viz. that in this the dominant effect rcsultj

from the in\vard action of the normal force in quadratures,

while in the others it results from its outward, and doubly

pinvcrful action in syzygics. The recess of the apsidca in

their quadratures ari.^ing from the action of the normal force

will therefore be less than their advance in their syzygies

;

!Uid not only on this account, but also because of the much

less extent of the arcs he and da on which the bnlance ia

mainly struck in this case, than o{ ab and c d, the corrcspond-

uvj- most influential arcs in the other.

(680.) In intermediate situations of the line of apsides, the

effect will be Intenncdiate, and there will of course be asitu.'t-

tion of them in wdiich on an average of a whole revolution,

they are stationary. This situation it is easy to see will bo

nearer to the line of quadratures than of syzygies, 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 sy nodical year,

(luring which the motion of the sun round the earth (as wo
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

turce. And as before (Case 1.), supposing the perigee of the

'\i
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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 i), in which she recedes from S, therefore by art. 670. the

apsides recede. Through D B the force accelerates^ wliile

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

D B E, but the force being in this case as in that of the

normal force more powerful at apogee, the latter will pre-

ponderate, 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, and vice vcrsd, the accelerations and retarda-

tions remaining as before. Therefore the results, as far as

direction is concerned, will be reversed in each quadrant, the

apsides .advance during E A D and recede during D B E.

But the situation of the apogee being also reversed, the pre-

dominance remains on the side of E A D, that is, of advance.

(683.) (Case 3.) Apsides in quadratures, perigee near D.

—

Over quadrant AD, approach and retardation, therefore

advance of apsides. Over D B recess and acceleration, there-

fore again advance ; over B E recess and retardation with

recess of apsides, and lastly over E A approach and accelera-

tion, 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 tangential 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 pre-

dominance of feeble over feebler forces, while that in syzygies

results from that of powerful over powerful ones. TIic maxi-
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mum accelerating action of the tangential force is equal to

its maximum 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, therefore, in tracing the action of the normal force,

we found reason to conclude it much more effective to produce

progress of the apsides in their syzygy, than in their quadrature

situations, we can draw no such conclusion 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 semicircles.

(685.) Taking the average of many revolutions of the feun

about the earth, in wliich it shall present itself in every pos-

sible variety of situations to the line of apsides, we see that the

effect of the normal force is to produce a rapid advurxce in the

syzygy of the apsides, and a less rapid recess in their quadra-

ture, and on the whole, therefore, a moderately rapid general

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 ulti-

mate influence in causing either increase or diminution in the

mean motion of the apsides resulting from the action of the

normal force. It does so, however, indirectly, conspii-ing in

that respect with, and greatly increasing, an indirect action

of the normal force in a manner which we shall now proceed

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 follo^vs 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 neighbourhood, than if they

rested. Thus the advance, already preponderant, is made to

r r 4
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preponderate more by its longer continuance, and the recess,

already deficient, is rendered still more so by the shortenino-

of its duration.* Whatever cause, then, increases directly

the rapidity of both advance and recess, thont/h it may do both

equally^ aids in this indirect process, and it is thus that the

tangential force becomes effective tlu-ough the medium of

the progress already produced, in doing and aiding the normal

force to do that which alone it would be unable to effect.

Thus we have perturbation exaggerating perturbation, and

thus we see what is meant by geometers, when they declare

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.) The cirious and complicated effect of perturbation,

described in the last article, has giv^n more trouble to geo-

meters 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 ', \>v* finding the amount only half what observation

losigns, 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 rci^ult appeared to be even minutely

verified, and the elaborate investigations which were lavished

upon the subject without success began to excite strong doubts

whetlier ''us feaiure of the lunar motions could be explained

at all by the Newtonian law of gravitation. The doubt was

removed, Low ver, almost in the int^tant of its origin, by the

t<ame geometer, Clairaut, who first gave it currency, and whj

gloriously repaired the error of his momentary hesitation, by

demonstrating the exact coincidence between theory and ob-

servation, when the effect of the tangential force is properly

taken into the account. The lunar apogee circulates, in

3232'' -575343, or about 9,]- years.

• Newton, Prine. i. 66". Cor. H.

It if
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M

(^688.) Let us now proceed to investigate the influence of

the disturbing forces so resolved on the excentricity of the

lunar orbit, and the foregoing articles having sufficiently

familiarized the reader with our mode of following out the

changes in different situations of the orbit, we 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, a 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 (commencing
with the normal force) the momenta: v ^hange of excentricity

will vanisli at a, b, c, d, by the

vanisliing of that force, and at

Z and Y by the eifect of situa-

tion 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 <2;rcat magni-

And
the force within these two arcs having the same character as

to inward and outward, but being oppositely influential by

rcn^on of the approach of P to S in one of them and its recess

in t.\e other, it is evident that, so far as these arcs arc con-

cerned, a very near compensation of effects will take place,

and though the apogeal arc Y d will be somewhat more in-

fluential, this will tell for little upon the average of a revo-

lution.

(689.) The arcs bT>c and rZE a are each m-ich less than a

quadmnt in extent, and the force acting inwards throughout

them (which at its maximum in D and E is only half the

outward force at A, B) degrades very rrpidly in intensity

towards either syzygy (sec art. 676.). Kencc whether Z be

between be 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 opposed to each other. Although, then.

tude or an advantageous situation within their limits.

ir Jk
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the arc a df be 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

neutralized by the small predominance of an opposite character

in Y </ over Z b. On the other hand, the arcs aZ, cY are

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 preponderance

one over the other, (being opposite in their tendencies,) will

decide the question whether on an average of the revolution,

the exccntricity 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 cxcentricity 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 Z
will now give the character to the result. But when Z hcs

between A and E, as the reader may easily satisfy himself,

the case will be altogether different, and the reverse conclusion

will obtain. Hence the changes of exccntricity 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.

(690.) Let us next consider the effect of the tangential

force. This retards P in the quadrants AD, BE, and

accelerates it in the alternate

ones. In the whole quadrant

A D, therefore, the effect is of

one character, the perigee

being less than 90° from every

point in it, and in the whole

qua'^lrant B E it is of the oppo-

site, the apogee being so si-

tuii«< d (art.670.) Moreover,

in the middle of each quadrant, the tangentifti force is at its

M
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maximum. Now, in the other quadrants, E A and D B, the

change from perigeal to apogeal vicinity takes place, and the

tangential force, however powerful, has its effect annulled

by situation (art. 670.), and this happens more or less nearly

about the points where the force is a maximum. These

quadrants, then, are far less influential on the total result,

60 that the character of that result will be decided by the

predominance 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 excentricity increases. 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 partial influences, arc for arc. But the quadrant AD
will now preponderate instead ofD E, so that under this double

reversal of conditions the result will be identical. Lastly,

if the line of apsides be in A E, B D, it may be shown in

like manner that the excentricity will diminish on the average

of a revolution.

(691.) Thus it appears, that in varying the excentricity,

precisely as in moving the line of apsides, the direct effect

of the tangential force conspires with that of the normal, and

tends to increase the extent of the deviations to and fro on

cither 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 the sun and apse. Supposing 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 {\ + ^V) P^^
of a year will have gained on it 90°, durin'- "hich interval

the apse will have been in the quadrant x^^ ^ of our figure,

and the excentricity 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 « maximum when the sun has

gained another 90°, and again attained the line of apsides, and

so on altcrnatelv. The actual cfTcct on the numerical value

pi '
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of the lunar excentrlcity is very considerable, the greatest

and least excentricities beinii; 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 cen-

tral forces variable according to the situation of the revolvinnr

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 tu

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 communicated to the weight, not by merely with-

drawing it from the vertical and letting it fall, but by giving

it a slight impulse sideways. It will be seen to desci'ibc a

regular ellipse about the point of rest as its centei*. 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 circumstances, 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 cxcentricity. But if the impulse com-

municated to the weight be considerable, so as to carry it

out to a great angle (15° or 20° from the vertical), this per-

manence of situation of the ellipse will no longer "subsist.

Its axis will be seen to shift its position at cvovn revolution

of the weight, advancing in the same direction with the

weight's motion, by an imiform and regular progression,

which at length will entirely reverse its situatioji, bringing

the direction of the longosl excursions to coincide with that

* Airy, Giuvitiition. p 106.
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ill 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.

(693.) 'Now, if we inquire into the cause of this pro-

gression of the apsides, it will not be difficult of detection.

AVhen 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

fi-om the pei-pendlcular. Now, the sines of very small arcs

are nearly in the proportion 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 cur^ature 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 center 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 center *, and the apsides of this ellipse would remain

fixed. But if the exoui^ions of the weight from the vertical

be considerable* the foive urging it towards the center will

deviate in its law from the simple ratio of the distances ;

' ing as the sine, while the distances are as the arc. Now
the sine, though it continues to increase as the arc increases,

yet diH's not increase 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 proportionality would

require ; and therefore the force urging the weight towards
**3 center or point of rest at great distances falls, in like

proportion, somewhat 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 connnand over the

weight, hi proportioti to its speed, which would enable it to

• Newton, I'liiic'ip. i. 17.

t
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deflect it from its rnctillnear tangential course into an ellipse.

The true path which it describes will be less 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 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 center. But
this is only stating at length, and in a

more circuitous manner, that fact which

is more briefly and sununarily expressed

by saying that the apsides of its orbit

are progressive. Nothing beyond a fami-

liar 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 con-

cerned, and even were it otherwise, only a confused and in-

distinct view of apsidal motion can be obtained from this kind

of consideration ofthe curvature ofthe disturbed path. If we
would obtain a clear one, the two foci of the instantaneous

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 either 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 unlnstructlve 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 excentricitles 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 (grated 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
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motion of the apsides themselves. The line of apsides neither

follows up the motion of the disturbing body in its state of

advance, nor vice versd, in any degree capable of pro-

longing materially their advancing or shortening materially

their receding phase. Hence no second approximation 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 com-

plicated 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 are in a much lower nitio this cannot be

permitted. In the case of Jupiter disturbed by Saturn for

example, in one sidereal revolution of Jupiter, Saturn has

julvanced in its orbit with respect 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 distuxbed planet with respect to the central

body. To such cases then the reasoning which we have

applied to the lunar perturbations becomes totally inappli-

cable ; and when we take into consideration also the excen-

tricity of the orbit of the distm'bing body, which in the most

important cases is exceedingly influential, the subject becomes

far too complicated for verbal explanation, and can only be

successfully followed out with the help of algebraic expression

and the application 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

'*.«^;

* J.*S. I
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question does not apply ; and in cacli of these cases tlicreforo

we ai-e 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 joii't

actions of all the other planets. Nay, it is even possible

under certain conditions that the line of apsides of the dis-

turbed 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 par-

ticulars, the view we have above taken of the subject

enables us to assign at every instant, and in every con-

figuration 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 difference in the intensities of the disturbuig

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 and diminution in the

excentricity of cither planet may take place, the final effect

on the average of a great multitiidc 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 synoptic table in art. 673. If M, the disturbing

body, be supposed to be successively placed in two diametri-

cally 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
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Byzygle8. 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 " abotit

aphelion " does in the other : and also, that the half of the

orbit in which P " approaches 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 excen-

tricities, are reversed in the two supposed cases. Hence it

appears that whatever situation be assigned to M, and what-

ever influence it may exert on P in that situation, that

influence will be anniliilated 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 insisted on in the distribution of the forces docs not

exist. But, in the first place, it is evident that if the excentri-

cities be moderate, (as in the planetary 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 permanent or secular effects. The

precise estimation of these effects is too complicated an affiiir

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 eflPects

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 excentricities Is similarly nullified, yet, la the situations

rectangular to these, it acts to its greatest advantage. On
the other hand, the tangential force vanishes at conjunction,

G G
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whatever be the place of conjunction with respect to the line

of apsides, and where it is at ita maximum its effect is still

liable to be annulled by situation. Thus it appears that

the normal force is most influential, and mainly determines

the character of the general effect. It is, therefore, at eon-

junction that the most influential effect is produced, and

therefore, on the long average, those conjunctions which

happen about the place wliere 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 very 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. Suppose it to be at the perihelion. Then, if the

disturbed orbit be interior to the disturbing, the force acts

outwards, and therefore the apsides recede : if exterior, the

force acts inwards, and they advance. In neither case does

the excentricity change. If the conjunction take place at

the aphelion of the disturbed orbit, the effects will be re-

versed : if intermediate, the apsides will be less, and the

excentricity more affected.

(698.) Supposing only two planets, this process would go

on till the apsides and excentricitles had so far changed as to

alter the point of nearest approach of the orbits so as eitlicr

to accelerate or retard and perhaps reverse the motion of

apsides, and give to the variation of the excentricity a corre-

sponding periodical character. But there 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 together, of a very complex nature.

(699.) It cannot fail to have been remarked, by any one

who has followed attentively the above reasonings, that

a close analogy subsists between two sets of relations ; viz.

that between the inclinations and nodes on the one hand, and

between the excentricity and apsides on the other. In fact,

the strict geometrical theories of the two cases present a

close analogy, and lead to final results of the very same

oature. What the variation of excentricity is to the motion
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of tho perihelion, the change of inclination k to the motion

of the node. In either case, the period of the one is also tho

period of the other ; and while the perihelia describe consi-

derable angles by an oscillatory motion to and fro, or cir-

culate in immense periods of time round the entire circle,

the excentricities increase and decrease by comparatively

small changes, and are at length restored to their original

magnitudes. In the lunar orbit, as the rapid rotation of the

nodes prevents tl\e change of inclination from accumulating

to any material amount, so the still more rapid revolution of

its apogee effects a speedy compensation in the fluctuations

of its excentricity, and never suffers them to go to any

material extent ; while the same causes, by presenting in

quick succession the lunar orbit in every possible situation to

all the disturbing forces, whether of the sun, the planets, or

the protuberant matter at the earth's equator, prevent any

secular accumulation of small changes, by which, in the lapse

of ages, its ellipticity might be materially increased or dimi-

nished. Accordingly, observation shows the mean excentri-

city 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 com-

plicated together in the s^me manner and nearly by the same

laws as the variations of nr nodes and inclinations. Each
acts upon every other, ami overy sueh mutual action gene-

rates itf^ own peculiar period of circulation or compc isation

;

and every such period, in pursuance of fhe principle of art.

650., is thence propagated throughout the system. Thus arise

cycles upon cycles, of whose compound duratioi. -ome notion

may be formed, when we consider what is the length of one

such period in the case of tho two principal 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 exoeutricity of Saturn's orbit, from 0*08409, it.?

maximum, to 001345, its minimrtm value: while that of

Jupiter woulv^ viiiy between the narrow limits, 0'06036 and

0*02606: the greatest excentricity of Jupiter corresponding

2
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to the least of Saturn, and vice versA. The period in whioli

these changes iire gone through, would be 70414 years.

After this example, it will be easily conceived that many
niillions of years will require to elapse before a complet'>

fulfilment of the joint cycle which shall restore the whole

system to its original state as far as the excentricities of its

orbits are concerned.

(701.) The place of the perihelion of a planet's orbit is of

little consequence to its well-being ; but its excentricity is

most important, as upon this (the axes of the orbits being

I)ermanent) depends the mean temperatvire of its su' ce, and

the extreme variations to which its seasons may be liable.

For it may be easily shown that the mean annual amount of

light and heat received by a planet from the sun is, cccteris

paribus, as the minor axis of the ellipse described by it. Any
\ariation, therefore, in the excentricity, by changing the

minor axis will alter the mean temperature of the surface.

Ilow such a change will also influence the extremes of teni-

l)crature appears from art. 368. Now it may naturally be

inquixed whether (in the vast cycle above spoken of, in which,

at some period or other, conspiring changes may accumulate

o:i 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 researches of geometers have enabled us to answer

in the negative. A relation has been demonstrated by

Lagrange between the masses, axes of the orbits, and exccn-

tricities of each planet, similar to what we have already

stated with respect to their inclinations, viz. that if the muss

of each planet he multiplied by the square rout of the axis of its

orbit, and the product by the square of its excentricity, the sum

of all such products throughout the system is invariable; and

as, in point of fact, tliis 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 excentricity, unless at the expense
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of a common fund, the whole amoimt of which is, and must

for ever remain, extremely minute.*

• There is nothing in this relation, however, tK'.cn per »e, to secure the smaller

planets— Mercury, Mars, Juno, Ceres, &c.— from a catastrophe, could they ac-

cumulate on themselves, or any one of them, the whole amount of this excentrkity

fund. But that can never be : Jupiter and Saturn will always retain the lion't

share of It. A similar remark applies to the inclination fund of art. 639. These
fund*, be it observed, can never gel: 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 PARALLACTIC INEQUALITY.— ANA-

LOGOUS PLANETARY INEQUALITIES THREE CASES OP PLANETARY

PERTURBATION DISTINGUISHED.— OP INEQUALITIES DEPENDENT

ON THE EXCENTRICITIES. LONG INEQUALITY OP JUPITER AND

SATURN.—LAW OP RECIPROCITY BETWEEN THE PERIODICAL VA-

RIATIONS OP THE ELEMENTS OP BOTH PLANETS.— LONG INE-

QUALITY OP THE EARTH AND VENUS.—VARIATION OP THE EPOCH.

INEQUALITIES INCIDENT ON THE EPOCH AFFECTING THE MEAN
MOTION. INTERPRETATION OP THE CONSTANT PART OP THESE

INEQUALITIES. — ANNUAL EQUATION OF THE MOON. HER SE-

CULAR ACCELERATION. — LUNAR INEQUALITIES DUE TO THE AC-

TION OP VENUS. EFFECT OP THE SPHEROIDAL FIGURE OP THE

EARTH AND OTHER PLANETS ON THE MOTIONS OP THEIR SATEL-

LITES. — OP THE TIDES. MASSES OP DISTURBING BODIES DE-

DUCIBLE FROM THE PERTURBATIONS THEY PRODUCE. MASS OF

THE MOON, AND OP JUPITER'S SATELLITES, HOW ASCERTAINED

PERTURBATIONS OP URANUS RESULTING IN THE DISCOVERY OP

NEPTUNE.

(702.) To calculate the actual place of a planet or the

moon, in longitude and latitude at any assigned time, it is

not enough to know the changes 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 i)ortions 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 mean plane of its orbit, which result from the continued

action of the perturbative forces, not as compensated in long

periods, but as in the act of their generation and destruction
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in short Oiies. In this chapter wc purpose to give an account

of some of the most prominent of the equations or inequalities

thence arising, several of which are of high historical interest,

as halving become known by observation previous to the

discovery of their theoretical causes, and as having, by their

successive explanations from the. theory of gravitation, re-

moved 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 them-

selves in a synodic revolution of the disturbed and disturbing

body, and which arc independent of any permanent ex-

centricity of either orbit, going through their changes and

effecting their compensations 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

disturbel 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 +he

disturbed orbit be circular, this mean place coincides with its

centre : if elliptic, with the situation of its upper focus, aa

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

.111
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and let P P' be an infinitesimtil element of ita orbit, de-

scribed in an instant of time. Then supposing no disturbing

foro) to act, P P' will be a portion of an ellipse, having II 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 II will shift its position to

H' to find which point we must recollect, 1st. "What is demon-

strated in art. (671.), viz. that the effect of the normal

force is to vary the position of the line P' H so as to make

the angle H P H' equal to double the variation of the angle

of tangency due to the action of that force, without altering

the distance P H : so that in virtue of the normal force alone,

11 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 small, the angle P H Q may be taken as a right

angle when P SQ is so,) H approaching Q if the normal

force act outwards, but receding from Q if inwards. And
similarly the effect of the tangential force (art. 670.) is to

vary the popition ofH in the direction H P or P H, according

as the force retards or accelerates P's motion. To find II'

then from H draw II P, H Q, to P and to a point of P's

orbit 90° in advance of P. On H Q take H h, the motion

of the focus due to the normal force, and on II P take H k the

motion due to the tangential force; complete the parallelogram

II H', and its diagonal li II' will be the element of the true

l)ath of II 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 variation, and was dis-

covered 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 pro-

duces) ia considerable, being no less than 1° 4', and it ia

otherwise interesting as being the first inequality produced

by perturbation, which Newton succeeded in explaining by

* Scdillut, Nouvellcs Ilcclicrcliespoui'servir a I'llistoirc dc 1'Astronomic clic>;

Ics Arahes.
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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 ; but the tangential force acting to accelerate her

motion through the quadrants preceding her conjunction and

opposition, and to retard it tlu-ough the alternate quadrants,

it is evident that the A'clocity will have two maxima and two

minima, the former at the syzygies, the latter at the quadra-

tures. Hence at the syzygies the velocity will exceed that

which corresponds to a circular orbit, and at quadratures will

fall short of it. The true orbit will therefore be less curved

or more flattened than a circle in syzygies, and more curved

(/• e. protuberant beyond a circle) in quadratures. This would

bo 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 them, it acts

outwai'ds, or in counteraction of the earth's attraction, and

thereby prevents the orbit from being so much curved as it

otherwise would be ; Avliile at quadratures, and for 25° 46' on

cither side ofthem, it acts inwards, aiding the earth's attraction,

and rendering that portion of the orbit more curved than it

otherwise would be. Thus the joint action of both forces

dis^torts the orbit from a circle into a flattened or elliptic

fonn, 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 {i. e. where she is nearest the

earth) and slower at qviadraturcs where farthest. Her an-

r/idar motion about the earth is therefore 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 intermediate points (not very remote from the

octants) will neither be gaining nor losing. But at these

l)oints, having been gaining or losing through the whole pre-

vious 90°, the amount of gain or loss will have attained its

maximum. Consequently at the octants the true longitude

w ill deviate most from the mean in excess and defect, and the

'" ' m
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inequality in question is therefore nil at syzygies and qua-

dratures, 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 tangen-

tial force, as will be recollected, is nil at syzygies and quadra-

tures, and a maximum at the octants, accelerative in the

quadrants EA and D B, and retarding in AD and BE. In

the two former then the axis is in process of lengthening ; in

the two latter, shortening. On the other hand the normal

force vanishes at (a, b, d, e) 64° 14' from the syzygies. It

acts outwards over e A a, i B c?, and inwards over a D i and

dYiC. In virtue of the tangential force, then, the point H
moves towards P when P is in AD, BE, and from it

when in DB, 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 HQ will be at its

maximum of rapidity towards Q at A, or B, from Q at D or

E, and nil at «, h, d, e. It will assist us in following out

these indications to obtain a notion of the form of the curve
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rejxlly described by II, if we trace separately the paths which

II would pursue in virtue of cither motion separately, since

its true motion will necessarily result from the superposition

of these partial motions, because at every instant they are

at right angles to each other, and therefore cannot interfere.

First, then, it is evident, from Avhat we have said of the

tangential force, that when P is at A, II is for an instant at

rest, but that as P removes from A towards D, H continually

approaches P along their line of junction 11 P, which is,

therefore, at each instant a tangent to the path of H. When
P is in the octant, H is at its mean 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 opposite to that of P, so that A and a, D and d, B and

h, E and e, shall be con-esponding points.

(707.) Next as regards the normal force. Tvhen the

8

moon is at A the motion of II is towards D, and is at its

m
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maximum of rapidity, but slackens as P proceeds towards D
and as Q proceeds towards B. To the curve described, II

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 II is for an instant nil and is then

reversed, the curve will have a cusp at i corresponding, and

II will then begin to travel along the arc / m, while P de-

scribes the con'cspondlng arc from neutral point to neutral

point through D. Arrived at the neutral point between D
and B, the motion of 11 along QH 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, de-

scribed with a motion round S the reverse of P's, and having

a, d, b, e for points corresponding to A, B, D, E, places

of P.

(708.) Nothing Is now easier than to superpose these mo-

tions. Supposing Up H2 to be the points in either curve cor-

responding to P, we have nothing to do but to set from off S, SA

equal and parallel to S H, in the one curve and from h, h II

equxl and parallel to SHj In the other. Let this be done

for every corresponding point in the two curves, and there

resuits an oval curve ad be, having for its semiaxes Sa= Sa,

+ 8^2 ; and Sc?= Srf, + Sd^, 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 syzygles, the moon is in perigee in her mo-
mentary ellipse, the lower focus being nearer than the upper.

2dly, That in quadratures D, E, the moon is in apogee in her

then momentary ellipse, the upper focus being then nearer
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than the lower. 3dly, That II revolves in the oval ad be

the contrary way to P in its orbit, making a complete revo-

lution fi'om syzygy to syzygy in one synodic revolution of

the moon.

(709.) Taking 1 for the moon's mean distance from the

earth, suppose we represent Sai or Sd^ (for they are equal)

by 2a, Soj by 2b, and S</a by 2c, then will the semiaxes

of the oval ad be, Sa and Sd be respectively 2a +26 and

2a + 2c, so that the excentricities 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 oris, in

passing from syzygy to quadrature, will evidently be equal

to the length of the curvilinear arc a, rf, {^g. art. 708.),

which is necessarily less than Sa^ -\- Srfi or 4a. Therefore 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 distance thus varied above and below the mean value

S A=l (which call «) will be less than a. The moon then

is moving at A in the perigee of an ellipse whose semiaxis ia

1 + a and cxcentricity a + i, so that its actual distance from

the earth there is l-h«— a— J, which (because a is less than

a) is less than \— b. Again, at D it is moving in apogee of

an ellipse whose semiaxis is 1— a and cxcentricity a + c, so

that its distance then from the earth is 1— a + o + c, which

(a being greater than a) is greater than 1 + c, the latter

distance exceeding the former by 2a—2u-\-b + c.

(710.) Let us next consider the corresponding changes in-

duced upon the angular velocity. Now it is a law of elliptic

motion that at different points of differentellipses, each difler-

ing very little from a circle, the angular velocities are to each

other as the square roots of the scmiaxes directly, and as tlie

squares of the distances inversely. In this case the scmiaxes

at A and D are to each other as 1 +« to 1— «, or as 1 : I

— 2«, so that their square roots are to each other as 1 : 1 — a.

Again, the distances being to each other as i +«— a— J : 1—
a + a + c, the inverse ratio of their squares (since «, a, b, c,

are all very small quantities) is that of 1 — 2a + 2a + 2c : I +
2ci—2a— 2b, or as I : 1 — 4« -4a —2i— 2c. The angular

3!!»
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velocities tlicn arc to each other in a ratio comnounduU of

these two proportions, that is in the ratio of

1 : l + 'ix~-4a-2b-2c,

which is evidently that of a greater *,o a less quantity. It U
obvious also, from the constitution of the scconil term of this

ratio, that the normal force is far more influential in pro-

ducing this result than the tangential.

(711.) In the foregoing reasoning the sun has been re-

garded 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 disturbing

forces, both tangential and normal, will act : only the syzygics

and quadratures, as well as the neutral points of the normal

force, instead of being points fixed in longitude on the orbit

of the moon, will advance on that orbit with a uniform angular

motion equal to the angular motion of the sun. The cus-

pidated curves a^d^b^Ci and a-id^h^e^, Jig. art. 708., will,

therefore, no longer be reentering curves; but each will

have its cusps screwed round as it were in the direction of

the sun's motion, so as to increase the angles between them

in the ratio of the synodical to the sidereal revolution of the

moon (art. 418.). And if, in like manner, the motions in

these two curves, thus separately described by II, be com-

pounded, the resu'ting 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 dis-

tances always in the line of syzygics 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 tlic

resulting oval be enlarged, and with them the amount of the

iaequality in the moon's motion which they represent.
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(712.) In the above reasoning the sun's distance 'n sup-

posed so great, that the disturbing forces in the scnii-orbit

nearer to it shall not sensibly differ from those in the more

remote. 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 parallactic incqualitij)

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 ine(iuality, though

subordinate in the case of the moon to the great inequality

of the variation with which it stands in connexion, becomes

a prominent feature in the system of inequalities corres))ond-

ing 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 moditica-

tions this consideration will introduce into the fomis of our

focus curves, and of their superjioscd 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 <?«, ad, in the one, and

ep, pal, Id, m the other, being described under the influence

of more powerful forces, will be greater than the arcs dh,

h e, and dm, mbn, ne corresponding in the other half rcvo-

If '.''i

lution. The two extremities of these curves then, the initial

and terminal places of c in each, will not meet, and the same
<i'

><::
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conclusion will hold respecting those of the compound oval

in which the >X)CU3 really revolves, which will, therefore, be

aa 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 tire 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 (^7) of

the forces will not lie in the line ef 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 move-

ment 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 permanent and indefinite increase of cxcen-

tricity can arise from this cause ; wliich 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 planet disturbs planet.

To what extent this modification is carried will be evident,

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 opposition in a very high ratio, (being In the

case of Neptune disturbing Uranus more than ten times as

great). The effect will be, that the orbit described by the

center 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 enquire, apart from

it, into the number and distribution of the undulations in tlic

contour of the oval itself arising from the alternations of di-

rection plus and minus of the disturbing forces in the course of

a synodic revolution. But first it should be mentioned that,

in the case of an exterior disturbed l)y an Interior planet,
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the disturbing body's angular motion exceeds that of the dis-

turbed. Hence P, though advancing in its orbit, recedes

relatively to the line of syzygies, or, which comes to the same

thing, the neutral points of either force overtake it in suc-

cession, and each, as it comes up to it, gives rise to a cusp in

the corresponding jTocM* curve. The angles between the suc-

cessive cusps will therefore be to the angles between the cor-

responding 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 the same

reason as before, the excursions of the focus will be dimi-

nished, 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 con-

junction, 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 I'ise to

a convexity, and every intercuspidal arc to a relative con-

cavity. It is evident tlien that the compound curve or

true 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 are com-

mensurate, because in that case the synodic period will also

be commensurate with cither, and the arc of longitude

intercepted between the sidereal place of any one conjunction,

and that next following it, will be an aliquot part of 360".

n II
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In all other cases It would be a non-rccnterlng, more or lesa

undulating and more or less regular, spiroid, according to the

number of cusps in each of the constituent curves (that is to

Bay, according to the number of neutral points or changes of

direction from inwards to outwards, or from accelerating to

retarding, and vice versa, of the normal and tangential forces,)

in a complete synodic revolution, and their distribution 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 distinct in character. 1st. When tlic

disturbing planet is exterior. In this case there are four

neutral points of either force. Those of the tangential force

occur at the syzygies, and at the points of the disturbed orbit

(which we shall call points of equidistance), equidistant from

the sun and the disturbing planet (at which points, as we
have shown (art. 614.), the total disturbing force is always

directed inwards towards the sun). Those of the normal

force occur at points intermediate between these last men-

tioned points, and the syzygies, which, if the disturbing planet

be very distant, hold nearly the situation they do in the lunar

theory, i. e. considerably nearer the quadratures than tlic

syzygies. In proportion as the distance of the disturbing

planet diminishes, two of these points, viz. those nearest the

eyzygy, approach to each other, and to the syzygy, and in

the extreme case, when the dimensions of the orbits are equal,

coincide with It.

(716.) The second case is that In which the disturbing

planet is interior 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 conjunction. As

the disturbing orbit contracts in dimension the points of equi-
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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 distance 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 tliird 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 tangential force arc the syzygies.

The disturbed planet is accelerated throughout 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 normal 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 di'awing 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 impressing on liis imagination the

general relations of the subject, if he construct, as he proceeds.

t)

for each case, the elegant and symmetrical ovals in which the

points N and L (^fig. art. 675.) always lie, for a fixed position

II II 2
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of M, and of which the annexed figure expresses the forma

they respectively assume in the third case now under consi-

deration. 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.

(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 dis-

placement, would bring them round at each conjunction 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 be twice in perihello and twice in aphelio in its

momentary ellipse in each synodic revolution, 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 itself, an inequahty will arise, analogous,
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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 inequaUty thus arising, but all its subordinate fluc-

tuations. And on this the parallactic inequality thus violently

exaggerated is superposed.

(719.) We come now to the class of inequalities which

depend for their existence on an apprctlable amount of per-

manent excentricity in the orbit of one or of both the dis-

turbing and disturbed planets, in consequence 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 eifectcd either a complete re-

storation 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 respects are only what remain outstanding

after the compensation of by far the greater part of the de-

viations 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 increase and decrease in the length of the axis effected

by the direct action of the tangential force,— so small, indeed,

that, unless owing to peculiar adjustments they be enabled

to accumulate again and again at successive conjunctions in

tlie same direction, they would be altogether undeserving of

any especial notice in a work of this nature. Such adjust-

ments, however, would evidently exist if the periodic times

of u.^ 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 at

fixed points in longitude, the intermediate points being never

visited by a conjunction. Now, of the conjunctions thus

distributed, their relations to the lines cf symmetry m tho

H u 3
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orbits being all dissimilar, some one must be more influential

than the rest on each of the elements (not necessarily the

same upon alt). Consequently, in a complete cycle of con-

junctions, wherein each has been visited in its turn, the

influence of that one on the element to which it stands so

especially 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 effected in its value than

in a single revolution ; still that compensation will not be

complete, but a portion of the effect (be it to increase or to

diminish the excentriclty or the 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 commcnsura-

bility of periods, and the apsides 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 configuration,

does so pretty nearly. Five periods of Jupiter are 21663

days, and two periods of Saturn, 21519 days. The difference

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 be 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

conjunctions of the two planets, we shall find it to be 217G0

days, their synodical period being 7253*4 days. In tlila

interval Saturn will have described 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' iii
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advance of the preceding, which ia near enough to establish,

not, it is true, an identity with, but still a great approach to

the case in question. The excess of action, for several such

triple conjunctions (7 or 8) in succession, 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 accumu-

late the effect upon its longitude ; thus giving rise to an

irregularity of considerable magnitude and very long period,

wliich is well known to astronomers by the name of the great

inequality of Jupiter and Saturn.

(721.) The arc e° 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 ia

only one out of three. The other two will happen at points

of the orbit about 123° and 246° distant, and these points also

will advance by the same arc of 8° 6' in 21760 days. Con-

sequently the period of 2648 years will bring them all round,

and in tliat interval each of them will pass through that point

of the two orbits from which we commenced : hence a con-

junction (one or other of the three) will happen at that point

once in one third of this period, or in 883 years ; and this ia,

therefore, the cycle in which the " great inequality " would

undergo its full compensation, did the elements of the orbita

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 remark-

able Instance of this kind of action on account of its magnitude,

tlie length of its period, and its high historical interest. It

had long been remarked by astronomers, that on comparing

together modern with ancient observations of Jupiter and

Saturn, the mean motions of these planets did not appear to

be uniform. The period of Saturn, for instance, appeai*ed to

have been lengthening throughout the whole of the seven-

teenth century, and that of Jupiter shortening— that is to

say, the one planet was constantly lagging behind, and the

II 11 4
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other getting in advance of its calculated place. On the other

hand, in the eighteenth centurj', 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 differences between the observed and calculated

places of both these planets, which as they could not then be

accounted for by any theory, excited a high degree of attention,

and were even, at one time, too hastily regarded as almost

subversive of the Newtonian doctrine of gravity. For a long

while this difference baffled every endeavour to account for

it ; till at length Laplace pointed out its cause in the near

conunensurability 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 alternate 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 retardation in the other,

might appear at first sight self-evident, if we consider, that

action and reaction being equal, and in contrary directions,

whatever momentum Jupiter communicates to Saturn in the

direction P M, the same momentum must Saturn conmiunicatc

to Jupiter in the direction M P. The one, therefore, it might

seem to be plausibly argued, will be dragged forward,

whenever the other is pulled back in its orbit. The inference

is correct, so far as the general andjinal 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 com-

municates 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 to the sun regarded as at rest.

The perturbative 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
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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 wo
have hitherto all along considered the subject, and regard the

Bun as free to move, and liable to be displaced by the attrac-

tions of the two planets. Then will the movements of all be

performed about the common center of gravity, just as they

would have been about the sun's center regarded as immo-

veable, the sun all the while 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

center. Now in this case M still distui'bs P, and P, M, but

the whole disturbing force now acts along their line ofjunction,

and since it remains tme that whatever momentimi M gene-

rates in P, P will generate the same in M in a contrary

direction ; it will also be strictly true that, so far as a disturb-

ance of their elliptic motions about the common center of

gravity 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 arc considering only inequalities of long period

comprehending many complete revolutions of both planets,

ind 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 common center

of gravity, or about the sun, which never departs from

that center to any material extent (the mass of the sun

being such in comparison with that of the planets, that

that center always lies within his surface). The mean motion

W\

'im.

* We are here readinpf a sort of recantation. In the edition of 183:J tlie

remarkable result in question 14 sought to be established by this vicious reason-

ing. The mistake is a very natural one, and is so apt to haunt the ideas of

beginners in this de])artment of physics, tliat it is worth while expressly to warn
tliem against it.
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therefore, regarded as the average angular velocity during a

revolution, is the same whether estimated by reference to the

sun's center, or to the center of gravity, or, in other words,

the relative mean motion referred to the sun is identical witli

the absolute mean motion referred to the center of gravity.

(724.) This reasoning applies equally to every case of

mutual disturbance resulting in a long inequality such as may
arise from a slow and long-continued periodical increase and

diminution of the axes, and geometers have accordingly

demonstrated as a consequence from it, that the proportion

in which such inequalities affect the longitudes of the two

planets 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 observ-

ation, and will be found verified in the instance immediately

in question as nearly as the uncertainty still subsisting as to

the masses of the two planets will permit.

(725.) The inequality in question, as has been observed in

general, (art. 718.) would be much greater, were it not for the

partial compensation which is operated in it in every triple

conjunction of the planets. Suppose

P Q E. to be Saturn's orbit, and

pqr Jupiter's; and suppose a con-

junction to take place at Pp^ on the

line S A; a second at 123° distance.,

on the line S B ; a tliird at 246° dis-

tance, on S C ; and the next at 368°,

on S D. This last-mentioned con-

junction, taking place nearly in 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 conjunction, in a variety of situations,



LONG INEQUALITY OP VENUS. 475

Iciuld 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 center. Hence we see that it is not tho

whole amount of perturbation which is thus accumulated in

each triple conjunction, but only that small part which is left

uncompensated by the intermediate ones. The reader, who
possesses already some acquaintance with tho subject, will

not be at a loss to perceive how this consideration is, in fact,

equivalent to that part Ox the geometrical investigation of tliia

inequality which leads us to seek its expression in terms of

the third order, or involving the cubes and products of threo

dhncnsions of the cxcentricities 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 introduction of large coefficients in the process of

integration.

(726.) Similar considerations apply to every case of ap-

proximate commensurability which can take place among tho

mean motions of any two planets. Such, for instance, is that

Avliich obtains between the mean 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 ex-

tremely near coincidence of every fifth conjunction, in tho

same parts of each orbit (witliin s^^th part of a circum-

ference), and therefore to a correspondingly extensive accu-

mulation of the resulting uncompensated perturbation. But,

-1 the other hand, the part of the pertm*bation thus accu-

nuilatcd is only that which remains outstanding after passing

tlie equalizing ordeal of five conjunctions equally distributed

round the circle ; or, in the language of geometers, is de-

pendent on powers and products of the cxcentricities 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 de-

tection, amounts to no more than a few seconds at its maximum,
Avliile its period is no less than 240 years. This example will
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serve to show lo what mlnutcncsa these enquiries Lave been

carried in the plunctury thcor)'.

(727.) That variations of long period arising in the way
above described arc necessarily accompanied by einiihvrly

jieriodioal displacements of the upper focus, equivalent in their

crtbct to periodical fluctuations in the magnitude of the

excentricity, and In the position of the line of apsides, ia

evident from what has been already said respcv^ting the motion

of the upper focus under the influence of the disturbing forces.

In the case of circular orbits the 7ncan place of II coincides

with S the center of the sun, but If the orbits have any inde-

pendent elliptlclty, this coincidence will no longer exist— and

the 7nea7i 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 cus-

pidated 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 re-

peated, that mean place will continue to deviate more and

more from Its original position, and thus will arise a circu-

lation of the 7uean place of the focus for a revolution about

another mean situation, the average of all the former mean

places during a complete cycle of conjunctions. Supposing

S to be the sun, O the situation the upper focus would have,

had these Inequalities no existence, and II K the path of the

upper focus, which It pursues about O by reason of thcni,

then it is evident that in the course of a complete cycle of

the inequality in question, the excentricity will have fluc-

tuated between the extreme limits S J and S I and the di-

rection of the longer axis between the extreme position S II

and S K, and that If we suppose ij h k to be 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.
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(728.) The periods then in Avhich these fluctuations go

through their phases are necessarily equal in duration with

that of the inequality in longitude, with which they stand in

connection. But it hy 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 opjxjsition, but at

points remote from eitlier, while the exccntricity dcpcnda

both on the normal and tangential forces, the maximum of the

former of which is at the conjunction. Tiiat particular con-

junction therefore, which is most influential on the axis, is

not so on the exccntricity, 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 exccntricity, 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

a" either the axis or the exccntricity 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, arc the longitude

of the node, the inclination, the axis, exccntricity, longitude

of the perihelion, and epoch (art. 496.). In the foregoing

articles we have shown in what manner each of the first five

of these elements are made to vai/, by the direct action of

the perturbing forces. It remains to explain in what manner

the last comes to be afifected by them. And here it is neces-

sary, in the first instance, to remove some degree of obscui'ity

:ii!^
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sisting of those 'svhich it had hiimcdiately before its arrival at

that longitude, the other that which it takes up immediately

after (^. e. with an unvaried and a varied system), we cannot

(unless by singular accident of mutual counteraction) arrive

at the same result ; and the difference of the results is evi-

dently the variation of the epoch. On the other hand, how-

ever, it cannot vary independently ; for since tliis is the only

mode in which the unvaried and varied epochs can become

known, and as both result from direct proces&es 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 r^ivce in

that path so changed, at any '..uture time (supposing it to

undergo no further variation), are entirely owing to the change

in its velocity and direction, produced by the disturbing

forces at the point of disturbance ; now these latter changes

(as we have above seen) are completely represented by the

momentary change in the situation of the upper focus, taken

in combination with the momentary variation in the plane of

the orbit ; and these therefore express the total effect of the

disturbing forces. There is, therefore, 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 tho

mode already indicated.

(731.) Nevertheless, should the effects of perturbation by

inducing changes on these other elements affect the mean lon-

gitude of the planet in any other way than can be considered

as properly taker) account of, by the varied periodic time due

to a change of axis, such effects must be regarded as incident

on the epoch. This is the case with a very curious class of

perturbations which wo 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

rovolution, distinct from, and not brought about by the

variation of the major semi-axis, or momentary " mean dis-

(f.itce^^ Wi.: h is an imaginary magnitude, to be carefully dis-

tinguished from the average of the actual distances now

contemplated. Perturbations of this class (like the moon's
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variation, with which they are intimately connected) arc in-

dependent on the excentricity of the disturbed orbit ; for which

reason we shall simplify our treatment of this part of the sub-

ject, by supposing that orbit to have no permanent excen-

tricity, the upper focus in its successive displacements merely

revolving about a mean position coincident with the lower.

We shall also suppose M veiy distant, as in the lunar theoiy.

(732.) Referring to what is said in arts. 706. and 707., and

to the figures accompanying those articles, and considerino-

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, d,b,e,

about S, all whose intcrcuspidal arco are similar and equal.

This supposes M fixed, and at an invariable distance,— suppo-

sitions 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 momentary

ellipse at syzygies and in its apogee at quadratures. Apart,

therefore, from the cliange 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 revolution will be un-

altered; because the distances of a,d,h,e from S being

equal, and the arcs symmetrical, the approach in and about

perigee will be equal to the recess in and about apogee. And,

in like manner, the effect of the changes going on in the

length of the ax^s itself, on the average in question, is nil,

because the alter. -.ate increases and decreases of that Icnstli

balance each other in a complete revolution. Thus we sec

that the tangential force is excluded from all influence in pro-

ducing 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, the four-cusped curve {Jig. art. 707.),

whose intcrcuspidal arcs are alternately of very unequal

extent, arising, as we have seen, from the longer duration and
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greater energy of the outward than of the inward action of 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 rf greatly

exceeds S a. On the average of a whole revolution, then, the

recesses will preponderate, and the average distance will there-

fore 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

lias 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 decrease with the increase in that of the momentary
distauces ; 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 center, docs not disturb

that equable description (art. 616.). Consequently, on the

average of a whole revolution, the angular motion is slower,

and therefore the time ofcompleting a revolution, and returning

to the same longitude, longer than in the undisturbed orbit,

and ^/ia^ 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

strictdynamical principles, of an effect which, speaking roughly,

may be assimilated to an alteration of M's gravitation towards

S by the mean preponderant amount of the outward and

I I
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inward action of the normal forces constantly exerted— nearly

aa 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 preponderant 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 attrac-

tions on the two points P and S, of which the latter occupies

its center, the former is excentric. Now the attraction of a

ring on its center is manifestly equal in all directions, and

therefore, estimated in any one direction, is zero. On the

other hand, on a point P out of its center, if within the ring,

the resulting attraction will always be outwards, towards the

nearest point of the ring, or directly from the center.* But

if P lie without the ring, the resulting force will act always

inwards, urging P towards its center. 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 disturbed. In the former

• 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 termi-

nating both ways in the shell, will, of course, be equally inclined to its surface

at either end, being a chord of a spherical 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 snch 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 inclined to their axes.

Therefore their areas will be to each other ns the squares of their distances from

the common apex. Tlierefore their attractions on it will be equal, because tlie

attraction is as the attracting matter directly, and the square of its distance in-

versely. Now, these attractions act in opposite directions, and therefore counter-

act each other. Therefore the point is in equilibrium between them ; and as

the same is true of every sucli pair of areas into which the spherical shell can lie

broken up, therefore the point will be in equilibrium however situated wilhin

such a spherical shell. Now take a ring, and treat it similarly, breaking its cir-

cumference up into pairs of elements, the bases of triangles formed by lines

passing through the attracted point. Kerc the attracting elements being liries,

not surfaves, are in the simple ratio of the distances, not the duplicate, as tliey

should be to maintain the equilibrium. Therefore it will not he 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

forming a fiat annulus, like the ring of Saturn.
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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 versd. This, as we
have shown, is the first arid 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 supposition. The latter effect, indeed, might be

at once concluded from this obvious consideration,— that all

the planets revolving interiorly to any orbit may be considered

as adding to the general aggregate of the attracting matter

within, which is not the less eflicient for being distributed

over space, and maintained in a state of circulation.

(737.) This effect, however, is one which we have no means

of measuring, or even of detecting, otherwise than by calcu-

lation. 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 dis-

tinguishing 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 tliis general average
II s
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18 not established, either in the case of the moon or planets,

without a series of surbordinate fluctuations, which we have

purposely 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 subordinate fluctuations are very

sensible to observation. The most conspicuous of these is

the moon's annual equation ; so called because it consists in

an alternate increase and decrease in her longitude, corre-

sponding with the earth's situation in its annual orbit ; i, e.

to its angular distance from the perilielion, and therefore

having a year instead of a month, or aliquot part of a month,

for its period. To understand the mode of its production,

let us suppose the sun, still holding v fixed position in lon-

gitude, 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 every

kind are three times greater in respect of any change of

distance, than they would be by the simple law of pro-

portionality). Hence, it is obvious that the focus H (art.

707.) in the act of describing each intercuspidal arc of the

curve a, rf, 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 reason-

ing of art. 733. as adapted to this state

of things, it wiU 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 semidiameters of

tliis 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
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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 remained unaltered (art. 711). The
same effects, therefore, will take place only on an increased

scale in the proportion of the increased time ; i. e. 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 is at one time In advance of, and at

another behind, its mean place, in consequence of tills per-

turbation.

(740.) To this class of inequalities we must refer one of

great Importance, 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. Halley,

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 shorter 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 com-

parisons, that the rate at which the moon's mean motion

increases Is about 1 1 seconds per century,— a quantity small

in Itself, but becoming considerable by Its accumulation

during a succession of ages. This remarkable fact, like the

great equation of Jupiter and Saturn, had been long the

subject of toilsome investigation to geometers. Indeed, so

difl[icult did it appear to render any exact account of, that

while some were on the point of again declaring the theory

of gravity inadequate to its explanation, others were for

rejecting altogether the evidence on which it rested, although

quite as satisfactory as that on which most lilstorlcal events
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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 phasnomenon

in question, which, when so explained, is one of the most

curious and instructive in the whole range of our subject,

—

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 wliich observation 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 sun will not have re-

turned precisely to the same point of its annual orbit, but

will fall somewhat short of it, and at the thirteenth will have

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-

six 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-

compensation, until a complete revolution of the sun in excess

shall be accomplished. Thus arises a subordinate or rather

supplementary inequality, having for its period as many years

as is necessary to multiply the deficient arc into a whole

revo^ ition, at the end of which time a much more exact

compensation will have been operated, and so on. Thus

after a moderate number of years an almost perfect com-

pensation will be effected, and if we extend our \'iews to

centuries we may consider it as quite so. Such at least

would be the case 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.
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Its axis, it is true, remains unaltered ; but its excentricity

and has been since the earliest ages, diminishing ; andIS

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 in-

crease, attain a certain moderate amount, and then again

decrease. The time required for these evolutions, though

calculable, has not been calculated, further than to satisfy

lis that it is not to be reckoned by hundreds or by thousands

of years. It is a period, in short, in which the whole histoiy

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 he 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 one 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

maintained on equal terms with the downward tendency.

The ground is all the while slowly sliding beneath the feet

of the antagonists. During the whole time that the earth's

excentricity is diminishing, a preponderance is given to the

re-action 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 uncompensated effect in favour of accele-

ration 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

lonfiitude 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 pro-

pagation of a periodic change from one part of a system to

another. The planets, with one exception, have no du-eet

appretiable action on the lunar motions as referred to the

earth. Their masses arc too small, and their distances too
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great, for their difTcrencc of action on the moon and earth

ever to become sensible. Yet their effect on the earth's

orbit is thus, we see, propagated through the sun 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 described 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 vai-iation will give rise

to a lunar inequality of equal period analogous to the annual

equation. It thus happens that very minute changes im-

pressed on the orbit of the earth, by the direct action of the

planets, (provided their periods, though not j>roperly speaking

secular, be of considerable length,) may make themselves

sensible in the lunar motions. The longitude of that satelhtc,

as observed from the earth, is, in fact, singularly sensible to

tliis kind of leflected action, which illustrates iu a striking

manner the principle of forced vibrations laid down in art

(650.). The reason of this will be readily apprehended, if

we consider that however trifling the increase of her longitude

which would arise in a single revolution, from a minute and

almost infinitesimal increase of her mean angular velocity,

that increase is not only repeated in each subsequent revo-

lution, but is reinforced during each by a similar fresh ac-

cession of angular motion generated in its lapse. This pro-

cess goes on so long as the angular 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 to operate a retardation. In this respect, the

advance gained by the moon on her undisturbed place may

be assimilated, during its increase, to the space described

from rest under the action of a continually accelerating force.

The velocity gained in each instant is not only effective in

ciuTying the body forward during each subsequent instant,

'*1'-^
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but new velocities arc every instant generated, and go on

adding their cumulative cflfects to those before produced.

(744.) The distance of the earth from the sun, Ukc that of

the moon from the earth, may be afl'cctcd in its average value

estimated over long periods embracing many revolutions, in

two modes, conformably to the theory above delivered. Ist,

it may vary by a variation in the length of the axis major of

its orbit, arising from the direct action of some tangential

disturbing force on its velocity, and thereby producing a

change of mean motion and periodic time in virtue of the

Kcplcrian law of periods, which declares that the periodic

times are in the sesquiplicate 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 as incident 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 tho

change of distance by the Keplerian law of periods, but by

that of areas. The altered mean motion is not sub-sesqui-

plicate to the altered axis of the ellipse, which in fact does

not alter at all, but is sub-duplicate to the altered average of

distances in a revolution ; a distinction which must be care-

fully borne in mind by every one who will clearly under-

stand either the subject itself, or the force of Newton's ex-

planation of it in the 6th Corollary of his celebrated 66th

Proposition. In whichever mode, however, an alteration in

the mean motion is effected, if we accommodate the general

ecnse of our language to the specialties of the case, it remains

true that every change in the mean motion is accompanied

with a corresponding change in the mean distance.

(745.) Now we have seen, ai't. (726.), that Venus produces

in the earth a perturbation in longitude, of so long a period

(240 years), that it cannot well be regarded without violence to

ordinary language, otherwise than as an equation of the mean
motion. Of course, therefore, it follows that during that half

of tliis long period of time, in which the earth's motion ia
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retarded, the diataucc bctwccJi the sun and earth is on the

increase, and vice versd. Minute as is the equation in question,

and consequent alteration of sohir distance, and ahnost in-

conceivably minute as is the elFect 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 accumulation has attained its maxinmm 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 wliich this curious result has been

established, formidable from their length and intricacy, aro

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 motions by its direct at-

traction, has been pointed out, and the inequality due to it

computed by the same eminent geometer.* As the details

of his processes have not yet appeared, we can here only

explain, in general terms, the principle on which the result

in question depends, and he nature of the peculiar adjustment

of the mean angular velocities of the earth and Venus which

render it effective. The disturbing forces of Venus on tlie

moon are capable of being represented or expressed (as is

indeed generally the case with all the forces concerned in

producing planetary 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 maxunum in the oi)po-

site direction, again decrease.:* to nothing, again reverses its

action and re-attains its former magnitude, and so on. These

cycles differ for each particular constituent or termy as it is

called, of the total forces considered as so bi'oken up into

partial ones, and gcnei-ally speaking, every combination which

• Astronomisclic Nachrichten, No. 597.
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can be formed by subtracting iv multiple of the mean motion

of one of the bodies concerned from u multiple of that of tlio

other, and, when there arc three bodies disturbing one another,

every such triple combination becomes, under the technical

name of an argument, the cyclical representative of a force

acting in the manner and according to the law described.

Each of these periodically acting forces produces its pertur-

bativc effect, according to the laAV of the superposition of

email motions, jis if the others had no existence. And if it

happen, as in an unmense majority of cases it does, that the

cycle of any particular one of these partial forces has no re-

lation to the periodic time of the disturbed body, so as to

bring it to the same, or very nearly the same point of its

orbit, or to any situation favourable to any particular form

of disturbance, over and over again when the force is at ita

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 the force acting in one and the same direction

(whether tangential or normal) either accurately, or very

nearly indeed to some definite point, as, for example, the

apogee of her orbit. Whatever the effect produced by such

a force on the angular motion of the uioon, if it be not

exactly compensated 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, imtil at length, owing to the want of precise

accuracy in the adjustment of that cycle to the anomalistic

period, the maximum 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 eflt'ect, and thus, at

length, a compensation will be worked out ; in a time, how-

over, so much the longer as the difference between the cycle

of the force and the moon's anomalistic period is less.

(7-17.) Now, in fact, in the case of Venus disturbing the

moon, there exists a cyclical combination of this kind. Of

m
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course the disturbing force of Venus on the moon varies with

her distance fi-om the earth, and this distance again depends

on her configuration with respect to the earth and the sun,

taking into account the elUpticitij of both their orbits. Among
the combinations which take their rise from this latter con-

sideration, and which, as may easily be supposed, are of great

complexity, there is a term (an exceedingly minute one),

whose argument or cycle is determined by subtracting IG

times the mean motion of the earth from 18 times that of

Venus. The difference is so very nearly the mean motion of

the moon in her anomalistic revolution, that whereas the

latter -evolutior is completed in 27"^ 13^ 18™ 32-3% the cycle

of the force is completed in 27"^ 13^ 7"^ 35*6% differing from

the other by no more than 10°* 56*7% or about one 3625th

part of a complete period of the moon from apogee to apogee.

During half of this very long interval (that is to say, during

about 136^ years), the perturbations produced by a force of

this character, go on increasing and accumulating, and are

destroyed in another equal interval. Although therefore

excessively minute in their actual effect on the angular

motion, this minuteness is compensated by the number of

repeatc'j acts of accumulation, and by the length of time

during which they continue to act on the longitude. Ac-

cordingly M. Hansen has found t\e total amount of fluctua-

tion to and fro, or the value of the equation of the moon's

longitude, so arising to be 27*4". It is exceedingly in-

teresting to observe that the tAvo equations considered in

these latter paragraphs, accoimt satisfactorily for the only

remaining material differences between theory and observa-

tion 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 ac-

count of the almost innumerable other lunar inequaUties

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



EFFECT OF THE EARTIl'S SPHEROIDAL FIGURE. 403

art. (712.), is interesting, as affording a measure of the sun's

distance. For this equation originates, as there shown, in

t!.e fact that the disturbing forces are not precisely alike in

the two halves of the moon's orbit nearest to and most re-

mote from the sun, all +heir values being greater in the

former half. As a knowledge of the relative dimensions of

the solar and lunar orbits enables us to calculate a priori,

the amount of tliis inequality, so a knowledge of that amount

deduced by the comparison o? a great number of observed

places of the moon with tables in which every inequality hut

this should be included, would enable us conversely to as-

certain the ratio of the distances in question. Owing to the

smallness of the inequality, this is not a very accurate mode

of obtaining an element of so much importance in astronomy

as the sun's distance, but were it larger
(J.,

e. were the moon's

orbit considerably larger than it actually is), this would be,

perhaps, the most exact method of any by which it could

be concluded.

(748.) The greatest of all the lunar inequalities, produced

by perturbation, is that t . .. the evection. It arises directly

from the variation of the excentricity of her orbit, and from

the fluctuation to and fro in the general progress of the line

of apsides, caused by the different situat'on of the sun, with

respect to that line (arts. 685. 691.). Owing to these causes

the moon is alternately in advance, and in arrear of her

elliptic place by about 1° 20' 30". This equation was known

to the ancients, having been discovered by Ptolemy, by the

comparison of a long series of observations handed down to

him from the earliest ages of astronomy. The mode in which

the effects of these several sources of inequality become

grouped together under one principal argument cou-mon 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 tho

lunar orbit by the protuberant matter of the earth's equator.

The attraction of a sphere is the same as if all its matter

were condensed into a point in its center ; but that is not the
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case with a spheroid. The attraction of such a mass ia

neither exactly directed to its center, nor does it exactly

follow the law of the inverse squares of the distances. 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 conse-

quence 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 protuberance. And, in general, it may be observed,

that in the systems of planets which have satellites, the

elliptic figure of the primary has a tendency 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, whose cUipticity is very considerable, and of

Saturn especially, where the ellipticity of the body is rein

forced by the attraction of the rings, becomes predominau;,

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 less

affected by this cause, the difference of attractions between

a sphere and spheroid diminishing with great rapidity as the

distance increases. Thus, while tbc orbits of all the in-

terior 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 con-

sideiably. 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 appretiable movements analogous to

our nutation and precession. If such exist, they must be

much slower than those of the earth ; the mass of this satel-

lite being, as far as can be judged by its apparent size, n,

much smaller fraction of that of Saturn than the moon is of
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the earth ; while the solar precession, by reason of the im-

mense distance of the sun, must be quite imperceptible.

(750.) The subject of the tides, though rather belonging to

terrestrial physics than properly to astronomy, is yet so

directly connected with the theory of the lunar perturbations,

that we cannot omit some explanatory notice of it, especially

since many persons find a strange difficulty in conceiving tlie

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 ob-

jectors 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 as wholly effective

on the supeincial 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

moon to recede from the earth in conjunction and opposition,

and to approach it in quadratures. Referring to the figure

'' art. 675., instead of supposing A D B C to represent the

'.\o n's orbit, let it be supposed to represent a section of the

c nr.:)aratively) thin film of water reposing on the globe of

tbo, earth, in a great circle, the plane of which passes through

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 NS, on the same scale on Avhich SM j jpresents

the moon'a whv^^e attraction on a particle situated at S. This

force, applied at P, will urge it in the direction PX parallel
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to N S ; and therefore, when compounded with the direct force

of gravity which (neglecting as of no account in this theory

the spheroidal form of the earth)

urges P towards S, will be equi-

valent to a single force deviat-

ing from the direction P S to-

wards X. Suppose P T to be

the direction of this force, which,

it is easy to see, will be directed

towards a point in DS pro-

duced, at an extremely small

distance below S, because of the excessive minuteness of the

disturbing ^o'-ce compared to gravity.* Then if tliis be done

at every po ;

'' l\c quadrant AD, it will be evident that the

direction Pl\ q resultant force will be always that of a

tangent to the small cuspidated curve ad at T, to which tan-

gent the surface of the ocean at P must everywhere be per-

pendicular, by reason of that law of hydrostatics which re-

quires the direction of gravity to be everywhere perpendicular

to the surface of a fluid in equilibrio. The form of the curve

D P A, to which the surface of the ocean will tend to conform

itself, so as lo place itself everywhere in equilibrio under two

acting forces, will be that which always has P T for its radius

of curvature. 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 center, d a for its evolute, and S ^., S D for

its longer and shorter semi-axes respectively; so that the

whole surface (supposing it covered with water) will tend to

assume, as its form of equilibrium, that of an oblongated

ellipsoid, having its longer axis directed towards the disturb-

ing 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

• According to Newton's calculation, the maximum disturbing force of the

sun on the water does not exceed one 25736400th part of its gravity. That of

tlie moon will therefore be to this fraction as tlie cube of tlie sun's distance to

that of the moon's directly, and as the mass of the sun to that of the moon in-

versely, «'. e. as (400)' x 0-012517 '. 354936, wliich, reduced to numbers, gives,

for the moon's maximum of power to disturb the waters, about ooc IHOOUOOtk
of gravity, or somewhat less than 2^ times the sun's.
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about 58 inches: that of tlic ellipsoid, similarly formed iu

virtue of the sun, about 2^ times less, or about 23 inches.

(751.) Let us suppose the moon only to act, and to have

no orbitual motion ; 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 tliis s^ acroid 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

tl\c contrary direction^) the vertex of the spheroid has shifted

on the earth's surrace, and the ocean has to seek a new
bearing. The effect is to produce an immensely broad and

excessively flat wave (not a circulating nirrent), which fol-

lows, or endeavours to follow, the apparent motions of the

moon, and must, in fact, by the pi'inciple of forced vibrations,

imitate, by equal though not by synchronous periods, all the

periodical inequalities of that motion. When the higher or

lower parts of tliis wave strike our coasts, they experience

what we call high and low vatcr.

(752.) The sun also produces precisely such a wave, whose

vertex tends to follow the apparent motion of the sun in the

heavens, and also to imitate 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 dcstruc~

tion of the solar and lunar tides cause what are called the

spring and neap tides— the former being their sum, the latter

their difference. Although the real amount of either tide is,

at present, hardly within the reach of exact calculation, yet

their proportion at any one place is probably not very remote

from that of the ellipticities wdiich would belong to their

respective spheroids, could an equilibrium be attained. Now
these ellipticities, for the solar and lunar s[)heroids, are resjiec-

tively about two and five feet ; so that the average spring

tide will be to the neap as 7 to 3, or thereabouts.
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(753.) Another effect of the combination of the solar and

lunar tides is what is called the priming and lagging of the

tides. If the moon alone existed, and moved in the plane of

the equator, the tide-day {i, e. the interval between two suc-

cessive arrivals at the same place of the same vertex of tlie

tide-wave) would be the lunar day (art. 143.), formed by the

combination of the moon's sidereal period and that of the

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 oftwo successive maxima of their superjioscd

waves, will vary as the separate waves approach to or recede

from coincidence ; because, when the vertices of two waves

do not coincide, their joint height has its maximum at a point

intermediate between them. This variation from uniformity

in the lengths of successive tide-days is particularly to be re-

marked about the time of the 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 the luminaries, or of the theoretical maximum
of their superposed spheroids, which is called the " establish-

ment " of that port. If the water were without inertia, and

free from obstruction, either owing to the friction of the bed

of the sea, the narrowness of channels along which the wav^

has to travel before reaching the port, their length, &c. &c.,

the times above distinguished would be identical. But all

these causes tend to create a difference, and to make that

difference not alike at all ports. The observation of the

establishments of harbours is a point of great maritime im-

portance ; nor is il ""f less consequence, theoretically speak-

ing, to a knowledge of the true distribution of the tide-waves

over the globe. In making such observations, care nmst 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 low water, when the level of

the surface ceases to rise or fall. Thepe are totally distinct

phaenomena, and depend on entiiely different causes, though

it is true they may sometimes coincide in point of time. They
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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

aflfects the tides at any particular spot. As the vertex of the

tide-wave tends to place itself vertically under the luminary

which produces it, when this vertical changes its point of

incidence on the surface, the tide-wave must tend to shift ac-

cordingly, 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 declination in one part of that

period being 29°, and in anotlier only 17°, on either side the

equator.

(756.) Geometry demonstrates that the efficacy of a lumi-

nary 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 consequence of

this, the efficacy of the sun will fluctuate between the ex-

tremes 19 and 21, taking 20 for its mean value, and that of

the moon between 43 and 59. Taking into account this

cause of difference, the highest spring tide will be to the

lowest neap as 59 + 21 to 43 — 19, or as 80 to 24, or 10

to 3. Of all the causes of differences in the 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 extraordinary 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 low water occasionally

amounts to 50 feet.

(757.) It is by means of the perturbations of the planets,

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 perturbation

in the motions of every other, proportioned to its mass, and
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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 calculation ; the former is unknown, otherwise

than by observation of its effects. 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 supei'posed inequalities which affect

every observed place of a planet ; by pointing out the laws of

each inequality in its periodical rise and decay ; and by show-

ing 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 inter-

woven with all the planetary tables) has been ascertained, by

observations of the derangements produced by it in the mo-

tions of the ultra-zodiacal planets, to have been insufficiently

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

conclusion nas been arrived at, and nearly the same mass ob-

tained, by means of the perturbations produced by Jupiter

on Encke's comet. The error was one of great importance

;

the mass ofJupiter being by far the most influential element

in the planetary system, after that of the sun. It is satis-

factory, then, to have ascertained, as Mr. Airy has done,

the cause of the error ; to have traced it up to its source,

in insufficient micrometric measurements of the greatest elon-

gations of the satellites ; 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 sun, so the perturbations of the satellites of Ju-

piter have led, 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

satellites has been elaborately treated by Laplace ; and it is

from his theory, compared with innumerable observations of
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tlicir eclipses, that the masses assigned to them, ia 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 proportion

of 65000000 to 1.

(759.) The mass of the moon is concluded, 1st, from the

proportion of the lunar to the solar tide, as observed at various

stations, the effects being separated from each other by a

long series of observations of the relative heights of spring

and neap tides which, we have seen, (art. 752.) depends on

the proportional influence of the two luminaries. 2dly,

from the phenomenon of nutation, which, being the result of

the moon's attraction alone, affords a means of calculating

her mass, independent of any knowledge of the sun's. Both

methods agree in assigning to our satellite a mass about one

seventy-fifth that of the earth. *

(760.) Not only, however, has a knowledge of the pertur-

bations produced 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 dis-

cover)' on the very first occasion of pointing a telescope to the

place indicated. We have already (art. 506.) had occasion

to mention in general terms this great discovery ; but its im-

portance, 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 missing, might not

possibly be this planet. No less than six ancient observ-

ations of it as a supposed star were thus found to have

Laplace, Expos, du Syst. dii Monde, pp 285. 300.
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been recorded by that astronomer,— one in 1690, one in 1712,

and four in 171o. On further inquiry, it was also ascertained

to have been observed by Bradley in 1753, by Mayer in 175G,

and no less than twelve times by Lc Monnier, in 1750, 1764,

17G8, 1769, and 1771, all the time without the least suspicion

of its planetary nature. The observations, however, so made,

being all circumstantially registered, and made with instru-

ments 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 precision the larger the arc of the ellipse em-

braced by the extreme observations employed. It was,

therefore, reasonably hoped and expected, that, by making

use of the data thus aflforded, and duly allowing for the per-

turbations produced since 1690, by Saturn, Jupiteir,*and tie

inferior planets, elliptic elements would be obtained, which,

taken in conjunction with those perturbations, would re-

present not only all the observations up to the time of

executing the calculations, but also all future observations, in

as satisfactory a manner as those of any of the other planets

arc actually represented. This expectation, however, proved

delusive. M. Bouvard, one of the most expert and laborious

calculators of whom astronomy has had to boast, and to

whose zeal and indefatigable industry we owe the tables of

Jupiter and Saturn in actual use, having undertaken the

task of constructing similar tables for Uranus, found it im-

possible to reconcile the ancient observations above mentioned

with those made from 1781 to 1820, so as to represent both

series by means of the same ellipse and the 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 proceeding, and " leaving it to future time

to determine Avhether the difficulty of reconciling the two

series arose from inaccuracy in the older observations, or

whether it depend on some extraneous and unperceived in-

fluence which may have acted on the planet."

(761.) But neither did the tables so calculated continue
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to represent, with due precision, observations subsequently

made. The " error of tlie tables" after attaining a certain

amount, by which the true longitude of Uranua 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, tho

tabular and observed longitudes agreed. But, far from re-

maining 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 be received as representing, with any

tolerable precision, the true laws of its niotion.

(762.) The reader will easily understand the nature and

progression of these discordancies by casting his eye on fig. 1.

Plate A, in which the horizontal line or abscissa is divided

into equal parts, each representing 50° of heliocentric longi-

tude in the motion of Uranus round the sun, and in which tho

distances between the horizontal lines represent each 1 00"

of error in longitude. The result of each year's observation

of Uranus (or of the mean of all the observations obtained

daring that year) in longitude, is represented by a black dot

placed above or below the point of the abscissa, corresponding

to the mean of the observed longitudes for the year above, if

the observed longitude be in excess of the calculated, below

if it fall short of it, and on the line if they agree ; and at a

distance from the line corresponding to their difference on

the scale above mentioned.* Thus in Flamsteed's earliest

observations in 1690, the dot so marked 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, we draw a

curve (indicated in the figure b} a fine unbroken line)

through their general course, we shall at once perceive a

* The points are laid down from M. Levci rier'scotnparison of the whole series

of observations of Uranus, with an ephenieris of his own calculation, founded on
a complete and searching revision of the tables of Bouvard, and a rigorous coin>

putation of the perturbations caused by all the known planets capable of exer-

cising any influence on it. The differences of longitude are geocentric, but fop

our present purpose it matters not in the least whether we consider the errors

ui heliocentric or in geocentric longitude.
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certain rcgulm-ity in its undulations. It presents two groat

elevations above, and one nearly aa great intermediate deprca-

sion below the medial lino or abscissa. And it is evident

that these undulations 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, II, intersecting the abscissa at points 180°

distant, and making equal excursions on cither side. Thus

the point a for 1750 being removed upwards or in the direc-

tion towards b through a distance equal to cA would be

brought almost to precise coincidence with the point c in

the abscissa. Now, this is a clear indication that a very large

part of the differences in question are due, not to perturbation,

but simply to error in the elements of Uranus which have

been assumed as the basis of calculation. For such excesses

and defects of longitude alternating over arcs of 180° arc

precisely what would arise from error in the cxcentricity, or

in the place of the perihelion, or in both. In ellipses slightly

exccntric, the true longitude alternately exceeds and falls

short of the mean during 180° for each deviation, and the

greater the excentricity, the greater these alternate fluctua-

tions to and fro. If then the excentricity of a planet's orbit be

assumed erroneously (suppose too great) the observed longi-

tudes will exhibit a less amount of such fluctuation above

and below the mean than the computed, and the difference of

the two, instead of being, as it ought to be, always nil, will

be alternately + and— over arcs of 180°. If then a difference

be observed following such a law, it may arrive from errone-

ously assumed excentricity, provided always the longitudes

at which they agree (supposed to differ by 180°) be coincident

with those of the perihelion and aphelion ; for in elliptic

motion nearly circular, these are the points where the mean

and true longitudes agree, so that any fluctuation of the

nature observed, if this condition be not satisfied, cannot

arise from error of excentricity. Now the longitude of the

perihelion of Uranus in the elements employed by Bouvard is

(neglecting fractions of a degree) 168°, and of the aphelion
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348°. These points then, in our figure, fall nt tt, and « rc-

epectivcly, that is to say, nearly halt' way between AC, CE,
EG, &c. It is evident therefore that it is not to error of

cxcentricity that the fluctuation in question is mainly due.

(764.) Let us now consider the eft'ect of an erroneous

assumption of the place of the perihelion. Suppose in fig. 2.

Plato A, ox to represent the longitude of a planet, and xy
the excess of its true above its mean longitude, due to cllip-

ticity. Then if II be the place of the perihelion, and P, or

T, the ai)lielIon in longitude, y will always lie in a certain

undulating curve PQllST, above * PT, between II and T,

and below it between P and R. Now suppose the place of

ihe perihelion shifted forward to r, or the whole curve shifted

bodily forward into the ui\\i\i\ou pqrst, then at the same

longitude ox, the excess of the true above the mean longitude

will be xy' only ; in other words, this excess will have dimi-

nished by the quantity yy' below its former amount. Take

therefore in o N (Jig. 3. PI. A) oy=ox and yy' ii[wiiya=yy'

\nfg. 2., and having thus constructed the cuv KLMNO,
the ordinate yy' will always represent the effect of the sup-

posed 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,7; and S,5 of the

original curves, that is to say (if these intervals Q*/, S*, or

II ?' to wliich both are equal, be very small) very nearly at

90" 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 perturbation, and that to correct

this portion, the perihelion must be shifted somewhat forward.

As to the amount of tliis shifting, our only object being ex-

planation, it will not be necessary here to enquire into it.

It will suffice that it must be such as shall make the curve

* The curves, figs. 2, H, c^rc inverted in the engraving.
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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 an^ disturbing influenc( But with

this epoch an action appears to have commenced, and gone

on increasing, producing an acceleration of the motion in

longitude, in consequence of which, Uranus continually gains

on its elliptic place, and continued to do so till 1822, when it

ceased to gain, and the excess of longitude was at its maxi-

mum, 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 have ceased to act, or rather begun to

reverse its action, in or about the year 1822, the reverse

action being even more energetic than the direct.

(767.) Such is the phajnomenon in the simplest form we
are 7iow able 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 rational probability

but that of the existence of an exterior, and hitherto

imdiscovered, planet, disturbing, according to the received

laws of planetary disturbance, the motion of Uranus by its

attraction, or rather superposing its disturbance on those

produced by Jupiter and Saturn, the only two of the old

planets which exercise any sciisible disturbing action on that

planet. Accordingly, this was the explanation which na-

turally, and almost of necessity, suggested itself to these

conversant with the planetary perturbations who considered

the subject with any degree of attention. The idea, however,

of setting out from tLs observed anomalous deviations, and

employing them as data to ascertain the distance and situation

of the unknown body, or, in other words, to resolve the in-

verse problem of perturbations, "given the disturbances tofind

the orbit, and place in that orbit of the disturbing planet,^

appears to have occurred only to two mathematicians,

Mr. Adams in England f^.\d M. Leverrier in France, with
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sufficient dlstinctnesa and hopefulness of success to induce

them to attempt its solution. Both succeeded, and their

solutions, arrived at with perfect independence, and by each

in entire ignorance of the other's attempt, were found to

agree in a surprising manner when the nature and diffi-

culty of the problem is considered ; the calculations of M.
Leverrier assigning for the heliocentric longitude of the

disturbing planet ior the 23d Sept. 1846, 326° 0', and those

of Mr. Adams (brought to the same date) 329° 19', differing

only 3° 19' ; the plane of its orbit deviating 'ery slightly, if

at all, from that of the ecliptic.

(768.) On the day above mentioned — a day for ever

memorable in the annals of astronomy— Dr. Galle, one of the

astronomers of the Royal Observatory at Berlin, received a

letter from M. Leverrier, announcing to him the result he had

arrived at, and requesting him to look for the disturbing

planet in or near the place assigned by his calculation. He did

BO, and 0)1 that very night actually found it. A star of the

eighth magnitude was seen by him and by M. Encke in a

situation where no star Avas marked as existing in Dr. Bre-

miker's chart, then recently published by the Berlin Academy.

The next night it was found to have moved from its place,

and was therefore assuredly a planet. Subsequent observa-

tions and calculations have fully demonstrated this planet,

to which the name of Neptune has been assigned, to be really

that body to whose disturbing attraction, according to the

Newtonian law of gravity, the observed anomalies in the

motion of Uranus were owing. The geocentric longitude

determined by Dr. Galle from this observation was 325° 53',

wliich, converted into heliocentric, gives 326° 52', differing

0° 52' from M. Leverrier's place, 2° 27' from that of Mr.

Adams, and only 47' from a mean of the two calculations.

(769.) It would be quite beyond the scope of this work, and

far in advance of the amount ofmathematical knowledgewe have

assumed our readers to possess, to attempt giving more than

a superficial idea of the course followed by these geometers in

their arduous investigations. Suffice it to say, that it consisted

in regarding, as unknown quantities, to be determined, the
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masa, and all the elements of the unknown planet (supposed to

revolve in the same plane and the same direction with Uranus),

except its major semiaxis. This was assumed in the first

instance (in conformity Avith " Bode's law," art. (505.), and

certainly at the time with a h\g\i primafacie probability, y to bo

double that of Uranus, or 38 "364 radii of the Earth's orbit.

Without some assumption as to the value of this element, OAving

to the peculiar form of the analytical expression of the per-

turbations, the analytical investigation would have presented

difficulties 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 easily be understood, when we consider

that the received elements could only be regarded as pro-

visional, and must certainly be erroneous, the places from

which they were obtained being aifected by at least some

portions of the very perturbations in question. This con-

sideration, 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 nearly, and that of the other thus hyi lothetically

assumed, it became practicable to express in terms, partly

algebraic, partly numerical, the amount " perturbat:on at

any instant, by the aid of general expi'efc delivered by

Laplace in his " Mecanique Celeste'^ and elsewhere. These,

then, together with the corrections due to the altered i.icment3

of Uranus itself, being applied to the tabular longitudes, i'ur-

nished, when compared with those observed, a series o?equations,

in which the elements and mass of Neptune, and the corrections

of those of Uranus entered as the unhnoion quantities, and by
" hose resolution (no slight cftbrt of analytical skill) all their

values were at length obtained. The calculatipns 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 large when the results were found to agree

better, and the solutions to be, in fact, more satisfactory.

i'*
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Thus, at length, elements were arrived at for the orbit of

the unknown planet, as below.
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(771.) The great disagreement between these elementa

and those assigned either by M. Leverrier or Mr. Adams will

not fail to be remarked ; and it will naturally be asked how
it has come to pass, tha"; elements so widely different from the

truth should afford anything like a satisfactory representation of

the perturbation in question, and 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.

763., /. e. extremely near its apparent place, but also at a

distance from the Sun very much more approximately cor-

rect than the mean distances or semiaxes of the respective

orbits. Thus the radius vector of Neptune, calculated from

M. Leverrier's elements for the day in question, instead of

36*1539 (the mean distance) comes out almost exactly 33;

and indeed, if we consider that the excentricity assigned 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 interval from 1806

to 1847 to lie within 42° one way or the other of the perihe-

lion, and therefore, during the whole of that interval, the

hypothetical 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 hy-

pothetical planet, will exhibit more clearly than any lengthened

statement, the near imitation of the motion of the former

by the latter within that interval,

centric*

S <

ill

The longitudes are helio-

* The calculations are carried only to tenths of degrees, as quite sufficient for

flie object in view.
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the satellite discovered by Mr. Lassell made with the large

telescopes of Fraunhofer in the observatories of Cambridge,

U. S. and Pulkova respectively. These it will be perceived

differ very considerably, as might reasonably be expected in

the results of micrometiical measurements of such difficulty,

and it is not possible at present to say to which the preference

ought to be given. As compared witli the mass assigned by

M. Struve, an agreement on the whole more satisfactory could

not have been looked for within the interval immediately

in question.

(773.) Subject then to this uncertainty as to the real mass

of Neptune, the theoretical planet of Leverrier must be con-

sidered as representing with quite as much fidelity as could

pc^ssibly 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 fxom 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 shght

change only being made, which, for the purpose in view, con-

duces greatly to clejirness of conception. The force L s (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 (7?y. 5. Plate A) PW always perpen-

dicular 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. PW then will always represent both the direction

and magnitude of the normal force acting at P. And in like

manner, if we take always P Z on the tangent to the dis-

turbed 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 direction

the tangential force acting at P. Thus will be traced

out the two curious ovals represented in our figure of

L L

I il
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their proper forms and proportions for the case In question.

That expressing the normal force is formed of four lobes,

having a common point in S, viz., SWwXSaSnSiS W,
and that expressing the tangential, AZc/BerfYAZ,
consisting of four mutually intersecting loops, surrounding

and touching the disturbed orbit in four points, AB cd.

The normal force acts outwards over all that part of the

orbit, both in conjunction and opposition, corresponding to

the portions 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

near the conjunction, and in any other configuration of the

planets ; its exceedingly rapid degradation as P approaches

the point of neutrality (whose situation is 35° 5' on either side

of the conjunction, an arc described synodically by Uranus in

16y'72); and the comparatively 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, b, in which the line

representing the inward force exceeds the radius of the

circle. It exhibits, too, with no less distinctness, the gradual

developement, 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 retai'dative over A c, each

of which arcs has an amplitude of 71° 20', and is described

by Uranus synodically in 34^-00. The insignificance of the

tangential force in the configurations remote from conjunction

throughout the arc c B c? is also obviously expressed by the

small comparative developement of the loops e,f.

(774.) Let us now consider how the action of these forces

results in the production of that peculiar character of per-

turbation which is exhibited in our curve. Jig. 4. Plate

A. It is at once evident that the increase of the longitude

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 tlie growth, rapid

decay, extinction at conjunction, and subsequent reproduction
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in a reversed Bcnse of tlic tangential force : so that we cannot

healtatc in attributing the greater i)art of the perturbation

expressed by the swell and subsidence of the curve between

the years 1800 and 1845, — uVl that part, indeed, which

is symmetrical on either side of 1822— to the action of the

tangential force.

(775.) But it will be asked, — has then the normal forco

(which, on the plain showing oi Ji(j. 5., is nearly twice as

powerful OS the tangential, and which does not reverse its

action, like the latter force, at the jjoint of conjunction, 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 tangential force on the longitude is

direct and immediate (art. 6G0.), that of the normal indirect,

consequential, and cumulative with the progress of time

(art. 734.). The cfTect of the tangential force on the mean

motion takes place through the medium of the change it pro-

duces on the axis, and is transient : tlie 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 conjunction,

then, the tangential force produces a sudden and powerful

acceleration, succeeded by an equally powerful and equally

sudden retardation, which done, its action is completed, and

no trace remains in the subsequent motion of the planet that

it ever existed, for its action on the perihelion and excentricity

is in like manner also nullified by its reversal of direction.

But with the normal force the case is far otherwise. Its

immediate 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 disturbed planet from the sun tliat 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

maximum 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 lias been «levcloped.

L L 2
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This continues to act in producing a retardation in longitude

long after the normal force itself has reversed its acaon, and

from a powerful outward force has become a feeble inward

one. A certain portion of this perturbation is incident on

the epoch in the mode described in art. (731.) et seq., and

permanently disturbs the mean motion 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 eflfect of the per-

manent alteration produced in the excentricity, which (the axis

being unchanged) compensates by increased proximity in one

part of the revolution, for increased distance in the other.

-Sufficient time has not yet elapsed 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 Jiff. 4,, subsequent to the con-

junction than ascent previous to that epoch, which indicates

the commencement of a series of undulations in its future

course of an elliptic character, consequent on the altered ex-

centricity and perihelion (the total and ultimate eifect 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, similar in character, but far inferior

in magnitude to those now under discussion.

(776.) Posterity will hardly cr'idit that, with a full know-

ledge of all the circumstances attending this great discovery

— of the calculations of Leverrier and Adams— of the com-

munication of its predicted place to Dr. Galle— and of the

new i)lanet being actually found by him in that place, in the

remarkable manner above commemorated; not only have

doi'bts 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 ii planet pre-

viously unknown occupying that precise place iu the heavens



PERTURBATIONS OF URANUS BY NEPTUNE. 517 ^3iW'

at that precise time, to sheer accident 1
* What share accident

may have had in the successful issue of the calculations, wo
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 considerations 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 Uranus being 84*0140 years, and that of Neptuno

164*6181, their synodic revolution (art. 418.), or the interval

between two successive conjunctions, is 171*58 years. The

late conjunction having taken place about the beginning of

1822; that next preceding must have happened in 1649, or

more than 40 years before the first recorded observation of

Uranus in 1690, to say nothing of its discovery as a planet.

In 1690, then, it must have been effectually out of reach of any

periurbative influence worth considering, and so it remained

during the whole interval from thence to 1800. From that

time the effect of perturbation began to become sensible, about

1805 prominent, and in 1820 had nearly veached its maximum.

At this epoch an alarm was sounded. The maximum was

not attained,— the event, so important to astronomy, was still

* These doul)ts seem to liave originated partly in the great disagreement

between the predicted and real elements of Neptune, partly in the near (^possibly

precise) commensurability of the mean motions of Neptune and Uranus. We
conceive *hem however to be founded in a total misconception of the nature of

the probli m, 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 axis, excentricity, perihelion, and mass, however wide

of the truth, which would represent, even roughly the amount, but with tolerable

correctness the direction of the disturbing forcii during the very moderate inter-

val when the departures from theory were really considerable, would equally

serve their purposes; and with an excentricity, mass, and perihelion disposable,

it is obvious that any assumption of the axis between the limits 30 and 38, nay,

even with a much wider inferior limit, would serve the purpose. In l;is attempt
to assign an inferior limit to the axis, and in the value so assigned, M. I.everrier,

it must be admitted, was not successful. Mr. Adams, on the other hand, in-

fluenced by no considerations of the kind which appear to have weiglied with
his brother geometer, fixed ultimately (as wo 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 problem de novo, employing formula! not
liable to the passage through infinity, which, technically speaking, hampers, or

may be supposed to hamper the continuous application of the usual perturbational

formulae when cases of commensurability occur,
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in progress of developement,—when the fact (any thing rather

than a striking one) was noticed, and made matter of com-

plaint. But the time 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 conjunc-

tion, and upon the law of increase and diminution of the pertur-

bation 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 deter-

minable from observation alone. In all this we see nothing

of accident, 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 .,hen astronomy has

reached that perfection, and its cultivators exercise that vi-

gilance which neither permit such an event, nor its scientific

importance, to pass unnoticed. The blossom had been watched

with interest 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 Neptune, as computed from a knowledge of the elements and ma'js of that

planet, such as wc 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 American Academy of Arts and Sciences," vol. i, p. 3.34,

ct seq. On examining tlie comparisons of the results of Mr. Walker's formuK-e

with those of Mr, Adams's theory in p. 34'i, he will perhaps be surprised at the

enormous ditferonce between the actions of Neptinie and Mr. Adams's «' hypo-
thetical planet " on the longitude of Uranus. Tliis is cPbily explained. Mr.
Adams's perturbations are deviations from Bouvard's orbit of Uraiius, as it stood

immediately previous to the late 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 commensurability of the motions.
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PART III.

OP SIDEREAL ASTRONOMY.

CHAPTER XV.

OF THE FIXED STARS.— THEIR CLASSIFICATION BY MAGNITtJDES.

rilOTOMETRIC SCALE OF MAGNITUDES.— CONVENTIONAL OR VUL-

GAR SCALE.— rUOTOMETRIC COMPARISON OF STARS. DISTRIBU-

TION OF STARS OVER TUE HEAVENS OF THE MILKY WAY OR

GALAXY.— ITS SUPPOSED FORM THAT OF A FLAT STRATUM PAR-

TIALLY SUBDIVIDED.— ITS VISIBLE COURSE AMONG THE CONSTEL-

LATIONS.— ITS INTERNAL STRUCTURE.— ITS APPARENTLY INDE-

FINITE EXTENT IN CERTAIN DIRECTIONS. — OF THE DISTANCE OP

TUB FIXED STARS.— THEIR ANNUAL PARALLAX.— P.ARALLACTIC

UNIT OF SIDEREAL DISTANCE.—EFFECT OF PARALLAX ANALOGOUS

TO THAT OF ABERRATION.— HOW DISTINGUISHED FROM IT.— DE-

TECTION OP PARALLAX BY MERIDIONAL OBSERVATIONS.— HEN-

DERSON'S APPLICATION TO a CENTAURI. — BY DIFFERENTIAL OB-

SERVATIONS.— DISCOVERIES OF BESSEL AND fvTRUVE. — LIST OF

STARS IN WHICH PARALLAX HAS BEEN DETECTED.—OF THE REAL
MAGNITUDES OF THE STARS.— COMPARISON OF THEIR LIGHTS

\nTH THAT OF THE SUN.

(777.) Besides the bodies we have described in the fore-

going chapters, the heavens present us with an innumerable

multitude of other objects, wliich are caHod generally by the

name of stars. Though comprehending 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 abso-

lute sense, it being certain that many, and probable that all,

arc in a state of motion, although too slow to be pcrceptiblo
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unless by means of very delicate observations, continued

during a long scries of years.

(778.) Astronomers are in the habit of distinguishing the

stars into classes, according to their apparent brightness.

These are termed magnitudes. 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 doAvn to the

sixth 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 powei'ful 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 innu-

merable of objects invisible before; so that, for any thing

experience has hitherto taught us, the number of the stars

may be really infinite, in the only sense in wliich we can

assign a meaning to the word.

(779.) This classification into magnitudes, however, it

must be observed, 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 indifference, where, in that infinite progression

downwards, from the one brightest to the invisible, we choose

to draw our lines of demarcation. All this is a matter of

pure convention. Usage, however, has established such a

convention ; and though it is impossible to determine exactly,

or « priori, where one magnitude ends and the next begins,

and although different observers have differed in their magni-

tudes, yet, on the whole, astronomers have restricted their

first magnitude to about 23 or 24 principal stars ; their

second to 50 or 60 next inferior; their tliird to about 200 yet
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smaller, and so on ; the numbers increasing very rapidly as

we descend in the scale of brightness, the whole number

of stars already registered down to the seventh magnitude,

inclusive, amounting to from 12000 to 15000.

(780.) As we do not see the actual disc of a star, but

judge only of its brightness by the total impression made

upon the eye, the apparent " magnitude " of any star will, it

is evident, depend, 1st, on the star's distance from us; 2d, on

the absolute magnitude of its illuminated surface ; 3d, on the

intrinsic brightness of that surface. Now, as we know no-

thing, or next to nothing, of any of these data, and have

every reason for believing that each of them may differ in

different individuals, in the proportion of many millions to

one, it is clear that we are not to expect much satisfaction in

any conclusions we may draw from numerical statements of

the number of individuals wliich 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 magnitudes may be photo-

metrically classed a priori, whether for example a scale of

brightnesses decreasing in geometrical progression should be

adopted, each term being one half of the preceding, or one

third, or any other ratio, or whether it would not be prefer-

able to adopt a scale decreasing as the squares of the terms

of an harmonic progression, i. e. according to the series 1,

h h T (J' 2V' ^^' T^^ former would be a purely photometric

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 magnitude next above it, an advantage, however,

merely apparent, as it is certain, from many optical facts, that

the unaided eye forms very different judgments of the pro-

portions 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 ap-

pearance of a first magnitude standard star, removed succes-

sively to twice, three times, &c. its original or standard

distance. Such a scale, which would make the nominal

magnitude a sort of index to the presumable or average dis-

'*
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tance, on the supposition of an equality among the real lights

of the stars, would facilitate the expression of speculative ideas

on the constitution of the sidereal heavens. On the other

hand, it would at first sight appear to make too small a differ-

ence between the lights in the lower magnitudes. For ex-

ample, on this principle of nomenclature, the light of a star

of the seventh magnitude would be thirty-six 49th8 of that

of one of the sixth, and of the tenth 81 hundredths of the

ninth, while between the first and the second the proportion

would be that of four to one. So far, however, from this

being really objectionable, it falls in well with the general

tenor of the optical facts already alluded to, inasmuch as the

eye (in the absence of disturbing causes) does actually discri-

minate with greater precision between the relative intensities

of feeble lights than of bright ones, so that the fraction |^
for instance, expresses quite as great a step downwards (phy-

siologically speaking) from the sixth magnitude, as ^ does

from the first. As the choice, therefore, so far as we can see,

lies between these two scales, in drawing the lines of demar-

cation between what may be termed the plwtomctrical magni-

tudes of the stars, we have no hesitation in adopting, and

recommending others to adopt, the latter system in preference

to the former.

(781.) The conventional magnitudes actually in use among

astronomers, so far as their usage is consistent with itself,

conforms moreover very much more nearly to this than to the

geometrical progression. It has been shown * by direct pho-

tometric measurement of the light of a considerable 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 themagnitude ofthe same

star in the loose and irregular language at present conven-

tionally or rather provisionally adopted, so far as it can be col-

lected from the conflicting authorities of diflferent 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 af-mag-

* See " Results of Observations made at the Cape of Good Hope, &c. &c."

p. 371. I3y the Author.
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nitude (0". 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 avc take the distance of this star for unity, it

follows that when removed to the distances 1'414, 2 "4 14,

3*414, &c. its apparent lustre would equal those of average

stars of the Ist, 2d, 3d, &c. magnitudes, as ordinarily recko7ied,

respectively.

(782.) The difference of lustre between stars of two con-

secutive magnitudes is so considerable as to allow of many
intennediate 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 te

be exactly equal in brightness. Hence, the necessity, if any-

thing like accuracy be aimed at, of subdividing the magni-

tudes and admitting fractions into our nomenclature of

brightness. When this necessity first began to be felt, a

simple bisection of the interval was recognized, and the inter-

mediate 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

interval trisected thus: 1 m, 1.2m, 2.1m, 2m, &c. where

the expression 1.2 m denotes a magnitude intermediate be-

tween the first and second, but nearer 1 tlian 2 ; while 2.1 m
designates a magnitudv>- also intermediate, but nearer 2 than

1. This may suflSce for common parlance, but as this depart-

ment of astronomy progresses towards exactness, a decimal

subdivision will of necessity supersede these rude forms of

expression, and the magnitude will be expressed by an integer

number followed by a decimal fraction; as for instance, 2.51

wliich expresses the magnitude of 7 Geminorura on the

vulgar or conventional scale of magnitudes, by wliich we at

once 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 first magnitude star in that scale

(of which « Orionis in its usual cr normal state * may be

taken as a typical specimen) as 1 '^
: (2*51) ''j and to that of a

* In tlio intcvval from 18,06 to 1839 this stai umlciwent considerable and re-

markable fluctuations of briglitncss.
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Centauri as P: (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 magnitudes 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 com-

parative intensities of light of the stars is attended with many

and great difficulties, arising partly from their differences of

colour ; partly from the circumstance that no invariable

standard of artificial light has yet been discovered ; 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

method hitherto proposed would appear to be the following.

A natural standard of comparison is in the first instance

selected, brighter than any of the stars, so as to allow of

being equalized Avith any of them by a reduction of its light

optically effected, and at the same time cither invariable, or

at least only so variable that its changes can be exactly cal-

culated 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 distance 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 disturb-

ing causes (which fatally affect all observations of this nature),

combines all the requisite conditions. Let us suppose, now,

that J upiter being at A and the star to be compared with it

at B, a glass prism C, is so placed that the light of the

planet deflected by total internal reflexion at its base, shall

emerge parallel to B E the direction of the star's visual ray.

After reflexion, let it be received on a lens D, in whose focus



PHOTOMETRIC SCALE OF MAGNITUDES. 525

F, it will form a email bright star-like image capable of being

viewed by an eye placed at E, so far out of the axis of the cone

of diverging rays as to admit of seeing at the same time, and

with the same eye, and so comparing, this image with the

star seen directly. By bringing the eye nearer to or further

from the focus F, the apparent brightness of the focal point

will be varied in the Inverse ratio of the square of the dis-

tance E F, and therefore may be equalized^ as well as the eye

can judge of such equalities, with the star. If this be done

for two stars several times alternately, and a mean of the

results taken, by measuring EF, their relative brightness

will be obtained : that of Jupiter, the temporary standard of

comparison, being altogether eliminated from the result.

(784.) A moderate number of well selected stars being thus

photometrically determined by repeated and careful measure-

ments, so as to afford an ascertained and graduated scale of

brightness among the stars themselves, the intermediate steps

or grades of magnitude may be filled up, by inserting between

them, according to the judgment of the eye, other stars,

forming an ascending or descending sequence, each member
of such a sequence being brighter than that below, and less

bright than that above it; and thus at length, a scale of nume-

rical magnitudes will become established, complete in all Its

members, from SIrius, the brightest of the stars, down to the

least visible magmtude.* It were much to be wished that

• For the method of combining and ti eating such sequences, where accumu-
lated in considerable numbers, so as to eliminate from their results tlie influence

of erroneous judgment, atmospheric circumstances, &c., which often give rise ta

contradictory arrangements in the order of stars differing but little in magnitude.

Wf
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this branch of sistronoiny, whlcli at present can hardly be said

to be advanced beyond its infancy, were pcrscvcringly and

systematically cultivated. It is by no meana a Bubjcct of

mere barren curiosity, as will abundantly appear when we
come to speak of the phcenomcna of variable stars, and being

moreover, one in which amateurs of the science may easily

chalk out for themselves a useful and available path, may
naturally be expected to receive large and interesting acces-

sions at their hands.

(785.) If the comparison of the apparent magnitudes of the

stars with their numbers leads to no innnediately obvious con-

clusion, it is otherwise when wo view them in connection with

their local distribution over the heavens. If indeed we confine

ourselves to the three or four brightest classes, we shall find

them distributed with a considerable approach to impartiality

over the sphere : a marked preference however being observ-

able, especially in the southern hemisphere, to a zone or belt,

following the direction of a grcn* ircle passing through s

Oi'ionis and a Crucis. But if wo kc in the whole amount

visible to the naked eye, Ave shall perceive a great increase of

number as we approach the borders of the IVlilky Way. And
when we come to telescopic magnitudes, we find them

crov/ded 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 notliing but stars of every mag-

nitude, from such as are visible to the naked eye down to the

smallest point of light perceptible with the best telescopes.

(786.) These pha;nomcna agree with 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 comparison with its length and

breadth ; and in which the earth occupies a place somewhcro

about the middle of its thickness, and near the point where it

subf^livides into two principal laminaj, inclined at a small angle

to each other (art. 302.). For it is certain that, to an eye so

as well as for an account of a scries of photometric comparisons (in which how-
ever, not Jupiter, but the moon was used as an intermediate standard), see the

work above cited, note on p. 353. (lUsults of Observations, &c.)
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situated, the apparent density of the stars, supposing thcui

pretty equally scattered through the space they occupy, \yftultl

be least in a direction of the visual ray (as S A), perjicndi-

cular to the lamina, and greatest in that of its breadth, aa

SB, S C, S D ; increasing rapidly in passing from one to tho

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 Ilerschel, whose powerful telescopes first effected

a complete analysis of this wonderful zone, and demonstrated

the fact of its entirely consisting of stars.* So crowded are

they in some parts of It, that by counting the stars in a single

field of his telescope, he was led to conclude that 50000 had

passed under his review in a zone two degrees in breadth,

during a single hour's observation. In that part of thf milky

way which is situated in 10/t 30m E, A and between the

147th and 150th degree of N P D, upwards of 5000 stars

have been reckoned to exist in a square degree. The ini-

mense distances at which the remoter regions must be situated

will sufficiently account for the vast predominance of small

mafrnltudes which are observed in it.

(787.) The course of the Milky Way as traced through the

heavens by the unaided eye, neglecting occasional deviations

and following the line of Its greatest brightness as well as its

varying breadth and intensity will permit, conforms nearly

to that of a great circle Inclined at an angle of about 63° to

the e(iuinoctIal, and cutting that circle in R A 0/i 47 m and

• 'lliomas Wright of Durham (Theory of the Universe, London, 1750) ap-

jiears so early as 1734 to have entertained the same general view as to the con-

stitution of the Milky Way and starry firmament, founded, quite in the spirit of

just astronomical speculation on a partial resolution of a portion of it with a
" one-foot reflector " (a reflector one foot in focal length). See an account of t!iis

rare work by M. de Morgan in Phil. Mag. Scr. S. xxxii. p. 241. et seq.
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12/t 47m, BO that its northern and southern poles rcapoctlvely

are situated in 11. A. 12/t 47m NPD 63° and R. A. OA 47m
NPD 117°. Throughout the region where it is so remark-

ably subdivided (art. 186.), this great circle holds an inter-

mediate situation between the two great streams ; with a

nearer approximation however to the brighter and continu-

ous stream, than to the fainter and interrupted one. If wo

trace its course in order of right ascension, we find it travers-

ing the constellation Cassiopeia, its brightest part passing

about two degrees to the north of the star 8 of that constel-

lation, I. e. in about 62° of north declination, or 28° NPD.
Passing thence between 7 and e Cassiopcias it sends off a

branch to the south-preceding side, towards a Persci, very

conspicuous as fur as that star, prolonged faintly towards

£ of the same constellation, and possibly traceable towards

the Ilyades and Pleiades as remote outliers. The main

stream however (which is here very faint), passes on through

Auriga, over the three remarkable stars, e, ^, 17, of that con-

stellation preceding Capella, called the Ilocdi, preceding

Capella, between the feet of Gemini and the horns of the

Bull (where it intersects the ecliptic nearly in the Solstitial

Colure) and thence over the club of Orion to the neck of Mono-

ccros, intersecting the equinoctial in R. A. 6 h 54 m. 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

Monoceros and over the head of Canis Major it presents a

broad, moderately bright, very uniform, and to the naked eye,

starless stream up to the point where it enters the prow of the

ship Argo, nearly on the southern tropic* Here it again

subdivides (about the star m Puppis), sending off a narrow and

winding branch on the preceding side as far as 7 Argus, where

it terminates abruptly. The main stream pursues its south-

ward course to the 123d parallel of NPD, where it diffuses

• In reading this description a celestial globe will be a necessary companion.

It may be thought needless to detail the course of the Milky Way verbally, since

it is mapped down on all celestial charts and globes. But in the generality of

them, indeed in all which have come to our knowledge, this is done so very loosely

and incorrectly, as by no means to dispense with a verbal description.
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itself broadly and again subdivides, opening out into a wide

fiin-likc expanse, nearly 20° in breadth formed of interlacing

branches, all which terminate abruptly. In a line drawn nearly

through \ and 7 Argils.

(788.) At this place the continuity of the Milky Way la

interrupted by a wide gap, and where It recommences on

the opposite side It is by a somewhat similar fan-shaped

assemblage of branches which converge upon the bright star

r) Argfts. 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 imme-

diately expands Into a broad and bright mass, enclosing the

stars a and /S Cruclr*, and /3 Centaurl, and extending almost

up to a of the latter constellation. In the midst of this

bright mass, surrounded by it on all sides, and occupying

about half its breadth, occurs a singular dark pear-shaped

vacancy, so conspicuous and remarkable as to attiaet the

notice of the most superficial gazer, and to have acquired

among the early southern navigators the uncouth but ex-

pressive 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 duo

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 INIilky Way to the South Pole. Throughout

all this region its brightness is very striking, and when com-

pared 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 tliickness, within which

we are excentrically situated, nearer to the southern than to

the northern part of its circuit.
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(789.) At a Centaurl, the Milky Way again subdivides *,

sending off a great branch of nearly half its breadth, but

which thins off rapidly, at an angle of about 20° with

its general direction, towards the preceding side, to rf and d

Lupi, beyond wLIch it loses itself in a narrow and faint

streamlet. The main stream passes on increasing in breadth

to 7 Normae, where it makes an abrupt elbow and again sub-

divides into one principal and continuous stream of very

irregular breadth and brightness on the following side, and a

complicated system of interlaced streaks and masses on the

preceding, which covers the tail of Scoi*pio, and terminates in

a -vast and faint effusion over the whole extensive region

occupied by the preceding leg of Ophiuchus, extending north-

wards to the parallel of 1 03° NP 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 tl\e equinoctial of which it is usually repre-

sented as a continuation.

(790.) lieturning to the point of separation of this great

branch froni the main stream, let us now pursue the course of

the latter. Making an abrupt bend to the following side, it

I)as!=eri ovti the stars i Arte, 6 and i Scorpii, and 7 Tubi to

7 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, tliis stream crosses

the ecliptic in longitude about 276°, and proceeding along the

bow Of" Sao;ittarius into Antinous lias its course rippled by

three dot ]) concavities, separated from each other by remark-

able proturent /(/'es, of which the larger and brighter (situated

between Flaiustead's stars 3 and fi Aqullaj) fomns the most

conspicuous patch In the southern portion of the Milky Way
visible in our 1; titudes.

(791.) Crossing the equinoctial at the 19tli hour of right

ascension, it next nms in an irregular, patchy, and winding

stream through Aquila, Sagltta and Vulpecula up to Cygnus

;

* All the maps and globes place this bubdivision at /3 Cciitauri, but erro-

ncously.
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at s of which constellation its continuity is interrupted, and a

very confused and irregular region commences, marked by a

broad dark vacuity, not unlike the southern " coal-sack," occu-

pying the space between e, a, and 7 Cygni, which serves as a

kind of center for the divergence of ihree great streams ; one,

which we have already traced ; a second, the continuation of

the first (across the interval) from « northward, between La-

ccrta and the head of Cepheus to the point in Cassiopeia whence

we set out, and a third brsinching off from 7 Cygni, very vivid

and conspicuous, running off in a s >^Uhern direction through

/8 Cygni, and s Aquila^ almost to I'le equincjftial, where it

loses itself in a region tliinly sprinkled with stars, where in

some maps the modern constellation Taurus Poniatovii is

placed. This is the branch which, if continued across the

equinoctial, might be supposed to unite with the great south-

ern ell'usion in Ophiuchus already noticed (art. 789.). A
considerable offset, or protuberant appendage, is also thrown

off by the northei'n .:ti cam from the head of Cepheus directly

towards the pole, occupying the greater part of the quartile

formed by «, ^, i, and B of that constellation.

(792.) We have been somewhat circumstantial in de-

scribing the course and principal features of the Via Lactea,

not only because there does not occur any where (so far as

wo 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 fonn, 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 wc ?et ourselves to conceive

the real shape of an auroral arch or of the clouds, but far

greater in degree, because we know tlic laws which regulate

tiie formation of the latter, and limit them to certain con-

ditions of altitude— because their motion presents them to us

In various aspects, but chiefly because ^^'e 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 wc attempt to map
;.i M 2
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and model out the Galaxy, and beyond the obvious conclusion

that its ibnn must be, generally speaklng,^a^ and of a thick-

ness small in comparison with its area in length and breadth,

the laws of perspective afford us little further assistance in the

inquiiy. Probability may. It is true, here and there en-

lighten 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 unifonn band of not much more

than twice its breadth, It would seem much less probable that

a conical or tubular hollow traverses the whole of a starry

stratum, continuoasly extended from the eye outwards, than

that a distant mass of comparatively moderate thickness

should be simply perforated from side to side, or that an oval

vacuity should be seen foreshortened In a distant 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 many places

quit the main stream and run out to great distances, are

either planes seen edgeways, or the convexities of curved

surfaces viewed tangentially, rather than cylindrical or co-

lumnar excrescences bristling up obliquely from the general

level. And In tlie same spirit of probable surmise Ave may
account fur the intricate reticulations above described as

existing In the region of Scorpio, rather by the accidental

crossing of streaks thus originating, at very different distances,

or by a cellular structure of the mass, than by real inter-

sections. Those cirrous clouds which are often seen In wmdy
Aveather, convey no unapt Impression either of the kind of

appearance In question, or of the structure It suggests. It

is to other indications however, and chiefly to the telescopic

examination of its intimate constitution, and to the law of

the distribution of stars, not only within its bosom, but

generally over the heavens, that we must look for more

definite knowledge respecting Its true form and extent.

(793.) It is on observations of this latter class, and not on

merely speculative oiconjectur.il views, that the genevalization

in Art. 786., whlth refers the phxnuincna of the starry fir-

mament to the system of the (Jalaxy m their embodying fact,
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is brought to depend. The process of "gauging " the heavens

was devised by Sir W. Herschel for this purpose. It con-

sisted in simply counting the stars of all magnitudes which

occur in single fields of view, of 15' in diameter, visible

through a reflecting telescope of 18 inches aperture, and 20

feet focal length, with a magnifying power of 180°: the

points of observation being very numerous and taken in-

discriminately in every part of the surface of the sphere

visible in our latitudes. On a comparison of many hundi-ed

such "gauges" or local enumerations it appears that the

density of star-light (or the number of stars existing on an

average of several such enumerations in any one immediate

neighbourhood) is least in 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

AVay itself, where it attains its maximum. The progressive

rate of increase in proceeding from the pole is at first slow,

but becomes more and more i*apid as we approach the plane

of that circle according to a law of which the following

numbers, deduced by ISL Struve from a careful analysis of

all the gauges in question, will afford a correct idea.

Galactic f North Polar Distance.

0°

15°

30°

45°

60°

75°

90°

Average Number of Stars in a

Field 15' in Diameter.

4-15

4-68

6-52

10-36

17-68

30-30

122-00

From which it appears that the mean den' the stars in the

galactic circle exceeds in a ratio of very nearly 30 to 1 that

I
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* From ya\a, yaKaKTos, milk ; meaning tlie great circle spoken of in

Art. 787., to which the course of the Via Lacten most nearly conforms.

Every subject has its technical or conventional terms, by whose use circumlo-

cution is avoided, and ideas reiiderc i definite. This circle is to sidereal what

the invariable ecliptic is to planetary astronomy— a plane of ultimate reference,

the ground-plane of the sidereal system.

f Etudes d'Astrononae Stellaire, p. 71.





^

LAW OF DISTRIBUTION OF THE STARS. 535

beyond which, if stars exist, they elude our sight, and are to us

as if they existed not : a postulate whose probability the reader

will be in a better condition to estimate, when in possession

of some other particulars respecting the constitution of the

Galaxy to be described presently.

(795.) A similar course of observation followed out in the

southern hemisphere, leads independently to the same con-

clusion as to the law of the visible distribution of stars over

the southern galactic hemisphere, or that half of the celestial

surface which has the south galactic pole for its center. A
system of gauges, extending over the whole surface of that

hemisphere taken with the same telescope, field of view and

magnifying power employed in Sir William Herschel'a

gauges, has afforded the average numbers of stai's per field

of 15' in diameter, within the areas of zones encircling that

pole at intervals of 1 5°, set down in the following table.

les of Galactic South
Polar Distance.
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Zones of Galactic North
Polar Distance.

0°tol5*

15 to 30

30 to 45

45 to 60

60 to 75

75 to 90

Average Number of Stars

per Field of 1 5' from

M. Struve's Table.

4-32

5-42

8-21

13-61

24-09

53-43

It would appear from this that, with an almost exactly

similar law of apparent density in the two hemispheres, the

southern were somewhat richer in stars than the northern,

which may, and not improbably docs arise, from our situa-

tion not being precisely in the middle of its thickness, but

somewhat nearer to its northern surface.

(797.) "When examined with powerful telescopes, the con-

stitution 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 quite as striking, ex-

hibiting a rapid succession of closely clustering rich patches

separated by comparatively poor intervals, and indeed in some

instances by spaces absolutely dark and comphtcly 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

chax-acter of its different 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 stai-s, though never altogether wanting,

occur in numbers so moderate as to lead us irresistibly to the

conclusion that in these regions we s«e fairly through the

starry stratum, since it is impossible otherwise (supposing

their light not intercepted) that the numbers of the smaller
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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 be-

yond. In other regions Ave are presented with the pheno-

menon of an almost uniform 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 wo are looking

through a sheet of stars nearly of a size, and of no great thick-

ness compared with the distance which separates them from us.

AVere it otherwise we should be driven to 8U[)pose 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 unfrequently, we are presented with a double phtc-

nomenon of the same kind, viz. a tissue as it were of large stars

spread over another of very small ones, the intermediate mag-

nitudes being wanting. The conclusion here seems equally

evident that in such cases we look through two sidereal sheets

separated by a starless interval.

(798.) Throughout by far the larger portion of the extent

of the Milky AVay in both hemispheres, the general blackness

of the ground of the heavens on which its stars are projected,

and the absence of that innumerable multitude and excessive

crowding of the smallest visible magnitudes, 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 unequi-

vocal indications that its dimensions in directions where these

conditions ohtain, are not only not infinite, but that the space-

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 trang-
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parency 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 obscuration 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 circum-

ference, our view is limited by this sort of cosmical veil which

extinguishes the smaller magnitudes, cuts off the nebulous

light of distant masses, 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 be-

yond their utmost reach, as is proved by that very phajnomenon

which the existence of such a veil would render impossible,

viz. infinite increase of number and diminution of magnitude,

terminating in complete irresolvable nebulosity. Such is, in

effect, the spectacle afforded by a very large portion of the

Milky Way in that interesting region near its point of bifur-

cation in Scorpio (arts. 789, 792.) where, through the hollows

and deep recesses of its complicated structure we be-

hold what has all the appearance of a wide and indefinitely

prolonged area strewed over with discontinuous masses and

clouds of stars which the telescope at length refuses to

analyse.* Whatever other conclusions we may draw, tliis

must any how be regarded as the direction of the greatest

linear extension of the ground-plan of the galaxy. And it

It would be doing gi-eat injustice to the illustrious astronomer of Pulkova
(wliose opinion, if we here seem to controvert, it is with the utmost possible

deference and respect) not to mention that at the time of his writing the re-

markable essay already more than once cited, in which the views in question are

delivered, he could not have been aware of the important facts alluded to in the

text, the work in which they are described being then unpublished.
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would appear to follow, also, as a not less obvious consequence,

that in those regions where that zone is clearly resolved into

stars well separated and seen projected on a black ground,

and wliere by consequence it is certain if the foregoing views

be correct that we look out beyond them into space, the smallest

visible 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 is constructed?

And what proportion do its dimensions bear to those of our

own immediate system ? To these questions astronomy haa

at length been enabled to afford an answer.

(800.) The diameter of the earth has served us for the base

of a triangle, 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 favour-

able 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 comes to the same thing, to ground our

calculation on the relative velocities of the earth and planets

in their orbits (art. 486.), when we would push our triangu-

lation 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 ;— that our change of

station, from side to side of it, would produce a considerable

and easily measurable amount of annual parallax in the stars,

and that by its moans we should come to a knowledge of

their distance. But, after exhausting evQry vcfinon\cnt of

observation, astronomers were, up to a very late period.

i«
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unable to come to any positive and coincident conclusion

upon this hca<l ; and the amount of such parallax, even {'or

the nearest fixed star examined with the requisite attention,

remained mixed up with, and concealed among, the errors

incidental to all astronomical determinations. The nature of

these errors has been explained in the earlier part of this

work, and we need not remind the reader of the difficulties

which must necessarily attend the attempt to disentangle an

element not exceeding a few tenths of a second or at most a

whole second from the host of uncertainties entailed on the

results of observations by them : none of them individually

perhaps of greater magnitude, but embarrassing by their

number and fluctuating amount. Nevertheless, by successive

refinements In instrument making, and by constantly pro-

gressive approximation to the exact knowledge of the Urano-

graphical corrections, that assurance had been obtained, even

in the earlier years of the present century, viz. that no sta*

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.) Eadlus Is to the sine of 1" as 206265 to 1. In this

proportion then at least must the distance of the fixed stars

from the sun exceed that of the sun from the earth. Again,

the latter distance, as we have already seen (art. 357.), exce- 1«i

the earth's radius in the proportion of 23984 to 1. Taking

therefore the earth's radius for unity, -^ parallax of 1" supposes

a distance of 4947059760 or nearly five thousand millions of

such units: 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 billions of miles

for our resulting distance.

(802.) 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, as we know (art. 545.), travels at the rate of 192000

miles per second, traversing a scmidiameter of the earth's
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orbit in 8" 13'-3. It wo ild, therefore, occupy 206265 timca

this interval or 3 years and 83 days to traverse the distance

in quc.-ition. Now as this is an inferior limit Avhich it is

already ascertained th.it even the brightest and therefore (in

the absence of all other indications) the nearest stars exceed,

what are we to allow for the distance of those innumerable

stars of the smaller magnitudes which the telescope disclosca

to us ! "What for the dimensions of the galaxy in whoso

remoter regions, as we have seen, the imited lustre of myriads

of stars is perceptible only in powerful telescopes as a feeble

nebulous gleam

!

(803.) The space-penetrating power of a telescope or the

comparative distance to which a given star would require to be

removed in order that it may appear of the same briglitncss in

the telescope as before to the naked eye, maybe calculated from

the aperture of the telescope compared with that of the pupil

of the eye, and from Its reflecting or transmitting power, ^. e.

the proportion of the incident light It conveys to the observer's

eye. Thus it has been computed that the space-penetrating

power of such a reflector as that used In the star-gauges above

referred to Is expressed by the number 75. A star then of the

sixtli .lagnitude removed to 75 times its distance would still

be perceptible as a star with that instrument, and admitting

such a star to havo 100th part of the light of a standard star

of the first magnitude, it will follow that such a standard

star, if removed to 750 ti tes its distance, would excite in the

eye, when viewed througii the gaug.ng telescope, the same

impression as a star of the sixth magnitude does to tli 3 naked

eye. Among the infinite multitut^le o.^" such stars in the

remoter regions of the galaxy, It Is but fair to conclude that

innumerable Individuals ( qual in intrinsic bright iiess 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 whic-h separates them from

our own system. It follows then that when we observe the

places and n;.".^ +he appearances of such stars, we are only

reading their hi ' >ry of two thousand years' anterior date

thus wonderfiilb' l ocordcd. We cannot escape this conclusion

i
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but by adopting as an alternative an intrinsic inferiority of

light in all the smaller stars of the galaxy. We shall be

better able to estimate the probability of this alternative

when we shall have made acquaintance with o+her sidereal

systems whose existence the telescope discloses to us, and

whose analogy will satisfy us that the view of the subject

here taken is in perfect harmony with the general tenor of

astronomical facts.

(804.) Hitherto we have spoken of a parallax of 1" aa a

mere limit below which that of any star yet examined as-

suredly, or at least very probably falls, a I it is not without

a certain convenience to regard this amoi . t of parallax as a

sort of unit of reference, which, connected in the reader's

recollection with a parallactic unit of distance from our system

of 20 billions of miles, and with a 3;^ year's journey of light,

may save him the trouble of such calculations, and ourselves

the necessity of covering our pages Avith such enormous

numbers, when speaking of stars whose parallax has actually

been ascertained with some approach to certainty, either by

direct meridian observation or by more refined and delicate

methods. These we shall proceed to explain, after first

pointing out the theoretical pecuharities which enable us to

separate and disentangle its effects from those of the Urano-

graphical corrections, and from other causes of error which

being periodical in their nature add greatly to the difficulty

of the subject. The effects of precession and proper motion

(see art. 852.) which are uniformly progressive from year to

year, and that of nutation which runs through its period in

nineteen years, it is obvious enough, separate themselves at

once by these characters from that of parallax ; and, being

known with very great precision, and being certainly in-

dependent, as regards their causes, of any individual pecu-

liarity in the stars affected by them, whatever small uijcer-

tainty may remain respecting the numerical elements wliich

enter into their computation (or in mathematical language

their co-efficients), can give rise to no embarrassment. With

regard to aberration the case is materially different. This

correction affects the place of a star by a fluctuation annual
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in its period, and therefore, so far, agreeing with parallax.

It is also vei'y similar in the law of its variation at different

seasons of the year, parallax having for its apex (see art.

343, 344.) the apparent ph.ce 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 of calculation (the co-

efficients excepted) are the same 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 possibility that the velocity

of light may be to some slight amount dependent on in-

dividual pecuharities in the body emitting it.
*

(805.) If we suppose a line drawn from the star to the

earth at all seasonc of the year, it is evident that this line

will sweep over the surface of an exf'eedingly acute, oblique

cone, having for its axis the line joining the sun and star, and

for its base the earth's annual orbit, which, for the present

purpose, we may suppose circular. The star will therefore

appear to describe each year about its mean place regarded

as fixed, and in virtue of parallax alone, a minute ellipse,

the section of this cone by the surface of the celestial sphere,

perpendicular to the visual ray. But there is also another

way in which the same fact may be represented. The ap-

parent orbit of the star about its mean place as a center, will

be precisely that which it would appear to describe, if seen from

tlie 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 lines and directions concerned. Now
the effect of aberration (disregarding the slight variation of

the earth's velocity in different parts of its orbit) is precisely

similar in law, and differs only in amount, and in its bearing

• In the actual state of astronomy and photolojry this necessity can hardly

be considered as still existing, and it is desirable, therefore, that the practice of
astronomers of introducing an unknown correction for the constant of aberration

into their "equations of condition " for the determination of parallax, should be
disused, since it actually tends to introduce error into the final result.

(' i|
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reference to a direction 90° different in longitude. Suppose,

in order to fix our ideas, the maximum of parallax to be I"

and that of aberration 20* 5", and let AH, ab, be two circles

imagined to be described separately, as above, by the star

about its mean place S, in virtue of these two causes respec-

tively, S T being a line parallel to that of the line of equi-

noxes. Then if in virtue of parallax alone, the star would

be found at a in the smaller orbit, it would in virtue of

aberration alone be found at A, in the largQr, the angle a SA
being a right angle. Drawing then A C equal and parallel

to S a, and joining S C, it will in virtue of both simulta-

neously be found in C, i. e. in the circumference of a circle

whose 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

SA : AC :: 20-5 : 1, we find for the angle ASC 2° 47' 35",

and for the length of 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 aberration cu-cle, is

quite imperceptible, and even supposing a quantity so minute

to be capable of detection by a prolonged series of observa-

tions, it would remain a question whether it were produced

by parallax or by a specific difference of aberration from the

general average 20" 'o in the star itself. It is therefore to

the difference of 2° 48' between the angular situation of the

displaced stjir in this hypothetical orbit, i. c. in the arguments
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(jis they are called) of the johit correction (TSC) ami that

of aberration alone ( T S A), that we have to look for the re-

solution of the problem of parallax. The reader may easily

figure to himself the delicacy of an inquiry which turns

wholly (even when stripped of all its other difficulties) on

the precise determination of a quantity of this nature, and

of such very moderate magnitude.

(806.) But these other difficulties themselves are ofno trifling

order. All astronomical instruments are affected bj' difFcrencea

oftemperature. Not only do the materials of which they arc

composed expand and contract, but the masonry and solid piers-

on which they are erected, nay even the very soil on which

these are founded, participate in the general change from sum-

mer warmth to winter cold. Hence arise slow oscillatory

movements of exceedingly minute amount, which levels and

plumblincs afford but very inadequate means of detecting,

and which being also annual in their period (after rejecting

whatever is merely casual and momentary) mix themselves

intimately with the matter of our inquiry, 'iefraction too,

besides its casual .variations from night to night, which a long

series of observations would eliminate, depends for its theo-

retical expression on the constitution of the strata of our

atmosphere, and the law of the distribution of heat and

moisture at different elevations, which cannot be unaffected

by difference of season. No wonder then that mere meri-

dional observations should, almost up to the present time, have

proved insufficient, except in one very remarkable instance,

to afford unquestionable evidence, and satisfactory quantita-

tive measurement of the parallax of any fixed star.

(807.) The instance referred to is that of a Centauri, one

of the brightest and for many other reasons, one of the most

remarkable of the southern stars. From a series of observa-

tions of tliis star, made at the Royal Observatory of the Cape

of Good Hope in the years 1832 and 1833, by Professor

Henderson, with the mural circle of that establishment, a

parallax to the amount of an entire second was concluded on

his reduction of the observations in question after his return

Subsequent observations by Mr. Maclear,

N N
to England.
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partly with the same, and partly with a new and far more
efficiently constructed instrument of the same description

made in the years 1839 and 1840, have fully confirmed the

reality of the parallax indicated uy Professor Henderson's ob

servations, though with a slight diminution in its concluded

amount, which comes out equal to 0"*9128 or about y^ths of

a second ; bright stars in its immediate neighbourhood being

unaffected by a similar periodical displacement, and thus

affording satisfactory proof that the displacement indicated in

the case of the star in question is not merely a 'esult of annual

4)ariations of temperature. As it is impossible at present to

answer for so minute a quantity as that by which this result

differs from an exact second, we may consider the distance of

this star as approximately expressed by the parallactic unit

of distance referred to in art. 804.

(808.) A short time previous to the publication * of thif.

important result, the detection of a sensible and measurable

amount of parallax in the star N° 6 1 Cygni of Flamsteed's

catalogue of stars was announced by the celebrated astro-

nomer of Konigsberg, the late M. Bessel.f This is a

small and inconspicuous star, hardly exceeding the sixth

magnitude, but which had been pointed out for especial ob-

servation by the remarkable circumstance of its being affected

by a proper motion (see art. 852.), i. e. a regular and continu-

ally 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 proxi-

mity exists also in the case of a Centauri, whose unusually

large proper motion of nearly 4" per annum is stated by

Professor Henderson to have been the motive wliich induced

him to subject his observations of that star to that severe dis-

cussion wliich led to the detection of its parallax. M.

• Prof. Henderson's paper was read before the Astronomical Society of

London, Jan. 3. 1839. It bears date Dec. 24. 1838.

t Astronomische Nachrichten, Nos. 36.5, 366. Dec. 13. 1838.
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Bcsscl's obscrvationa of 6 1 Cygni were commenced in August

1837, immediately on the establishment at the Konigsberg

observatory of a magnificent hcliometer, the workmanship

of the celebrated optician Fraunhofer, of Munich, an instru-

ment especially fitted for the system of observation adopted ;

which being totally different from that of direct meridional

observation, more refined in its conception, and susceptible of

far greater accuracy in its practical application, we must now
explain.

(809.) Parallax, proper motion, and specific aberration

(denoting by the latter phrase that part of the aberration of

a star's light which may be supposed to arise from its indi-

vidual peculiarities, and which we have every reason to believe

at all events an exceedingly minute fraction of the whole,)

are the only uranographical corrections which do not neces-

sarily affect alike the apparent places of two stai-s situated in,

or very nearly 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 optically

double, to distinguish it from a star physically double, of which

more hereafter. Aberration (that which is common to all

stars), precession, nutation, nay, even refraction, and instru-

mental causes of apparent displacement, will affect them alike,

or so very nearly alike (if the minute difference of their

apparent places be taken into account) as to admit of the

difference being neglected, or very accurately allowed for,

by an easy calculation. If then, instead of attempting to

determine by observation the place of the nearer of two very

unequal stars (which will probably be the larger) by direct

observation of its right ascension and polar distance, we
content ourselves with referring its place to that of its remoter

and smaller companion by differential observation, i. e. by

measuring only its difference of situation from the latter, wc
are at once relieved of the necessity of making these cor-

rections, and from all uncertainty as to their influence on the

result. And for the very same reason, errors of fidjustment

(art. 136.), of graduation, and a host of instrumental errors,

V V 2
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which would for tills delicate purpose fatally affect the

ivl)3olutc determination of either star's place, are harmless

when only the difference of their places, each equally affected

by such causes, is required to be known.

(810.) Throwing aside therefore the consideration of all

these errors and corrections, and disregarding for the present

the minute effect of specific aberration and the uniformly pro-

gressive effect of proper motion, let us trace 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 Avill 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, abed, be their parallactic ellipses ; then, since

they will 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 Bi; when another

quarter, C c ; and when another, D d. If, then, we measure

carefully, with micrometers adapted for the purpose, their

apparent situation with respect to each other, at different

times of the year, we should perceive a periodical change,
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both in the direction of the line joining them, and in tho

distance between their centers. For the lines A a and C c

cannot be parallel, nor the lines B b and D d equal, unless

the ellipses be of equal dimensions, i. e, unless the two

stars have the same parallax, or arc equidistant from the

earth.

(811.) Now, micrometers, properly mounted, enable U8

to measure very exactly both the distance between two

objects which can be seen together in the same field of a

telescope, and the position of the line joining them with

respect to the horizon, or the meridian, or any other deter-

minate direction in the heavens. The double image micro-

meter, and especially the hcliometer (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 hcliometer also, taking in a

greater range than ordinary micrometers, enables us to com-

pare one large star with more than one adjacent small one,

and to select such of the latter amc^ig many near it, as shall

be most favourably situated for the detection of any motion

in the large one, not participated in by its neighbours.

(812.) The star examined by Bessel has two such neigh-

bours, 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 Ss and Ss' to vaiy so

as to attain their maximum and minimum values alternately

at three-monthly intervals, and tills is what was actually

observed to take place, the one distance being always most

rapidly on the increase or decrease when the other was

stationary (the uniform effect of proper motion being under-

stood of course to be always duly accounted for). This

alternation, though so small in amount as to indicate, as a final
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result, a parallax, or rather a difference of parallaxes between

the large and small stars of havdly more than one third of a

second, was maintained with such regularity as to leave no

room for rcasonablo doubt as to its cause, and having been

confirmed by the further continuance of these observations,

and quite recently by the exact coincidence between the result

thus obtained, and that deduced by M. Peters from obser-

vations of the same star at the observatory of Pulkova*, is

considered on all hands as fully established. The parallax

of this star finally resulting from Bessel's observation is 0"*348

80 that its distance from our system is very nearly three

parallactic units. (Art. 804.)

(813.) The bright star a Lyra5 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 sevsre and

assiduous scrutiny by M. Struve, on the same principle of

differential observation. He has thus established the exis-

tence of a measurable amount of parallax in the large star,

less indeed than that of 6 1 Cygni (being only about ^ of

a second), but yet sufficient (such was the delicacy of hia

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 probability,

the continuation of the measures to the end of 1838 and the

corroborative, though not in this case precisely coincident,

result of Mr. Peters's investigations have converted into a

certainty. IM. 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 grcnt adviintngca

pointed out by Sir William Ilerschel so early as 1781 1»

remained long unproductive of any result, owing partly to

the imperfection of micrometers for the measm-euient of

t

* With the great vertical circle by Ertel.

f It has been referred even to Galileo. Put the general explanation of
Parallax in the Systenia Cosmicum, Dial. iii. p. 271 (Leyden edit. lO'OO) to

wliicli the rffercncc applies, docs not touch any of the peculiar features of the

case, or meet any of its difliculties.
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distance, and partly to a reason which wo shall presently

have occasion to refer to.

(814.) If the component individuals S, s {Jiff. art. 810.)

be (aa is often the case) very close to each other, the pa-

rallactic variation of their anffle of posiiion, or the extreme

angle included between the lines A a, C c, may be very con-

siderable, 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 15" asunder, and otherwise

favourably situated for observation, an annual fluctuation to

and fro in the apparent direction of their line of junction to

the extent of half a degree (a quantity which could not

escape notice in the means of numerous and careful measure-

ments) would correspond to a diiference of parallax of only

^ of a second. A difference of 1" between two stars appa-

rently situated at 5" distance might cause an oscillation in

that hne to the extent of no less than 11°, and if nearer one

proportionally still greater. Tliis mode of observation haa

not yet been put in practice, but seems to offer great ad-

vantages.*

(815.) The following is a list of stars to which parallax

has been up to the present time more or less probably

assigned

:

- 0-913 (Henderson.)
- 0-348 (Bessel.)

- 0-261 (Struve.)

- 0-230 (Henderson.)
- 0-226 (Peters.)

- 0-133 ditto.

- 0-127 ditto.

- 0-067 ditto.

- 046 ditto.

a Ccntauri -

61 Cygni
a Lyras •

Sirius

1830 Groombridgef
I Ursae Majoris

Arcturus -

Polaris

Capella

Although the extreme minuteness of the last four of these

results deprives them of much numerical reliance, it is at

least certain that the parallaxes by no means follow the order

of magnitudes, and this is farther shown by the fact that «

Cygni, one of M. Peters's stars, shows absolutely no indica-

tions of any measurable parallax whatever.

* See Phil. Trans. 1826, p. 266. et seq. and 1827, for a list of stars well

ailapted for sii^h observation, with the times of the year most favourable.— The
list in Phil. Trans. 1826, is incorrect.

t Groombridge's catalogue of circumpolar stars.
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(816.) Fi'om the diatancc of the stars we arc naturally led

to the cousidcration of their real uiagnitiules. Ikit here u

difficulty arises, which, so fur as wc can judge of what optical

iiistruments arc capable of effecting, must always remain

insuperable. Telescopes afford us only negative information

as to the apparent angular diameter of any star. The round,

well-defined, planetary discs which good telescopes show

when turned upon any of the brighter stars are phajnoniena

of diffraction, deixjndent, though at j)resent somewhat enig-

matically, 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 spurious

discs. The proof of this is that telescopes of different aper-

tures and magnifying powers, when applied for the purpose

of measuring their angular diameters, give different results, the

greater aperture (even with the same magnifying power)

giving the smaller disc. That the true disc of even a large

and bright star can have but a very minute angular measure,

appears from the fact that in the occultation of such a star

by the moon, its extinction is absolutely 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 disappearance, wliich could

not be the case Avere it a real object. If our sun were

removed to the distance expressed by our parallactic unit

(art. 804.), its apparent 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 im-

mensely superior in intensity to that of any star, that it is

impracticable to obtain any direct comparison between them.

But by usiiig the moon as an intermediate tenn of comparison

it may be done, not indeed with much precision, but sufficiently

well to satisfy in some degree our curiosity on the subject.

\m
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Now a Centfiurl has been directly compared with the moon !)y

the method explained in Art. 783. By a mean of eleven Huch

comparisons made in various states of the moon, duly red\iocd

and making the proper allowance on photometric principles

for the moon's light lost by transmission through the lens and

prism, it appears that the mean quantity of light sent to tho

earth by a full moon exceeds that sen. by « Centauri in the

proportion of 27408 to 1. Now "VVollaston, by a method

apparently unobjectionable, found * the proportion of tho

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 to 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*3247, that of the sun being unity.f

(818.) The light of Sirius is four times that of a. Centauri

and its parallax only 0"-230. (Art. 230.) This in effect

ascribes to it an intrinsic splendour equal to 63 '02 tunes that

of our sun. %

* Wollaston, Phil. Trans. 1829. p. 27.

f Results of Astronomical Observations at the Cape of Good Hope, SfC. Art. 278.

p. 563. Ifonly the results obtained near the quadratures of tlie moon (wliicli

is the situation most favourable to exactness) be used, the resulting value of the

intrinsic light of the star (the sun being unity) "s 4 J.586. On the other

hand, ifonly 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 the work cited it is necessary to mention that the quantity there

designated by M, expresses, on the scale there adopted, 500 times the actual

illuminating power of the moon at the time of observation, that of the mean
full moon being unity.

j: See the work above cited, p. 367 Wollaston makes th*. ligdt of Sirius one
20,000-millionth of the sun's. Steinheil by a very uncertain method found (•_^=i

(3286500)* X Arcturus.

11!
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CHAPTER XVI.

1^' *v t
^

VAKIABLE AND PERIODICAL STARS. — LIST OP THOSE ALREADY

KNOWN. IRREGULARITIES IN THEIR PERIODS AND LUSTRE WHEN
BRIGHTEST. UlREGULAR AND TEMPORARY STARS. ANCIENT

CHINESE RECORDS OP SEVERAL.—MISSING STARS.—DOUBLE STARS.

—THEIR CLASSIFICATION.— SPECIMENS OP EACH CLASS.— BINARY

SYSTEMS. REVOLUTION ROUND EACH OTHER. — DESCRIBE EL-

LIPTIC ORBITS UNDER THE NEWTONIAN LAW OP GRAVITY. — ELE-

MENTS OP ORBITS OP SEVERAL. ACTUAL DIMENSIONS OP THEIR

ORBITS.—COLOURED DOUBLE STARS.— PILENOMENON OP COMPLIi-

MENTARY COLOURS.— SANGUINE STARS.— PROPER MOTION OF THE

STARS. — PARTLY ACCOUNTED FOR BY A REAL MOTION OP THE

SUN.— SITUATION OP THE SOLAR APEX.— AGREEMENT OP SOUTH-

ERN AND NORTHERN STARS IN GIVING THE SAME RESULT.— PRIN-

CIPLES ON WHICH THE INVESTIGATION OP THE SOLAR MOTION

DEPENDS.— ABSOLUTE VELOCITY OP THE SUN'S MOTION.— SUP-

POSED REVOLUTION OP THE WHOLE SIDEREAL SYSTEM ROUND A
COMMON CENTER. SYSTEMATIC PARALLAX AND ABERRATION

EFFECT OF THE MOTION OP LIGHT IN ALTERING TUE APPARENT

PERIOD OP A BINARY STAR.

(819.) Now, for what purpose are we to suppose such

magnificent bodies 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 meaning and rea-

lity, and bewilder us among vain conjectures. Useful, it is

true, they arc to man as points of exact and permanent

reference ; but he must have studied astronomy to little

purpose, who can suppose man to be the only object of his

Creator's care, or who does 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, arc themselves suns, and may, perhaps, each
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in its sphere, be the presiding center round which other

planets, or bodies of which we can form no conception from

any analogy offered by our own system, may be circulating.

(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 wo
can trace the law of periodicity—the regular recurrence of

the same phaenomena in the same times—we are strongly

impressed with the idea of rotatory or oibitual motion.

Among the stars are several which, though no way distin-

guishable from others by any apparent 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 (sometinaes called Mira Ceti), which

was first noticed as variable by Fabricius in 1596. It

appears about twelve times in eleven years, or more exactly

in a period of 33 1*^ 15^* 7™; remains at its greatest bright-

ness 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 continues increasing during the remainder 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. Argelander, the mean

period above assigned would appear to be subject to a cyclical

fluctuation embracing eighty-eight such periods, aud having

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 periodical.

• Aslionoin, Nachr. No. 6'M.
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Ilevcllus 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 its maxi-

mum for that year according to M. Argelander's observations)

when it exceeded a Ceti and equalled /9 Aurigae in lustre.

(821.) Another very remarkable periodical star is that

called Algol, or yS Persei. It is usually visible as a star of

the second magnitude, and such it continues for the space

of 2*^ IS^**, when it suddenly begins to diminish in splendour,

and in about 3^ hours is reduced to the fourth magnitude, at

which it continues about 15™. It then begins again to in-

crease, and in 3i hours more is restored to its usual brightness,

going through all its changes in 2'^ 20'' 48™ 58'-5. This re-

markable law of variation certainly appears strongly to

suggest the revolution round it of some opaque body, which

when interposed between us and Algol, cuts off a large

portion of its light ; and tliis is accordingly the view taken of

the matter by Goodricke, to whom we owe the discovery of

this remarkable fact f? in the year 1782; 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 ob-

servations of Argelander, Heis, and Schmidt, even go to prove

that this diminution is not uniformly progressive, but is ac-

tually proceeding with accelerated rapidity, which however

will probably not continue, but, like other cyclical combina-

tions in astronomy, will by degrees relax, and then be

changed into an increase, according to laws of periodicity

wluch, as well as their causes, remain to be discovered. The

• Lalande's Astronomy, Art. 794.

f Tlie same discovery appears to have been made nearly about the same time
by Palitzch, a farmer of Prolitz, near Dresden,— a peasant by station, an astro-

nomer by nature, — who, from liis familiar accjuaintance with the aspeat of tlie

Iicavens, had been led to notice among so many thousand stars tliis one as dis-

tinguislied from the rest by its variation, and bad ascertained its period. The
same Palitzch was also the first to re-discover the predicted comet of Halley in

1 759, which he saw nearly a month before any of the astronomers, who, armed
with their telescopes, v/ero anxiously watching its return. These anecdotes
carry us back to the era of the Chaldean shciiherds.
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jfirst minimum of tliis star in the year 1844 occurred on Jan.

3. at 4** 14™ Greenwich mean time.*

(822). The star B in the constellation Cepheus is also sub-

ject to periodical variations, which, from the epoch of its first

observation by Goodrickc in 1784 to the present time, have

been continued with perfect regularity. Its jieriod froiu

minimum to minimum is 5'^ 8** 47™ 3 9*
'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 diminution, the interval between the

minimum and maximum of its light being only 1*^ 14*^, wliile

that from the maximum to the minimum is 3"^ 1 9^.

(823.) The periodical star /S Lyra;, discovered by Good-

ricke also in 1784, has a period which lias been usually stated

at from 6^ 9^ to 6^ 1 1**, and there is no doubt that in about

this interval oftime its light undergoes a remarkable diminu-

tion and recovery. The more accurate observations of M.
Argelander however have led him to conclude f the true

period to be 12'^ 21'> 53™ 10% and that in this period a double

maximum and minimum takes place, the two maxima being

nearly equal and both about the 3*4 magnitude, but the

minima considerably unequal, viz. 4'3 and 4*om. 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 appearance 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 absolute minimum of this stai*, !M. Argelandcr's cal-

culations enable us to assign 1846 January 3^ O** 9™ 53*

G. M. T.

(824.) Another periodical star whose changes have been

• Ast Nach. No. 472.

\ Astron. Nachr. No. 624. See also the valuable papers by this excellent

astronomer iu A. N. Nos. 417, 455, &c.
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carefully observed is »j Aquilae or Antinoi, first pointed out

by Pigott in 1784 (a year fertile in such discoveries) as be-

longing to that class. Its period is 7* 4'' 13™ 53*, the first

minimum for 1849 occurring on Jan. 2. at lO'* 22°* 55" G. M.T.

It occupies fifty-seven hours in it3 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 Avith precision as to their periods,

epochs, and phases of brightness. But the number of those

whose period is approximately or roughly known is consi-

derable, and of those Avhose 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 :
—

•rpif

M
li^ *:

4 ,

Star.
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Star.
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irregular. Plgott'a variable star in Corona 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 « Orionis, which were most striking and un-

equivocal 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 phajnomena

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 phajnomcna

we allude to arc those of Temvorary Stars, which have aj)-

peared, from time to time, in clitFerent parts of the heaven ^,

blazing forth witli extraordinary lustre ; and after remaining

awhile apparently immovable, have died aAvay, and left no

trace. Such Is the star which, suddenly appearing 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, Avas the star which appeared, a. d.

389, near a Aquila;, 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 hea-

vens between Cepheus and Cassiopeia ; and, from the imper-

fect account we have of the places of the two earlier, as com-

pared 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 Goodricke,

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 la-

boratory to his dwelling-house, was surprised to find a group

of country people gazing at a stai', which he was sure did not

exist half an hour before. This was the star in question. It
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was then as bright as Sinus, and continued to increase till

it surpassed Jupiter when brightest, and w^js visible at mid-

day. It began to diminish in December of the same year,

and in March, 1574, had entirely disappeared. So, also, on

the 10th of October, 1604, a star of this kind, and not less

brilliant, burst forth in the constellation of Serpentarius,

which continued visible till October, 1605.

(828.) Similar phaenomena, though of a less splendid cha-

racter, have taken place more recently, as in the case of the

star of the third magnitude discovered in 1670, by Anthelm,

in the head of the Swan ; which, after becoming completely

invisible, re-appeared, and, after undergoing one or two sin-

gular 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 fifth magnitude or 5*4 (very conspi-

cuous to the naked eye) in a part of the constellation Opliiu-

chus (R.A. 16'* 51"^ l''-5. N.P.D. 102° 39' U"), where, from

perfect familiarity with that region, he was certain that up

to the 5th of that month no star so bright as 9*10 m. i)re-

viously existed. Neither has any record been discovered of

a star being there observed at any previous time. From the

time of its discovery it continued to diminish, without any

alteration of place, and before the advance of the season ren-

dered 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

r) Argds, 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 se-

cond. 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 continuea totil the end of 1837. All at once in the be

o o
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ginning of 1838 it suddenly increased in lustre bo as to

surpass all the stars of the first magnitude except Sinus,

Canopus, and a Centauri, which last star it nearly equalled.

Thence it again diminished, but this time not below the first

magnitude until April, 1843, when it had again 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 phasnomenon. 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 fluc-

tuations are spread over centuries, apparently in no settled

period, and with no regularity 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 bo

termed visionary, when we consider that, from what has

before been said, we are compelled to admit a community of

nature between the fixed stars and our own sun ; and when

we reflect that geology testifies to the fact of extensive

changes having taken place at epochs of the most remote an-

tiquity in the climate and temperature of our globe ; changes

diflicult to reconcile with the operation of secondary causes,

such as a different 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 affprded primarily by the sun

itself.

(831.) The Chinese annals of Ma-touan-lin *, in which stand

officially recorded, though rudely, remarkable astronomical

phaenomena, 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 «

* Translated by M. Edward Biot, Connoissance des Temps, 1846.
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and /3 Centauri, 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 re-

mained visible in the southern part of the heavens during

three months," * a situation agreeing with the Chinese re-

cord, which places it low in Sagittarius. Among several less

unequivocal is one referred to b. C. 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, toithout exception, in or close upon

the borders of the Milky Way, and that only within the fol-

lowing 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

mistake 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

especially voyagers at sea, provided with only good eyes, or

moderate instruments, 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-

1^!^ 1>I

Iji W#ni> Ul|

* Hind, Notices of the Astronomical Society, viii. 156., citing Hcpidannus.
He places the Chinese star of 173 b.c. between a and j3 Cani» Minoru, but M.
Biot distinctly says a, /3 pied oriental du Cntaure.
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antecedent to any observation) of the existence of conijjound

stars revolving about one another, or rather about t'u'ir com-

mon center of gravity. M. Struve, pursuing the same train

of thought as applied specially to the cases of double and

triple combinations of stars, and grounding his computations

on a more perfect enumeration of the stars visible down to

the 7th magnitude, in the part of the heavens visible at Dor-

pat, calculates that the odds are 9570 to 1 against any two

stars, from the 1st 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 32" of a third, so as to constitute a

triple star, is not less than 173524 to 1. Now, four such

combinations occur in the heavens ; viz. 6 Ononis, a Ononis,

1 1 Monocerotis, and ? Cancri. The conclusion of a physical

connexion of some kind or other is therefore unavoidable.

(834.) Presumptive evidence of another kind is furnished

by the following 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 prima

facie probability of 9578 to 1 against their apparent proximity.

The two stars of « Centauri are both at least of the 2nd

magnitude, of which altogether not more than about 50 or

60 exist in the whole heavens. But, waving this considera-

tion, both these stars, as we have already seen, have a proper

motion so considerable that, supposing the constituent indi-

viduals unconnected, one would speedily leave the other be-

hind. Yet at the earliest dates at which they were respec-

tively observed these stars were not perceived to be double,

and it is only to the employment of telescopes 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

o 3
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1751, was barely able to perceive the separation of the two

constituents of a Centauri, 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 phy-

sical connexion may be regarded as proved by this fact alone.

(835.) Sir William Hcrschcl has enumerated upwards of

500 double stars, of which the individuals are less than 32"

asunder. M. Struve, prosecuting the inqiry with instru-

ments 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 ob-

servers have extended still further the catalogue of " Double

Stars," without exhausting the fertility of the heavens.

Among these are a great many in which the distance between

the component individuals does 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 2nd those in which it exceeds 1" but falls short of 2"
;

the 3rd class extends from 2" to 4" distance ; the 4th from

4" to 8" ; the 5th from 8" to 12"; the 6th from 12" to 16";

the 7th from 16" to 24", and the 8th from 24" to 32". Each

class he again subdivides into two sub-classes of which the

one under the appellation of conspicuous double stars (duplices

Incidte) comprehends those in which both individuals exceed

the 8^ magnitude, that is to say, are separately bright enougli

to be easily seen in any moderately good telescope. 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 reliquce). This arrange-

ment is so far convenient, 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 suflice to resolve a ^ar of

any proposed class and either sub-class, or would at least be

so if the second or residuary sub-class were further subdivided

by placing in a third sub-class " delicate " double stars, or

those in which the companion star is so very minute as to
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require a high degree of optical power to perceive it, of which

instances will presently be given.

(836.) The following may be taken as specimens of each

class. They are all taken from among the lucid, or conspi-

cuous stars, and to such of our readers as may be in possession

of telescopes, and may be disposed to try thom on such ob-

jects, will afford lum a ready test of their degree of efficiency.

•y Coronas Bor.

7 Centauri.

7 Lupi.

f Arietis.

i Herculis.

7 Circini.

8 Cygni.

• ChameeleontU.

a P'tscium.

fi Hydrae.

7 Ceti.

7 Lconis,

7 Coronae Aus.

a Crucis.

a Herculis.

a Geminorum.
8 Geminorum.

( Coronae Bor.

j3 Orionis.

7 Arietis.

7 Delphini.

a Centauri.

j3 Cephei.

/3 Scorpii.

a Canum Ven.
c Normae.

f Pisciuni.

8 Herculis.

7j LyrK.
t Cancri.

Class L, 0" to 1".

ri Coronat.

Ti Herculis.

\ Cassiopeia.

A Ophiuchi.
ir Lupi.

1 Ophiuchi.

<p Draconis.

<p Ursas Mi^'orls,

X AquilaB.

w Leonis.

Class II., I" to 2".

( Bootis. { Ursas Majoris.

t Cassiopeia;. ir Aquiltc.

i 2 Cancri. a Coronas Bor.

Class III., 2" to 4".

7 Virginis. f Aquarii.

8 Serpentis. ( Orionis.

< Bootis. < Leonis.

e Draconis. i Trianguli.

« Hydra;. k Leporis.

Class IV., 4" to 8".

6 Phoenicis. ( Cephei.

K Cephei. ir Bootis.

K Orionis. p Capricorn!.

H Cygni. v Argus.

( Bootis. 01 Aurign;.

Class v., 8" to 12".

f Antliae.

n Cassiopeis.

Eridani.

Atlas Pleiaduin.

4 Aquarii.

42 Comae.

52 Arietis.

66 Piscium.

2 Camclopardi.
32 Orionis.

52 Orionis.

ju Draconis.

fi Canis.

p Herculis.

<r Cassiopeia?.

44 Bootis.

ft Eridani.

70 Ophiuchi.
12 Eridani.

32 Eridani.

95 Herculis.

t Orionis.

f Eridani.

2 Canum Vcn.

Class VL, 12" to 16".

7 Volantis. k Bootis.

7) Lupi. 8 Monocerotis.

C Ursae Major. 61 Cygni.

Class VII., 16" to 24".

Serpentis. 24 Comae.

K Coronae Aus. 41 Draconis.

X Tauii. 61 Ophiuchi.

Class VIII., 24" to 32".

K Herculis. x Cygni.

K Cephei. 23 Orionu.

1^ Draconis.
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(837.) Among the most remarkable triple, quadruple, or

multiple stars (for such also occur), may be entunerated.

a AndroinedaB.
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(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 exhibit, of which more hereafter.

But it is the high degree of physical interest which attaches

to them, which assigns them a conspicuous place 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 perio'^lcal variations it might be expected to

produce in the relative situation of the small attendant star,

that Sir W. Herschel was induced (between the years 1779

and 1784) to form the first extensive catalogues of them,

under the scrutiny of higher magnifying powers than had

ever previously been applied to such purposes. In the pur-

suit of this object, tlie end to which it was instituted as a

means was necessarily laid aside for a time, until the accu-

mulation of more abundant materials should have afforded a

choice of stars favourably circumstanced for systematic ob-

servation. 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 phainomena of a very unexpected character, which at once

engrossed his whole attention. Instead of finding, as he ex-

pected, that annual fluctuation to and fro of one star of a

doid)le star with respect to the other,— that alternate annual

increase and decrease of their distance and angle of position,

which tlie parallax of the earth's annual motion would pro-

duce,—he observed, in many instances, a regular progressive

change; in some cases bearing chiefly on their distance,— in

otliers on their position, and advancing steadily in one direc-

tion, po as clearly to indicate eitlier a real motion of the stars

themselves, or a general rectilinear motion of the sun and

whole solar system, producing a parallax of a liighcr order

than would arise from the earth's orbitual motion, and which

stcmatic parallax.igh syi

I
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(840.) Supposing the two stars, and also the sun, in motion

independently 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 geo-

metry wiU suffice to show that the apparent motion of one

star of a double star, referred to the other as a center, 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, for instance, real proxi-

mity and mutual gravitation would establish. In that case,

they would describe orbits round each other, and round their

common center of gravity ; and therefore the apparent path

of either, referred to the ether as fixed, instead of being a

portion of a straight line, w ould be bent into a curve concave

towards that other. The observed motions, however, were

so slow, that many years' observation was required to ascer-

tain this point ; and it was not, therefore, until the year

1803, twenty-five years from the commencement of the in-

quiry, that any thing like a positive conclusion could be come

to respecting the reotilinear or orbitual character of the ob-

served 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

Trai:sactions of the Royal 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

generally o called, in which these physically connected stars

are confounded, perhaps, with others only optically double, or

casually juxtaposed in the heavens at different distances from

the eye ; whereas the individuals of a binary star are, of

course, equidistant from the eye, or, at least, cannot differ

more in distance than the semi-diameter of the orbit they

describe about each other, which is quite insignificant com-

pared with the immense distance between them and the earth.

* The announcement was in fact made in 1802, but unaccompanied by the

observations establishing tlie fact.
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Between fifty and sixty instances of changes, to a greater or

less amount, in the angles of 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 conspicuous stars,— Castor, y Virginis, f Ursae, 70

Ophiuchi, (T and >j Coronae, f Bootis, ij Cassiopeia;, y Leonis,

? Herculis, 8 Cygni, /* Bootis, e 4 and e 5 Lyras, A Ophiuchi,

I* Draconis, and ? Aquarii, are enumerated as among the

most vemarkable instances of the observed motion ; 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 inadequate. For in-

stance, 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

;

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 closely drawn to the subject,

and observations have multiplied) it has, of late, received

large accessions. Upwards of a hundred double stars, cer-

tainly knqwn to possess this character, 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 eiFective

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 be supposed, that phaenomena of this

kind would not pass without attempts to connect them with

dynamical theories. From their first discovery, they were

naturally referred to the agency of some power, like that of

* Dorpat Observations, vol. ix, 1840 and 1841.
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gravitation, connecting the stars thus demonstrated to be in

a state of circulation about each other ; and the extension of

the Newtonian law of gravitation to these remote systems

was a step so obvious, and so well warranted by our experi-

ence of its all-sufficient agency in our own, as to have been

expressly or tacitly made by every one who has given the

subject any share of his attention. We owe, however, the

first distinct system of calculation, by which the elliptic

elements of the orbit of a binary star could be deduced from

observations of its angle of position and distance at different

epochs, to M. Savary, who showed*, that the motions of one

of the most remarkable among them (f UrsaB) were explicable,

witliin the limits allowable for error of observation, on the

supposition of an elliptic orbit described in the short period

of 58^ years. A different process of computation conducted

Professor Enckef to an elliptic orbit for 70 Ophiuchi, de-

scribed in a period of seventy-four years. M. Miidler has

especially signalized himself in this line of inquiry (see note).

Several orbits have also been calculated by Mr. Hind and

Captain Smyth, and the author of these pages has liimself

attempted to contribute his mite to these interesting inves-

tigations. The following may be stated as the cliief results

which have been hitherto obtained in this branch of as-

tronomy :
—

* Connoiss. des Temps, 1830. f Berlin Ephem. 1832.

The elements Nos. 1,2, 3, 4c, 5, 6c, 1, lib, 12a, are extracted from

M. Madler's synoptic view of the history of double stars in vol. ix. of the Dorpat
Observations: 4a, from the Connoiss. des Temps, 1830: 4 b, 6 b, and 11a,

from vol. V, Trans. Astron. Soc. Lond. : 6 a, from Berlin Ephemeris, 1832 :

No. 8. from Trans. Astron. Soc. vol. vi. : No. 9, 1 1 c, 1 2 b, and 1 3 from Notices

of the Astronomical Society, vol. vii. p. 22., and viii. p. 159., and No. 10 from

the author's " Results of Astronomical Observations, &c. at the Cape of Good
Hope," p. 297. The 2 prefixed to No. 7. denotes the number of the star in

M. Struve's Dorpat Catalogue (Catalogus Novus Stellarum Duplicium, &c.

Dorpat. 1827), which contains the places for 1826 of 31 12 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. Tlie "inclination" in col. 6. is tlie

inclination of these two planes to one another. Col. 5. shows the angle ac-

tually inchidcA 171 the plane of the orbit, hetvieen the line of nodes (defined as

above) and the line of apsides. The elements assigned in this table to w Leonis,

4 Rootis, and Castor must be considered as very doubtful, and the same may
perhaps be said of those ascribed to /u 2 Bootis, which rest on too small an arc of

the orbit, and that too imperfectly observed, to afford a secure basis of calculation.
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(844.) Of the stars in the abo^'e list, that which has been

most assiduously watched, and has offered phaenomena of the

greatest interest, is 7 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 observa-

tions of M. Struve, the one is alternately a little greater,

and a little less than the othc, and occasionally exactly

equal to it. It has been known to consist of two stars since

the beginning of the eighteenth century ; the distance being

then between six and seven seconds, so that any tolerably

good telescope would resolve it. When observed by Ilerschel

in 1780, it was 5""66, and continued to decrease gradually

and regularly till at length, in 1836, the two stars had ap-

proached so closely as to appear perfectly round and single

under the highest magnifying power which could be ap-

plied 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 star?,

center from center, might be stated at 0"*22. From that

time the star again opened, and at present (1849) the in-

dividuals are more than 2" asunder. This very remarkable

diminution and subsequent increase 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 conformity

with the principles of Dynamics, which establish a necessary

connexion 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, what-

-*,.iL.
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ever be the curve described and whatever the law of the

attractive force. It fortunately happens that Bradley, in

1718, had noticed and recorded in the margin of one of his

observation books, the apparent direction of the line of junc-

tion of the two stars, as seen on the meridian in his transit

telescope, viz., parallel to the line joining two conspicuous stars

a and B of the same constellation, aa seen by the naked eye.

This note, rescued from oblivion by the late Professor Rigaud,

has proved of singular service in the verification of the elements

above assigned to the orbit, which represent the whole series

of recorded observations that date up to the end of 1846

(comprising an angular movement of nearly nine-tenths of

a complete circuit), both in angle and distance, with a degree

of exactness fuUi/ equal to that of observation itself. No
doubt can, thereibrc, remain as to the prevalence in this

remote system of the Newtonian law of gravitation.

(845.) The observations of ^ Ursoe Majoris are equally

well represented by M. Mlidler'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. Madler 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 revo-

• p Ophiuchi belongs to the class of very unequal double stars, the magni-
tudes of the individuals being 4 and 7. Such stars present difficulties in the

exact measurement of their angles of position which even yet continue to em-
barrass the observer, though, owing to later improvements in the art of executing

such measurements, their influence is confined within much narrower limits than

in the earlier history of the subject. In simply placing a fine single wire parallel

to the line of .{unction of two such stars it is easily possible to commit an error

of 3° or 4°. By placing them between two parallel thick wires such errors are

in great measure obviated.
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lutions since the epoch of its first discovery, exhibiting in

its course the extraordinary spectacle of a sidereal occultation,

the small star having twice been completely hidden behind

the large one. nj Coronae, ? Cancri, and f Ursas have eacli

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 ex-

plaining them by mere parallactic changes, or by any other

hypothesis than the agency of centripetal force, these facts

must suffice for their complete dissipation. We have the

same evidence, indeed, of their rotations about each other,

that we have of those of Uranus and Neptune about tlie

Sim; and the correspondence between their calculated and

observed places in such very elongated ellipses, must be

admitted to cany 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 and 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 cometary nature round a solar center that we
are now concerned; it is with that of sun round sun— each,

perhaps, at least in some binary systems 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 enonnous 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 in-

compatible with the stability of their systems, and with

the planetary nature of their orbits. Unless closely nestled

under the protecting wing of their immediate superior, 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
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the

here a strangely wide and novel field for speculative excur-

sions, and one which it is not easy to avoid luxuriating in.

(848.) The discovery of the parallaxes of « Centauri and 61

Cygni, both which aie above enumerated among the " conspi-

cuous " double stars of the 6th class (a distinction fully merited

in the case of the former by the brilliancy of both its con-

stituents), enables us to speak with an approach 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 earth an angle

which, since the earliest micrometrical 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 trvie form of the orbit is not for from circular, its

situation at right angles to the visual line, and its periodic

time probably not short of 500 years. Now, as the as-

certained parallax of tliis star is 0"'348, which is, therefore,

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''''348, or as 44*54 : 1.

The orbit described by these two stars about each other un-

doubtedly, therefore, greatly exceeds in dimensions that

described by Neptune about the sun. INIoreover, supposing

the period to be five centuries (and the distance being ac-

tually on the increase, it can hardly be less) the general pro-

positions laid down by Newton*, taken in conjunction with

Kepler's third law, enable us to calculate the sum of the

masses of the two stars, which, on these data, we find to be

0*353, the mass of our sun being 1. The sun, therefore, is

neither vastly greater nor vastly less than the stars com-

posing 61 Cygni.

(849.) The data in the case of « Centauri ai'e more un-

certain. 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 Avith very little change in the

* Principia, 1. i. Prop. 57, 58,59.
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angle of position. Hence, it follows evidently that the

j)lane of its orbit passes nearly througii the earth, and (the

distance about the middle of 1834 having been 17^") it is

very probable that either an occultation, like that observed

in ? Herculls, 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 all

events, they fully justify, viz., that the major semiaxis must

exceed 12", and is very probably 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 stai's is a

remarkable one. Owing no doubt to their comparative prox-

imity to our system, their apparent proper motions arc both

unusually grcf^-t, and for the same reason probably rather

than owing to unusually large dimensions, their orbits ai)pear

to us under what, for binary double stars, we must call un-

usually 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. What-
ever the diversity, therefore, which may obtain among other

sidereal objects, these would appear to belong to the same

family or genus.

f

(851.) Many of the double stars exhibit the curious and

beautiful phaonomenon of conti'asted or complementary

colours. X In such instances, the larger star is usually of a

* Elements have been recently computed by Captain Jacob, for which see the
table, p. 573.

t Similar combinations are very numerous. Many remarkable instances
occur amonij the double stars catalogued by the author in the 2nd, 3rd, -Itli,

Cth and 9tli volumes of Trans. Hoy. Ast. Soc. and in the volume of SoutlK-rn
observations already cited. See Nos. 121, 375, 1066, 1907, 2030, 2146, 2'J44,

2772, 3853, 3395, 3998, 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.

t other suns, perhaps.

With their attendant moons thou wilt descry,
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ruddy or orange luio, wliile tlie emaller 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 seen alone would produce no sensation but of white-

ness, shall for the time appear coloured with the tint com-

I)lementary 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 i Cancri—
the latter by y Andromeda)*, 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 in-

stance, t) Cassiopeia; exhibits the beautiful combination of

a large white star, and a small one of a rich ruddy purple.

It is 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 imagi-

nation, what variety of illumination tico 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 f, occur in many parts of the heavens.

U

M

Communicating male and female light,

(Which two great sexes animate the world,)

Stored in each orb, perhaps, with some that live."

Paradise Lost, viii.

:
(•'

148.

• Ti)e small star of y Andromedoe is close double. Both its individuals are

green: a similar combination, with even more decided colours, is presented by
the double star, h. 881.

f The following are the R. ascensions and N. P. distances for 1 830, of some
of the most remarkable of these sanguine or ruby stars :—
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but no green or blue star (of any decided hue) lias, wc believe,

over been noticed unneaociated with a companion brighter

than itself. Many of the red stars are variable.

(852.) Another very interesting subject of inquiry, in the

jjhysical history of the stars, ia thoir proper motion. It was

first noticed by Ilallcy, that three principal stars, Sirius,

Arcturus, and Aldebaran, arc placed by Ptolomy, on the

strength of observations made by llipparchus, 130 years B.C.,

in latitudes respectively 20', 22', and 33' more northerli/ 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, re-

spectively 10', 14', and 0' more southcrli/. As the circum-

stances of the statement exclude the sujjposition of error of

transcription in the MSS., we are necessitated to admit a

southward motion in latitude in these stars to the very con-

siderable extent, respectively, of 37', 42', and 33', and this is

corroborated by an observation 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 occul-

tation by the moon, in such a position as it could not have

had if the occultation were rot nearly central. Now, from the

knowledge we have of the lunar motions, this could not havo

been the case had Aldebaran at that time so much southern

latitude as at present. A priori, it might be expected that

apparent motions of some kind oi* other should be detected

among so great a multitude of individuals scattei-ed through

space, and with nothing to keep them fixed. Their mutual

attractions even, however inconceivably enfeebled by dis-

tance, and counteracted by oj'posing attractions from o^)-

posite quarters, must in the lapso of countless ages produce

R. A.
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some inovcincnts— ?omc chiiugc of internal arraiigcincnt

— resulting from the difterence of the opposing actions.

And it is a fact, that such apparent motions are really [)roved

to exist by tlie exact observations of modern aatronoujy.

Thu.H, as we have seen, tlie two stara 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 tlio 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,

e Indi* and j* Cassiopeia; are to be remarked as having the

greatest proper motions of any yet ascertained, amounting

resi)ectivcly to 7"'74 and 3" '74 of annual displacement. And
a great many others have been observed to be thus constantly

carried away from their places by smaller, but not less un-

equivocal motions, f

(853.) INlotions which require whole centuries to accumu-

late before they produce changes of arrangement, such as

the naked eye can detect, though quite pufficient to destroy that

idea of mathematical fixity which precludes speculation, are

yet too trifling, as 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, astronomer?, once assured of their reality, have

not been wanting in attempts to explain and reduce them

to general laws. No one, who reflects with due attention

on the subject, will ])e inclined to deny the high probability,

nay certainty, that the sun as well as the stars must have a

proper motion in some direction ; and the inevitable conse-

quence of such a motion, if unparticipatcd by the rest, must

» D'AiTcst. Astr. Nadir., No. 618.

f Tlie re.idcr may consult " a list of 314 stfirs liaving, or supposed to have,

a proper motion of not less thiin about 0"'5 of a great circle" (per annum) by
the late V. 15aily, Esq. Trans. Aat, Soc. v. p. 158.
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be a slow average apparent tendency of all the stars to the

vanishing point of lines parallel to that direction, and to the

region which he is leaving, however greatly individual stars

might differ from such average by reason of their own pecu-

liar proper motion. This Is the necessary effect of perspec-

tive ; and it is certain that it must be detected by observa-

tion, 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 neighbourhood, were not drifting along

together, by a geiieral set as it were, in one direction, the

result of unknown processes and slow internal changes going

on in tli^ sidereal stratum to which our system belongs, as we

see motes sailing in a current of aii', and keejwng 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 tho

apparent proper motions of such stars as could at that period

be consideved as tolerably (though still imperfectly) ascer-

tained, arrived at the conclusion that a relative motion of the

Bun, among the fixed stars in the direction of a point or

parallactic apex, situated near \ Ilerculis, that is to say, in

R,A. 17'^ 22«=:260° 34', N.P.D. ^,.° 43' (1790), would

account for the chief observed apparent motions, leaving,

however, some still outstanding and not explicable by this

cause ; and in the same year Prevost, taking nearly the same

view of the subject, arrived at a conclusion as to the solar

apex (or point of the sphere towards which the sun relatively

advances), agreeing nearly in polar distance with the fore-

going, but differing horn, it about 27° in right ascension.

Since that time methods of calculation have been improved

and concinnated, our knowledge of the proper motions of

the stars has been rendered more precise, and a greater

number of cases of such motions have been recorded. The
subject has been resumed by several eminent astronomers

and mathematicians: viz. 1st, by INI. Argelander, wiiO; from

the consideration of the proper motions of 2 1 stars exceeding
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1" per annum in arc, has placed the solar apex in 11. A.
256° 25', N.P.D. 51° 23'; from those of 50 stars between
0"-5 and l"-0, in 255° 10', 51° 26'; and frovn those of 319

stars having motions between 0"*1 and 0"'5 per annum, in

26 1« 11', 59° 2': 2ndly,by M. Luhndahl, whose calculations,

founded on the proper motions of 147 stars, give 252° 53',

75° 34' : and 3rdly, by M. Otto Struve, whose result 261° 22',

62° 24', emerges from a very elaborate 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 three 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 of the

southern hemisphere not so visible, treated independently

on the same system of procedure, would corroborate or con-

trovert their conclusion. The observations of Lacaille, at the

Cape of Good Hope '- ""^51 and 1752, compared with those

of Mr. Johnson at St. Helena, in 1829-33, and of Henderson

at the Cape in 1830 and 1831, have afforded the means of

deciding this question. The task has very recently been

executed in a masterly manner by llr. 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 i)i-

vestigations above referred to, Avhose proper motions in the

intervals elapsed appear considerable enough to assure us

that tl;cy have not originated in error of the earhar observa-

tions. 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° 1', N.P.D. 55° 37', a result so

nearly identical with that afforded by the northern hemi-

sphere, as to afford a full conviction of its near approacli to

truth, and what may fairly be considered a demonstration of

the physical cause assigned.

r r 4
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(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

misconceived, it is necessary to say a few words in explana-

tion of it. Almost all the greatest discoveries in astronomy

have resulted from the consideration of what we have else-

where termed residual PHiENOMGNA*, of a quantitative or

numerical kind, that is to say, of such portions of the nume-

rical or quantitative results of observation as remain out-

standing and unaccounted for after subducting and allowing

for all that would result from the strict application of known
principles. It was thus that 'he grand discovery of the

precession of the equinoxes resulted as a residual phaanome-

non, from the imperfect explanation of the return of the

seasons by the return of the sun to the same apparent place

among the fixed stars. Thus, also, aberration and nutation

resulted as residual phaeuomena from that portion of the

changes of the apparent places of the fixed stars which was

left unaccounted for by precession. And thus again the

apparent proper motions of the stars are the observed residucn

of their apparent movements outstanding and unaccounted

for by strict calculation of the effects of precession, nutation,

and aberration. The nearest approach which human theories

can make to perfection is to diminish this residue, this cput
mortuum of observation, as it may be considered, as much as

practicable, and, if possible, to reduce it to nothing, either

by showing that soi^ething has been neglected in our estima-

tion of known causes, or by reasoning upon it as a new fact,

and on the principle of the inductive philosophy ascending

from the Cucct to its cause or causes. On the suggestion of

any new cause hitherto unresorted to for its explanation, our

first object must of course be to decide whether such a cause

would produce such a result in kind : the next, to assign to

it such an intensity as shall account for the greatest possible

amount of the residual matter in hand. The proper motion

of the sun being suggested as sucix a cause, we have two

» Discourse on the Study of Natural riillosoiiliy. Cab. Ci/chpcedia, No. 14.
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tilings disposuble— 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 phajnomcnon in ques-

tion. Our 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 recondite

kind, but which, so long as it is unaccounted for, we must

regard as purely casual, seeing that, for anything we can

perceive to the contrary, it might with equal probability be

one way as the other. The theory of chances, therefore,

necessitates (as it does in all such cases) the application of

a general mathematical process, known as " the method of

least squares," which leads, as a matter of strict geometrical

conclusion, to the values of the elements sought, which, under

all the circurastances, are the most probable.

(857.) This is the process resorted to by all the geomet'^rs

we have enumerated in the foregoing articles (art. 854,855).

It gives not only the direction in space, but also the velocity/

of the solar ;iiotion, estimated on a scale conformable to thut

in which the velocity of the sidereal motions to be explained

are given ; i. ',. in seconds of arc as subtended at the average

distance of the stars concerned, by its annual motion in space.

But here a consideration occurs which tends materially to

complicate tho problem, and to introduce into its solution an

element depending on suppositions more or less arbitrary.

The distance of the stars being, except in two or three in-

?Lo,nces, unknown, we are compelled either to restrict our

1. quii'y to these, which are too few to ground any result on,

• .r to make sorae supposition as to the relative distances of

the several stars employed. In this we have nothing but

genei'al probability to guide us, and two courses only present

themselves, either, 1st, To class the distances of the stars

according to tli eir magnitudes, or apparent brightnesses, and

to institute separate and independent calculations for each

class, inc]udi;.^ stars assumed to be equidistant, or nearly so:

or, 2dly, To claiis them a'icording to the observed amount

of .heir apparent proper motions, on the prcsuniptlou thut

m
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those which appear to move fastest are really nearest to ua.

The former is the courje pursued by M. Otto Struve, the

latter by M. Argelander> With regard to this latter principle

of classification, however, two considerations interfere with

its applicability, viz. 1st, that we see the real motion of the

stars foreshortened by the effect of perspective ; and 2dly, that

that portion of the total apparent proper motion which arises

from the real motion of the sun depends, not simply on the

absolute distance of the star from the sun, but also on its

angular apparent distance from the solar apex, being, ccBteris

paribus, as the sine of that angle. To execute such a clas-

sification correctly, therefore, we ought to know both these

particulars i «?ach star. The first is evidently out of our

reach. We ;' reforc, for that very reason, compelled to

regard it as cati' , and to assume that on the average of a

great number of stars it would be uninfluential on the result.

But the second cannot be so summarily disposed of. By the

aid of an approximate knowledge of the solar apex, it is true,

approximate values may be found of the simply apparent

portions of the proper motions, supposing all the stars equi-

distant, and these being subducted from the total observed

motions, the residues might afford ground for the classification

in question.* This, however, would be a long, and to a cer-

tain extent precarious system of procedure. On the other

hand, the classification by apparent brightness is oj ^n 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 con-

sideration of distance is waived altogether, which is equivalent

to an admission of complete ignorance on this point, as well

• M. Argelandcr's classes, however, arc constructed without reference to this

consideration, on the sole basis of the total a])parent amount of proper motion,
and are, therefore, pro tanto, questionable. It is the more satisfactory then to

find so considerable an agreement among his partial results as actually obtains.
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as respecting the real directiona and velocities of the indi-

vidual 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 wc
take, with M. Struve, senior, the parallax of such a star as

probably equal to 0"*209*, we shall at once be enabled to

compare this annual motion with the radius of the earth's

orbit, the result being 1*623 of such units. The sun then

advances through space (relatively, 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 anmtm, or 422,000 miles (that is to

say, nearly its ovvn 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 ; so 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 firmament Is urging

the central body of our system. An analogy for such devia-

tion from uniformity would seem to present itself in the

alleged existence of a similar deviation in the proper motions

of SIrlus and Procyon, both which stars are considered to

have varied sensibly in this respect within the limits of au-

thentic and dependable observation. Such, indeed, Avould

appear to be the amount of evidence for this as a matter of

fact as to have given rise to a speculation on the probable

circulation of these stars round opaque (and therefore in-

visible) bodies at no great distances from them respectively, in

11^
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* Etudes cVAstionomie StcUaixc, p. 107,
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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 excentricity is 0*7994, the perihelion

passage taking place at the epoch a. d. 1791*431, would

reconcile in a remarkable manner the observed anomalies,

and reduce the residual motion to uniformity.]

(860.) The whole of the reasoning upon which the deter-

mination of the solar motion in space rests, is based upon the

entire exclusion of any lata 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 center. Any such limitation intro-

duced 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, conformably to the speculations of

several astronomers, the whole system of the Milky V7ay,

including our sun, and the stars, our more immediate neigh-

bours, which constitute our sidereal firmament, should have a

general movement of rotation in the plane of the galactic 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 thi? movement pro-

ceeds is so enormous that all the stars whoso proper motions

we include in our calculations go together in a body, so far

as that movement it. "oncerned (as forming too small an in-

tegrant portion of the whole to differ sensibly in their re-

lation to its central point) ; we stand precluded from drawing

any couclusion whatever, not only respecting the absolute

motion of the sun, but respecting 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 individual with its situation in S|>ace.
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(861.) Speculations of this kind have not been wanting

in astronomy, and recently an attempt has been made by

M. Miidler to assign the local center in space, round wliich

the sun and stars revolve, which he 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

general 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 element for the

most part far less exactly ascertainable than the polar dis-

tance, 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
qiiestion, as a matter of fact, whether a rotation of the

galaxy, in its own plane exist or not might be at once re-

solved 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 mag-

nitudes, down to the smallest distinctly identifiable, and

capable of being observed with normal accuracy: and we
would recommend the inquiry to the special attention of

directors of permanent observatories, provided with adequate

instrumental means, in both hemispheres. Thirty or forty

years of observation perseveringly directed to the object in

view, could not fail to settle the question.*

(862.) 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 sun's

motion, and until the distances of the stars be known, must

Iji^'

i!H'
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• An examination of the proper motions of the stars of the B. Assoc. Cntal.

in the portion of the Milky Way nearest either pole (where the motion should

be almost wholly in R A) indicates no distinct symptom of such a rotation. If

the question be taken up fundamentally, it will involve a redetermination from

the recorded proper motions, both of the precession of the equinoxes and the

change of obliquity of the ecliptic.
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remain inextricably mixed uj) with the other or rcai portion.

The systematic aberration, amounting at its maximum (for

stars 90° from the solar apex) to about 5" displaces all the

stars in great circles diverging from that apex through angles

proportional to the sines of their respective distances from it.

This displacement, however, is permanent, and therefore

uncognizable by any pha;nomenon, so long as the solar motion

remains invariable ; 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 progressive movement of light, combined with the proper

motion of the stars, is, that it alters the apparent periodic

time in which the individuals of a binary star circulate about

each other.* To make this apparent, suppose them to cir-

culate round each other in a plane perpendicular to the

visual ray in a period of 10,000 days. Then if both the sun

and the center 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 center 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 effect.

* Astronomische Nochrichten, No. 520.
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CHAPTER XVII.

OF CLUSTERS OF STARS AND NEBULA.

OK CLUSTP:RrNG GROUPS OP STARS.— GI.OnULAR CLUSTERS. — THKIIJ

STABILITY DYNAMICAI,LY POSSIBLE.— LIST OP THE MOST REMARK-

ABLE CLASSIFICATION OP NEBULiE AND CLUSTERS. — TIIEIB

DISTRIBUTION OVER THE IIEAVENS.— IRREGULAR CLUSTERS.

RESOLVABILITY OP NEBULA.— THEORY OF THE FORMATION OP

CLUSTERS BY NEBULOUS SUBSIDENCE. — OF ELLIPTIC NEBULiE,

— THAT OF ANDROMEDA. ANNULAR AND PLANETARY NEBULA.

—DOUBLE NEBULiE.— NEBULOUS STARS.—CONNEXION OP NEBULjK

"WITH DOUBLE STARS.— INSULATED NEBULAE OP FORMS NOT
WHOLLY IRREGULAR.— OP AMORPHOUS NEBULAE.— THEIR LAW
OP DISTRIBUTION MARKS THEM A3 OUTLIERS OF THE GALAXY.

NEBULA, AND NEBULOUS GROUP OP ORION— OP ARGO— OF

SAGITTARIUS— OP CYGNUS. THE MAGELLANIC CLOUDS SIN-

GULAR NEBULA IN THE GREATER OP THEM. THE ZODIACAL

LIGHT. — SHOOTING STARS.

(864.) When wc cast our eyes over the concave of the

heavens in a clear night, we do not fail to observe that here

and there are groupa of stars which seem to be compressed

together in a more condensed manner than in the neighbour-

ing parts, forming bright patches and clusters, which attract

attention, as if they were thei'e 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 carelessly aside^ while the attention is kept

directed* upon the group. Telescopes show fifty or sixty

• It is a very remarkable fact, that the center of the visual area is far less

sensible 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 estimate it, let the reader look alternately

full at a star of the fifth magnitude, and beside it; or choose two, equally

bright, and about 3° or 4° apart, and look full at one of them, the probability

is, he will see only the other. The fact accounts for the multitude of stars with

which we are impressed by a general view of the heavens j their paucity when we
come to count them.
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large stars thus crowded together in a very moderate space,

comparatively insulated from the rest of the heavens. The
constellation called Coma Berenices is another such group,

more diffused, and consisting on the whole of larger stars.

(8G5.) In the constellation Cancer, there is a somewhat

similar, but less definite, luminous spot, called Prtcsepo, or

the bee-hive, which a very moderate telescope,— an ordinary

night-glass for instance,— resolves entirely into stars. In

the sword-handlo 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 aggregation 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 avc 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 fivct, 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

has given, in the Co?inois. 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 famili.ar with, to avoid being misled

by their similarity of appearance. That they are not, however,

comets, their fixity sufficiently 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. {Seo^ff. 1. pi. II., which represents

(somewhat rudely) the thirteenth nebula of Messier's list

(described by him as nebuleuse sans etoiles), 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
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of

Stars, insulated in the heavens, and constituting in itself a

family or society apart from, tlio 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 clusters. They
are not to bo reckoned by hundreds ; and on a rough cal-

culation, grounded on the apparent intervals between them
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 docs not

exceed eight or ten miimtes ; that is to say, in an area not

more than a tenth part of that covered by the moon.

(866.) Perhaps it may be thought to savour of the gigan-

tesque to look upon the individuals of such a group as suns

like our own, and their mutual distances as equal to those

which separate our sun from the nearest fixed star : yet,

when we consider that their united lustre alFects 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 us 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, atque 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 center, which

is not referable to a merely uniform distribution of equidistant

stars through a globular space, but marks an intrinsic density

in their state of aggregation, greater in the center than at

the surface of the mass. It is diticult to form any concep-

tion 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
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round any single axis, without which internal collisions might

at first eight appear to be inevitable. If wc suppose a

globular apace filled with equal stars, uniformly dispersed

through it, and very numerous, each of them attracting

every other with a force inversely aa ti.o 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
center 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, imder such a law of force, each

particular star would describe a perfect ellipse about the

common center of gravity as its center, and that, in whatever

plane and whatever direction it might revolve. The con-

dition, 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 evert/ particular,

and all would be described in one common period, so that at

the end of every such period, or annus magnus of the syttem,

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 an in-

definite succession of ages. Supposing their motions, there-

fore, 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 gieat 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.*

(867.) The following are the places, for 1830, of the

principal of these remarkable objects, as specimens of their

class :
—

• See also Quarterly Review, No. 94. p. 540.
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means aniformly, but with a marked prefefence 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 Berenices, the preceding leg of Bootes, and the head,

wings, and shoulder 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 con-

gregated. On the other hand, thoy are very sparingly

scattered over the constellations Ai 'es, Taurus, the head and

shoulderis of Orion, Auriga, Perseus, Cauidopardalus, Draco,

Hercules, the northern part of Ser lentarius, 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 singularly poor, and, on the other hand, the

hours 10, 11, and 12 (but especially 12), extraordinarily rich

in these objects. In the southern hemisphere a much greater

uniformity of distribution prevails, and with exception of

two very remarkable centers of accumulation, called the

Magellanic clouds (of which more presently), there is no

very decided tendency to their assemblage in any particular

region.

(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 center. They are also less definite in

outline; so that it is often not easy to say where th'^y

terminate, or whether they are to be regarded otherwise than

as merely richer parts of the heavens than those around

thein. Many, indeed the greater proportion of them, are

situated In or close on the borders of the Milky Way.
In some of them the jtars are nearly all of n. size, in

others extremely different ; and it is no uncommon thing tc

find a very red star much brighter than the rest, occupying

a conspicuous situation in them. Sir William Herschel

regards these as globular clusters in a less advanced state of

condensation, conceiving all such groups as approaching, by

their mutual attraction, to the globular figure, and assembling
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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 *hat it is impossible to say where

one species ends and tiie other begins. Among the most

beautiful objects of this class is that which surrounds the star

K Crucis, set down as a nebula by Lacaille. It occupies an

area of about one 48th part of a square degree, and consists

of about 110 stars from the 7th magnitude downwards, eight

of the more conspicuous of which are coloured with various

shade? of red, green, and blue, so as to give to the whole the

appearance of a rich piece of jewellery.

(870.) Resolvable nebultc can, of course, only be con-

sidered as clusters either too remote, or consisting of stars

intrinsically too faint to affect 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 the 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 gi-eater

globular clusters exhibit themselves in telescopes of insufficient

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 pign of being composed of stars,

would be completely resolved by a further increase of optical

power. In fact, this probability has almost been converted

into a certainty by the magnificent reflecting telescope con-

structed by Lord Rosso, of six feet in aperture, which has

resolved or rendered resolvable multitudes ci' nebulae which

had resisted all inferior powers. The sublimity of the spec-

tacle 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, therpfore, nebula; do exist, which even in

QQ 3

in

!

Ifr



foii*

\i

\\

%

'U

11

598 OUTLINES OF ASTRONOMY.

this powerful telescope appear as nebulae, 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 consist, and whether the distinction between such

nebulae as are easily resolved, barely resolvable with excellent

telescopes, and altogether irresolvable with the best, be any

thing else than one of degree, arising merely from the ex-

cessive minuteness and multitude of the stars, of which the

Litter, as compared with the former, consist. The first

impression which Halley, and other early discoverers of

nebulous objects received from their peculiar aspect, so dif-

ferent 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 lumi-

nous 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. Sir W. Herschel was led to speculate on its

gradual subsidence and condensation by the effect of its own

gravity, into more or less regular spherical or spheroidal

forms, denser (as they must in that case be) towards the

center. Assuming that in the progress of this subsidence,

local centers of condensation, subordinate 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 ultin ately become

stars, and the whole nebulae finally take on the state of a

cluster of stars. Among the multitude of nebulie revealed

by his telescopes, every stage of this process might be con-

sidered 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 them-

selves towards a denser state of aggregation round a central

nucleus, would thus be in some sort an indication of age.

• Halley, Phil. Trans., xxix. p. 390.
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Neither is there any variety of aspect which ne]>ula5 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 aggregation

consequent on subsidence, may go on quite as well among a

multitude 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 and 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 legitimate principles.

Among a crowd of solid bodies of whatever size, animated

by independent and partially opposing impulses, motions

opposite to each other must produce collision, liestruction of

velocity, and subsidence or near approach towards the center

of preponderant attraction; while thoi- vhich conspire, or

which remain outstanding after such conili' -, must ultimately

give rise to circulation of a permanent character, ^^'hatever

we may think of such collisions as events, there is nothing

in this conception contrary to sound mechanical principles.

It will be recollected that the appearance of central con-

densation among a multitude of separate bodies in motion,

by no means implies permanent proximity to the center in

each; any more than the habitually crowded state of a

market place, to which a large proportion of the inhabitants

of a town must 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 dynamically

possible, and in what has been said we may at least perceive
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some glimpses of the manner in which they are so. The
actual intervals between 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,

iray 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, Avhose consideration has led us into this

digression, are elliptic nebulae, more or less elongated. And
of these it may be generally remarked, as a fact undoubtedly

connected in some very intimate manner with the dynamical

conditions of their subsistence, that such nebulae are, for the

most part, beyond comparison more difficult of resolution

than those of globular form. They are of all degrees of

excentricity, from moderately oval forms to ellipses so elon-

gated as to be almost linear, which are, no doubt, edge-views

of very flat ellipsoids. In all of them the density in-

creases towards the centre, and as a general law it may be

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 resolvability, too,

is greater in the central parts, whether owing to a real

superiority 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 con-

densation 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 nebulosity, of which two remarkable specimens occur

in K. A. 12" lO-" 33% N.P.D. 41° 46', and in 13^ 27™ 28",

119° 0' (1830).

IS
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(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 Herschel, in R. A. O** SQ"* 12% N.P.D.
116° 13^ The nebula in Andromeda (Plate II. fig. 3.)

is visible to the naked eye, and is continually mistaken for

a comet by those unacquainted with the heavens. Simon

Marius, who noticed it in 1612 (though it appears also to

have been seen and described as oval, in 995), 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 are 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., desci'ibes and figures it as extending

nearly 2|° in length, and upwards of a degree in breadth (so

as to include two other smaller adjacent nebula;), of a form,

generally speaking, oval, but with a considerably protube-

rant irregularity at its north following extremity, 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 remarkable feature in hia

description is that of two perfectly straij^ht, narrow, and com-

paratively 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
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the interposition of imperfectly transparent matter 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 which illustrates Mr. Bond's account.

The figure in given our Plate II. fig. 3., is from a rather

hasty sketch, and makes no pretentions to exactness. A
similar, but much more strongly marked case of parallel

arrangement than that noticed by Mr. Bond in this, is one in

which the two semi-ovals of an elliptically formed nebula

appear cut asunder and separated by a broad obscure 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' (1830). The nebula; in 12*' 27" 3%
63° 5', and 12^ 31" 11% 100° 40' present analagous features.

(875.) Annular nebulas 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 7 Lyra;,

and may be seen with a telescope 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, f

(876.^ Planetary nebula are very extraordinary ob-

jects. They have, as their name imports, a near, in some

instances, a perfect resemblance to planets, presenting discs

round, or slightly oval, in some quite sharply terminated.

* Account of the nebula in Andromeda, by G. P. Bond, Assistant at tlie

Cambridge Observatory, U. S. Trans. American Acad., vol. iii. p. 80.

f Tbe places of the annular nebulae, at present known (for 1 830) are.
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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 compara-

tively 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

i^imarkable that thif. phajnomenon of a blue colour, which is

so raic among sfars (except when in the immediate proxi-

mity of yellow stars) occurs, though less strikingly, in three

other objects of this class, viz. in No. 4, whose colour is sky-

blue, 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, 4, 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 center of the ellipse, is a star 9m, 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 yS Ursaj Majoris and about 12°* following that

star. Its apparent diameter is 2' 40", which, supposing it
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• Places for 1830 of twelve of the most remarkable planetary nebulae.
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placed at a distance from ua not more than that of 61

Cygni, would imply a linear one seven timea greater than

that of the orbit of Neptune. The light of this stupendous

globe ia 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 struc-

ture would necessarily give rise to an apparent increase of

brightness towards the center in proportion to the thickness

traversed by the visual ray. We might, therefore, be in-

duced 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 perpen-

dicular to the visual ray.

(877.) Whatever idea we may form of the real nature

of such a body, or of the planetary nebulae in general,

which all agree in the absence of central condensation, it

is evident that the intrinsic splendour of their surfaces, if

continuous, must be almost infinitely less than that of the

sun. A circular portion of the sun's disc, subtending an

angle of 1', would give a light equal to that of 780 full

moons ; while 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

reflected light, from a solar body placed in their center, in-

visible to us by the effect of its excessive distance ; removing,

or attempting to remove the apparent paradox of such an

explanation, by the optical principle that an illuminated

surface is equally bright at all distances, and, therefore, if

large enough to subtend a measurable angle, can be equally

well seen, whereas the central body, subtending no such

angle, has its efi^ect on our sight diminished in the Inverse

ratio of the square of its distance.* The assiduous appllca-

• With due deference to so high an authority we must demur to the conclu-

sion. Even supposing the envelope to reflect and scatter (equally in all direc-

tions) all the light of the central sun, the portion of the light so scattered which
would fall to our share, could not exceed that which that sun itself would send
to us by direct radiation. But this, ex hyjiothesi, is too small to aft'ect the eye
with any luminous perception, much less then could it do so if spread over a
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tion of the immense optical powers recently brought to bear

on the heavens, will probably remove some portion of the

mystery which at present hangs about these enigmatical objects.

(878.) Double nebulae occasionally occur— and when such

is the case, the constituents most commonly belong to the

class of spherical nebulae, and are in some instances undoubt-

edly 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 varie-

ties of form and gradation of light in the latter afford room
for combinations peculiar to this class of objects. Though
the conclusive evidence of observed relative motion be yet

wanting, and though from the vast scale on which such sys-

tems are constructed, and the probable extreme slowness of

the angular motion, it may continue for ages to be so, yet it

is impossible, when we cast our eyes upon such objects, or on

the figures which have been given of them *, to doubt their

physical connexion. The argument drawn from the compa-

rative 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 magnificent can be presented to our consideration, than

such combinations. Their stupendous scale, the multitude

of individuals they involve, the perfect symmetry and regu-

larity 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 admiration at the evidence they afford of infinite power

and unfathomable design.

(879.) Nebulae of regular forms often stand in marked and

symmetrical relation to stars, both single and double. Thus

we are occasionally presented with the beautiful and striking

phasnomenon of a sharp and brilliant star concentrically sur-

rounded by a perfectly circular disc or atmosphere of faint

surface many million times exceeding in angular area the apparent disc of tlie

central sun itself. (See Annuaire du Bureau des Longitudes, 1842, p. 409,

410, 41 1.) M, Arago is expressly contending for reflected light. If t'ae envelope

be self-luminous, his reasoning is perfectly sound.
* Phil. Trans., 1833. Plate vii.
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light, in some cases dying away insensibly on nil sides, in

others almost suddenly terminated. These are Nebulous Stars.

Fine examples of this kind are the 45th and 69th nebula; of

Sir Wm. Herschel's fourth class* (R. A. 7^ lO™ 8% N. P. D.

68" 45', and 3" 58"^ 36% 59° 40'), in which stars of the

8th magnitude are surrounded by photospheres of the kind

above described respectively of 12" and 25" in diameter.

Among stars of larger magnitudes, 55 AndromedaB and

8 Canum Venaticorum may be named as exhibiting the same

phaenomenon 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. 1D9° 56', occurs an elliptic nebula having its

longer axis about 50", in which, symmetrically placed, and

rather nearer the vertices 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. 18''

25"*, N. P. D. 25° 7'), the stars are unequal and situated pre-

cisely at the two extremities of the major axis. In R. A. 13^

47" 33% N. P. D. 1 29° 9', an oval nebula of 2' in diameter has

very near its center a close double star, the individuals of

which, slightly unequal, and about the 9*10 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 be cited.

(881.) Among the nebulae which, though deviating more

from symmetry of form, are yet not wanting in a certain

regularity of figure, and which seem clearly entitled to bo

regarded as systems of a definite nature, however mysterious

their structure and destination, by far the most remarkable

are the 27th and 51st of Messier's Catalogue.f This consists

• The classes here referred to are not the species described in Art. 868., but
lists of nebulae, eight in number arranged according to brightness, size, density

of clustering, &c., in one or otlier of which all nebulae were originally classed by
him. Class I. contains " Bright nebulae ;" II. « Faint do. ;" III. "Very faint

do. ;" IV. "Planetary nebula;, stars with bars, milky chevelures, short rays,

remarkable shapes, &c.
;
" V " Very large nebulae ;

" VI. " Very compressed rich

clusters;" VII. "Pretty much compressed do.;" VIII. " Coarsely scattered

clusters."

f Place for 1830: R.A. 19" 52" 12', N. P. D. 67° 44', and R. A. IS" 22>"

39', N.P.D. 41° 56'.
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of two round or somewhat oval nebulous masses united by a

short neck of nearly the same density. Both this and the

masses graduate off however into a fainter nebulous envelope

which completes the figure into 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 here

and there scattered over it, it is unresolved. Lord Rosae,

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 rendering

visible features too faint to be seen with inferior power, is

rendered considerably less striking, though by no means obli-

terated.

(882.) The Slst nebula of Messier, viewed through an 18-

inch reflector, presents the appearance of a large and briglit

globular nebula, surrounded by a ring at a considerable dis-

tance from the globe, very unequal in brightness in its differ-

ent parts, and subdivided through about two-fifths of its cir-

cumference 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, assumes the aspect

of a nebulous coil or convolution tending in a spiral form

towards the center, 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

evidently indicates its composition.*

(883.) We come now to a class of nebulae of totally differ-

* This description is from tlic recollection of ii sketch exhibited by his Lord-

ship at the British Association. Every astronomer must long for the publica-

tion of his own account of the wonders disclosed by this magnificent instrument.
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ent character. They arc of very great extent, utterly devoid

of all Bymmetry of form,— on the contrary, irregular and

capricious in their shapes and convolutions to a most extra-

ordinary degree, and no less so in the distribution of their

light. No two of them can be said to pvcsent any similarity

of figure or aspect, but they have one important character in

common. They are all situated in, or very near, the borders

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 Lactea, might

seem to form an exception, though not a striking one. liut

this very situation may be adduced as a corroboration of the

general view which this principle of localization suggests.

For the place in question is 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 Stai's noticed in Art. 785. as an ap-

pendage 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 the

Galaxy, and this view of the subject is strengthened when
we find on mapping down their places that they may all be

grouped in four great masses or nebulous regions,— that of

Orion, of Argo, of Sagittarius, and of Cygnus. And thus,

inductively, we may gather some Information respecting the

structure 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 itself under

an aspect quite as complicated and irregular.

(885.) The great nebula surrounding the stars marked 6 1

in the sword handle of Orion was discovered by Huyghens
in 1656, and has been repeatedly 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 repre-

sentations made with inferior telescopes, even principal fea-

tures, to say nothing of subordinate details. Until this
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became well understood, it was supposed to have changed

very nmterially, 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 objecld,

and partly from a want of sufficient care in the earlier de-

lineators themselves in faithfully copying that which they

really did see. Our figure (Plate IV., fig. 1.) is reduced

from a larger one made imder very favourable circumstances,

from drawings taken with an 18-inch reflector at the Ca])0

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, extend-

ing in R. A. (or horizontally) 2™ of time, equivalent almost

exactly to 30' in arc, the object being very near the equator,

and 24' vertically, or in polar distance. The figure shows

it reversed in both directions, the northern side being lower-

most, and the preceding towards the left hand. In form, the

brightest portion offers a resemblance to the head and yawn-

ing jaws of some monstrous animal, with a sort of proboscis

running 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 sextuple star Q 1 Orionis, of

which mention has already been made (Art. 837.), occupies

a most conspicuous situation close to the brightest portion,

at almost the edge of the opening of the jaws. It is re-

markable, however, 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 trapezium,

forming the square front of the head, is shown with the 18-ineh

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 of stars,

and when examined under the great light of Lord Rosse's

reflector, or the exquisite defining power of the great achro-

matic at Cambridge, U. S., is evidently perceived to con-
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sist of clustering stars. There can therefore be little doubt

as to the whole consisting of stars, too minute to be discerned

individually even with these powerful aids, but wh:",h become

visible as points of light when closely adjacent in the more

crowded parts in the mode already more than once suggested.

(886.) The nebula is not confined to the limits of our

figure. Northward of 6 about 33', and nearly on the same

meridian are two stars marked C 1 and C 2 Orionis, in-

volved in a bright and branching nebula of very singular form,

and south of it is the star 1 Orionis, which is also involved

in strong nebula. Careful examination with powerful tele-

scopes has traced out a continuity of nebulous light between

the great nebula and both these objects, and tliere can be

little doubt that the nebulous region extends northwards, as

far as s in the belt of Orion, which is involved in sti'ong

nebulosity, as well as several smaller stars in the immediate

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 7) 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, cf 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 included 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-inch reflector, no part of this strange object shows

any sign of resolution 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 knots

with intervening darker portions which characterize the

nebula of Orion, and indicate its resolvability. The whole
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is situated in a very rich and brilliant part of the Milky ^Vay,

BO 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 R. A. and P. D.

determined. Yet it is obvious that these have no connexion

whatever with the nebula, being, in fact, only a simple con-

tinuation over it of the general ground of the galaxy, which

on an average of two hours in Right Ascension in this

period of its course contains no less than 3138 stars to the

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 *he Milky Way, far out into

space, through a starless region, disconnecting it altogether

from our system. " It is not easy for language to convey a

full impression of the beauty and sublimity of the spectacle

which this nebula offers, as it enters the field of view of a

telescope fixed in Right Ascension, by the diurnal motion,

ushered in as it is by so glorious and innumerable 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 mag-

nitude precedes it nearly on the same parallel, but without

any traceable connexion between them.

(888.) The nebulous group of Sagittarius consists of several

cnnspicuous nebulae* of very extraordinary forms by no

means easy to give an idea of by mere description. One of

them {h, 1991 f) is singularly trifid, consisting of three bright

and irregularly formed nebulous masses, graduating away

insensibly externally, but coming up to a great intensity of

i if n

f!' (

* About R.A. 17" 52'", N.P D. IIS^' 1', four nebulae, No. 41 of Sir Wm.
Hcrscliel's 4th class, and Nos. 1, 2, 3, of liis 5th all connected into one great

complex nebula. — In R.A. 17" 5.'5"' 27', N.P.D. 114° '21', the 8th, and in

18" 1 1™, 10G° 15', the 17th of Messier's Catalogue.

f This number refers to the catalofjuc of nebula.' in Pliil. Trans., 1833. Tiic

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 IMason's Memoir in the col-

lection of the American Pliil. Soc. , vol. vii. art. xiii.
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light at their interior edges, where they enclose and surround

a sort of three-forked rift, or vacant area, abruptly and un-

couthly crooked, and quite void of nebulous light. A beau-

tiful triple star is situated precisely on the edge of one of

these nebulous masses just where the interior vacancy forks

out into two channels. A fourth nebulous mass spreads like

a fan or downy plume from a star at a little distance from the

triple nebula.

(889.) Nearly adjacent to the last described nebula, and

no doubt connected with it, though the connexion has not yet

been traced, is situated the 8th nebula of Messier's Catalogue.

It is a collection of nebulous folds and masses, surrounding

and including a number of oval dark vacancies, and in

one place coming up to so great a degree of brightness, as to

oflfer the appearance of an elongated nucleus. Superposed

upon this nebula, and extending in one direction beyond its

area, is a fine and rich cluster of scattered stars, which seem

to have no connexion with it, as the nebula does not, as in

the region of Orion, show any tendency to congregate about

the stars.

(890.) The 19th nebula of Messier's Catalogue, though

some degrees remote from the others, evidently belongs to

this group. Its form is very remarkable, consisting of two

loops like capital Greek Omegas, the one bright, the other ex-

ceedingly 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 nebula?, one of which passes through the

double star k Cygni, as a long, crooked, narrov 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,

* R. A, 20h 49"' 20«, N.P.D. 58° 27'.
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and forked streak, and 2dly, 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 stars.

(892.) The Magellanic clouds, or the nubeculae (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 hemi-

sphere, 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, ex-

hibits the appearance of an axis of light, very ill defined, and

by no means strongly distinguished from the general mass,

which seems 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 following part, indicates to

the naked eye the situation of a very remarkable nebula

(No. 30. Doradus of Bode's catologue), of which more here-

after. The greater nubecula is situated between the me-

ridians of 4^ 40"" and 6^ 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 I*' 15™ and

the parallels of 162° and 165° N.P. D., coders 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 greater.

(893.) When examined through powerful telescopes, the

constitution of the nubeculae, 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 nebu-

losity in every stage of resolution, from light, irresolvable

with 18 inches of reflecting aperture, up to perfectly sejia-

rated stars like the Milky Way, and clustering groups suffi-

ciently insulated and condensed to come under the designation

of irregular, and in some cases pretty rich clusters. But be-

* It is laid down nearly an hour wrong in all the celestial eharts atid t'lohps.

K H S

J

if
il

if:

I* (

V m

I



614 OUTLINES OF ASTRONOMY.

1
!!

^fW^h

m

sides those, there are also nebulae in abundance, 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 nebulie and

clusters have been enumerated, besides 50 or 60 outliers,

Avhich (considering the general barrenness in such objects of

the immediate neighbourhood) ought certainly to be reckoned

as its appendages, being about 6^ 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. The nubeculae, then, combine, each within its own
area, characters which in the rest of the heavens are no less

strikingly separated,—viz., those of the galactic and the nebu-

lar system. Globular clusters (except in one region of smaU
extent) and nebulae of regular elliptic forms are compara-

tively rare in thf^ 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 nubecula;,

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, aflFording an insight into the

probable comparative distance of stars and nebula, 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 center. The brightness of objects situated

in its nearer portions, therefore, cannot be much exaggerated,

nor that of its remoter much enfeebled, by their difference of

distance
; yet within this globular space, we have collected

upwards of 600 stars of the 7th, fith, 9th, and 10th magni-

tudes, nearly 300 nebuhcj and globular and other clusters,
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of all dcyre.es of resohibility, and smaller scattered stars innu-

merable of every inferior magnitude, from the 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 with-

out utter improbability that its apparent sphericity is only an

effect of foreshortening, and that in reality a much greater pro-

portional difFercncc of distance between its nearer and more

remote parts exists. But such an adjustment, improbable

enough in one case, must be rejected as too much so for fair

argument in two. It nmst, therefore, be taken as a demon-

strated fact, that stars of the 7th or 8th magnitude and irre-

solvable nebula may co-exist within limits of distance not

differing in proportion more than as 9 to 10, a conclusion 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 center 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 Doradfts in Bode's Catalogue) noticed

by Lacallle as resembling the nucleus of a small comet. It

occupies about one-500th part of the whole area of the nu-

becula, and is so satisfactorily represented in plate V., fig. 1.,

as to render further description superfluous.

(897.) We shall conclude this chapter by the mention of

two phaenomena, which seem to indicate the existence of

some slight degree of nebulosity 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 be seen any very clear

%
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evening soon after sunset, about the months of March, April,

and May, or at the opposite seasons before sunrise, as a cone

or lenticularly-shaped light, extending from the horizon ob-

liquely 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 varies, 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 any

atmospheric meteor or aurora borealis. It is manifestly in

the nature of a lenticularly-formed envelope, surrounding the

sun, and extending beyond the orbits of Mercury and Venus,

and nearly, perhaps quite, attaining that of the earth, since its

vertex has been seen fully 90° from the sun's place in a great

circle. It may be conjectured to be no other than the denser

part of that medium, which, we have some reason to believe,

resists the motion of comets ; loaded, perhaps, with the actual

materials of the tails of millions of those bodies, of which

they have been stripped in their successive perihelion pas-

sages (Art. 566.). An atmosphere of the sun, in any proper

sense of the word, it cannot be, since the existence of a

gaseous envelope propagating pressure from part to part;

subject to mutual friction in its strata, and therefore rotating

in the same or nearly the same time with the central body

;

and of such dimensions and ellipticity, is utterly incompatible

with dynamical laws. If its particles have inertia, they must

necessarily stand with respect to the sun in the relation of se-

parate 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 perturba-

tion is out of the question, though collisions 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 tangil>le size, and be at very

great distances from each other. Compared with planets
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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 dai'k

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 unfrequently, fall upon the earth from

the higher regions of our atmosphere Cwhere it is obviously im-

possible they can have been generated), and that they have

done so from the earliest times of history. Four instances

are recorded of persons being killed by their fall. A block

of stone fell at ^gos Potamos, B.C. 465, as large as two

mill-stones ; another at Nami, in 921, projected, like a rock,

four feet above the surface of the river, into which it was

seen to fall. The emperor Jehangire had a sword forged

from a mass of meteoric iron which fell, in 1620, at Jahlinder,

in the Punjab.* Sixteen instances of the fall of stones in

the British Isles are well authenticated 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

into fragments of a large fiery globe over a region of twenty

or thirty square miles around the town of L'Aigle, in Nor-

mandy. The fact occurred at mid-day, and the circumstances

were officially verified by a commission of the French go-

vernment.t These, and innumerable other instances |, 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 pos-

sess 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 principles, by the condensation of the air before

'I I
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* See the emperor's own very remarkable account of the occurrence, trans-

lated in Phil. Trans. 1793, p. 202.

I See M. Biot's report in Mem. de I'lnstitut 1806.

^ See a list of upwards of 200, published by Chladni, Annales du Bureau des

Longitudes de France, 1825.
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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, however, 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 very uncommon
occurrence, which are seen traversing the upper regions of

our atmosphere, sometimes leaving trains behind them re-

maining for many minutes, sometimes bursting with a loud

explosion, sometimes becoming quietly extinct, may not un-

reasonably be presumed to be bodies extraneous to our planet,

which only become visible when in the act of grazing the

confines of out atmosphere. Among the last 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

30 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, accom-

panying each other in parallel courses, and each followed by
a tail or train.

(900.) There are circumstances in the history of shooting

stars, which very strongly corroborate the idea of their ex-

traneous or cosmical origin, and their circulation round the

sun in definite orbits. On several occasions they have been

observed to appear in unusual, and, indeed, astonishing num-
bers, so as to convey the idea of a shower of rockets, or of

snow-flakes 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 hemisijheres. Now it is extremely remarkable that,

whenever this great display has been exhibited (at least in

* Edinburgh Reviuw, Jan. I81H, p. 19j It is very remarkable that no new
chcmica) eleineiil has been dotcitL'il in any of tlic numerous meteorolitcs which
have Ijcen sulyetted to aiiulv.sis,
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modern times), it has uniformly happened on the night be-

tween the 12th and 13th, or on that between the 13th and
14th of November. Such casea occurred in 1799, 1823,

1832, 1833, and 1834. On tracing back the records of

similar phajnomena, it has been ascertained, moreover, that

more often those identical nights, but sometimes those imme-
diately adjacent, have been, time out of mind, habitually

signalized by such exhibitions. Another annually recurring

epoch, in which, though far less brilliant, the display of

meteors is more certain (for that of November is often inter-

rupted for a great many years), ib 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 phajnomena to accident.

Annual periodicity, irrespective of geographical position,

refers us at once to the place occupied by the earth in its

annual orbit, and leads direct to the conclusion that at that

place the earth incurs a liability to frequent encounters or

concurrences with a stream of meteors in their progress of

circulation round the sun. Let us test this idea by pursuing

it into some of its consequences. In the first place then,

supposing the earth to plunge, in its yearly circuit, into a

uniform ring of innumerable small meteor-planets, of such

breadth as would be traversed by it in one or two days

;

since during this small time the motions, whether of the

earth or of each individual meteor, may be taken as uniform

and rectilinear, and those of all the latter (at the place and

time) parallel, or very nearly so, it will follow that the relative

motion of the meteors referred to the earth as at rest, will be

also unifonn, rectilinear, and parallel. Viewed, therefore,

from the center of the earth (or from any point in its cir-

cumference, if we neglect the diurnal velocity as very small

compared with the annual) they will all appear to diverge

from a common point, fixed in relation to the celestial sphere,

ad if emanating from a sidereal apex (Art. 115.).

i
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(902.) Now this is precisely what ucliiiilly happens. Tlio

meteors of the 12th— 14th of November, or at least the

vast majority of them, describe apparently arcs of greut

circles, passing through or near y Leonis. No matter what

the situation of that star with respect to the horizon or to its

east and west points may be at the time of observation, tiie

paths of tlie meteors all a2)pciir to diverge from that star.

On the 9th— 11 th of August the geometrical fact is the

same, tiie apex only differing ; B Cameloparduli 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 rinr/ of meteor^ wc may substitute an elliptic

annulus of any reasonable excentricity, so that both *he

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 apices at all militating against

the conclusion.

(903.) If the meteors be unift ly distributed in such a

ring or elliptic annulus, the earth's encounter with them in

every revolution will be certain, if it occur once. But if the

ring be broken, if it be a succession of groupes revolving in

an ellipse in a period ?iot identical with that of the earth,

years may pass without a rencontre ; and when such hai^i^en,

they may differ to any extent in their intensity of character,

according as richer or poorer groupes have been encoun-

tered.

(904.) No other plausible explanation of these highly cha-

racteristic features (the annual periodicity, and divergence

from a common apex, always alike for each respective epoch)

Las been even attempted, and accordingly the opinion is

generally gaining ground among astronomers that shooting

stars belong to their department of science, and great interest

is excited in their observation and the further development of

the\ laws. The most connected and systematic series of

observations of them, having for their object to trace out their

relative paths with respect to the earth, are those of Benzen-

berg and Brandes, who, by noting the instants and apparent

places of appearance and extinction, as well as the precise
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apparent paths among the stars, of individual meteors, from

the extremities of a measured base line nearly 50,000 feet

in length, were led to conclude that their heights at the

instant of their appearance and disappearance vary from

16 miles to 140, and their relative velocities from 18 to 36

miles per second, velocities so great as clearly to indicate an

independent planetary circulation round the sun. [A very

remarkable meteor or bolide, which appeared on the 19th

August, 1847, was observed at Dieppe and at Paris, with

sufficient precision to admit of calculation of the elements

of its orbit in absolute space. This calculation has been

performed by M. Petit, director of the observatory of Tou-

louse, and the following hyperbolic elements of its orbit round

the sun are stated by him (Astr. Nachr. 701.) as its result;

viz., Semimajor axis = —0*3240083 ; excentricity =3*95130

;

perihelion distance = 0*95626 ; inclination to plane of the

earth's equator, 18° 20' 18" ; ascending node on the same 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 sup-

posed to have a parallax of I"].

(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 attached many of them to it as per-

manent 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 (such, at least, as are very near the

earth) for a brief moment, suffering extinction by plunging

into the earth's shadow; in other words, undergoing total

eclipse. Sir John Lubbock is of opinion that such is the

case, and has given geometrical formulas for calculating their

distances from observations of this nature.* The observations

of M. Petit would lead us to believe in the existence of at

Ictist 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 eartli from its center, or 5000 miles

above its surface,f

• Phil. Mag., Lond. Ed. Dub. 1848, p. 80.

f Cotnptt's Rendus, Oct. 12. 1846, and Aug. 9. 1847.
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PART IV.

OP THE ACCOUNT OF TIME.

CHAPTER XVIII.

NATUrai, UNITS OF TIME. — UKLATION OK THE SmRUEAL TO THE
SOLAK DAY AFFECTED BY PUECESSION.— 1NC0:\IMI;NSUUAUILITY

OF THE DAY AND YEAR. — ITS INCONVENIENCE. — HOW OIU

VLVTED. THE JULIAN CALENDAU. — iniJEGULARITIES AT ITS

FIRST INTRODUCTION. — REFORMED BY AUGUSTUS.— GREGORIAN

REFORMATION. — SOLAR AND LUNAR CYCLES. — INDICTION. —
JULIAN PERIOD.— TABLE OF CHRONOLOGICAL ERAS. — RULES

FOR CALCULATING THE DAYS ELAPSED BETWEEN GIVEN DATES.

— EQUINOCTIAL TIME.

(906). Time, like distance, may be measured by comparison

with standards 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 determine,

without the possible error of a unit, the number of integer

standards which the interval admits of being interposed

between its beginning and end; and to estimate precisely

the fmction, 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, theoretically speaking, yet all are not, practically,

equally convenient. The solar day is a natural interval

which the wants and occupations of man in every state of

society force upon him, and compel him to adopt as his

fundamental unit of time. Its length as estimated from the

departure of the sun from a given meridian, and its next

return to the same, is subject, it is true, to an annual fluctua-

tion in excess and defect of its mean value, amounting at its



NATURAL UNITS OF TIME. 623

mnximum to full half a minute. But except for astronomical

purposes, tliis is too small a change to interfere in the slight-

est degree with its use, or to attract any attention, and the

tacit substitution of its mean for its true (or variable) value

may be considered as having been made from the earliest

ages, by the ignorance of mankind that any such fluctuation

existed.

(908). The time occupied by one complete rotation of the

earth on its axis, or tiie mean * sidereal day, may be shewn,

on dynamical principles, to be subject to no variation from

any external cause, and although its duration would be

shortened by contraction in the dimensions of the globe itself,

such 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 per-

ceptible amount of change during the history of the human
race ; and, on the other, the comparison of ancient and modern

observations affords every corroboration to this C( nclusion.

From such comparisons, Laplace has concluded that the

sidereal day has not changed by so much as one hundredth of a

second since the time of Hipparchus. The mean sidereal day

therefore possesses in perfection the essential quality of a

standard unit, that of complete ijivariahility. The same is

true of the mean sidereal year, if estimated upon an average

sufficiently large to compensate the minute fluctuations arising

from the periodical variations of the major axis of the earth's

orbit due to planetary perturbation (Art. 668.).

(909.) The mean solar day is an immediate derivative of

the sidereal day and year, being connected with them by

the same relation which determines 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

importance in astronomy, is however, in some degree, com-

plicated by the effect of precession, which renders it necessary

• The true sidereal day is vaiialilc by the effect of nutation ; but the vari-

ation (an excessively minute frattioii of the whole) conii)L'nsates itself in a re-

volution of the moon's nodes.

Ifi
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to distinguish between the absolute time of the earth's

rotation on its axis, (the real natural and invariable standard

of comparison,) and the mean interval between two successive

retiurns 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 quantity from the sidereal day, but is actually not

the 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 v the

pole of the ecliptic, and P that of the equinoctial, A B C D
the solstitial and equinoctial colures at any given epoch, and

V pqr the small circle described by P about it in one

revolution of the equinoxes, i. e. in 25870 years, or 9448300

solar days, all projected on the plane of the ecliptic A B C D.

Let S be a star anywhere situated on the ecliptic, or between

it and the small circle ^ gr. Then if the pole P were at

rest, a Tn;,ndinn of the earth setting out from P S C, and

revolving ia t\n direction C D, will come again to the star

after the exact lapse of one sidereal day, or one rotation of

the earth on its axi^. 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 A, and the

colure P C having taken up the new position p c. Now a

conical movement impressed on the axis of rotation of a

globe already rotating is equivalent to a rotation impressed
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on the whole globe round the axis of the cone, in addition

to that which the globe has and retains round its own inde-

pendent axis of re^'olution. Such a new rotation, in trans-

ferring P to jo, being performed round an axis passing

through TT, will not alter the situation of that point of the

globe which has it in its zenith. Hence it follows that p-nc

parsing through tt will be the position taken up by the

meridian P tt C after the lapse of an exact sidereal day. But
this does not pass through S, but falls short of it by the

hour-angle r/j S, which is yet to be described before the

meridian comes up to the star, l!..^ meridian, then, has lost

so much on, or lagged so much behind, the star in the lapse

of that interval. The same is true whatever be the arc Vp.

After the lapse of any number of days, the pole being

fa'anafeired to p, the spherical angle Trp S will measui'c the

total hour angle which the meridian has lost on the star.

Now where S lies any where between C and r, this angle

continually increases (though not uniformly), attaining 180°

when p comes to r, and still (as will appear by following out

the movement beyond r) increasing thence till it attains 360°

when p has completed its circuit. 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 le-attained the star only 9448299 times: in other

A\ ords, the length of the day measured by the mean of the

successive arrivals of any stai outside of the circle Y pqr o\\

one and the same meridian is to the absolute time of rotation

of the earth on its axis as 9448300 : 9448299, or as

1 -00000011 to 1.

(910.) It is otherwise of a star situated urthin this circle,

as at (T. For such a star the angle 'tptr, expressing the

lagging of the meridian, increases to a maximum for some

situation of/? between q and r, and decreases again to o at /•

;

after which it takes an opposite direction, and the 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

'»

f
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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

Ave would calculate the synodic sidereal revolution of the sun

and of a meridian of the earth by reference to a star so situated,

according to the principles of Art. 418., we must proceed as

follows : Let D be the length of the mean 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° -r

.

And since the latter of these exceeds the former by precisely

360°, we have

360°

whence it follows that

D

d
= 360° -+360°

y

D
i,- = 1 + -= 1-00273780,
d y

taking the value of the sidereal year y as given in Art. 383,

viz. 365*^ 6** 9"* 9•6^ But, as we have seen, d is not the ab-

solute 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

increased in the same ratio, which brings it to 1*00273791,

which is the ratio of the solar to the sidereal day actually

in use among astronomers.

(912). It would be well for chronology if mankind would,

or could have contented themselves with this one invariable,

natural, and convenient standard in their reckoning of time.

The ancient Egyptians did so, and by thci/* adoption of an

historical and official year of 365 days have aff<:rt'4<;d the only

example of a practical chronology, free from all obscurity or

complication. But the return of the seasons, on which

m
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depend all the more important arrangements and business of

cultivated life is not conformable 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 equinoctial

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 space under the disturbing

influence of the planets (Art. 640.). And thus arises a vari-

ation in the tropical year, which is dependent on the place of

the equinox (Art. 383.). The tropical year is actually about

4'2P shorter than it was in the time of Hipparchus. 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

adopt an arbitrary or artificial value for it, so near the truth,

as not to admit of the accumulation of its eri-or for several

centuries producing any practical mischief, and thus satisfying

the ordinary wants of civil life ; while, for scientific purposes,

the tropical year, so adopted, is considered only as the repre-

sentative of a certain number of integer days and a fraction—
the day being, in effect, the only standard employed. The

case is neai'ly analagous to the reckoning of value by guineas

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 assumed as the true theoretical

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 are into aliquot

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, as one third or one fourth, over and above

;

but the surplus is an incommensurahle fraction, composed of

s s 2
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hours, minutes, seconds, &c., which produces tlie came kind

of inconvenience 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 farthings, 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 tv)o such years,

both consisting of an exact integer number 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 diflPer from the same number of real ti'opical 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 a 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) f\\>ni the

midnight between the 31st of December and the 1st of

January immediately subsequent to the birth of Christ, accortl-

ing to the chronological determination of that event by Diony-

sius Exiguus. Every year whose number is not divisible by

4 without remainder, eonsit;t8 of 365 days ; every year which

IS 80 divisible, but is not divisible by 100, of 366 ] every year
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divisible by 100, but not by 400, ngain of 365; uiiJ every

year divisible by 400, again of 366. 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 | pf 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 days, which would give for an average of each

year, one with another, 365''*2425. The actual value of the

tropical year, (art. 383.) reduced into a decimal 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°>; that is to

say, less than a day in 3000 years ; which is more than suf-

ficient for all human purposes, those of the astronomer ex-

cepted, 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 yeai> diN isiblo by 4000 should consist of 365

days. This w«.nud take off two mtoger days from the above

calculated number, and 2*5 from a larger average ; making

the sum of days in 100000 Gregorian years, 36524225,

which differs only by a single day from 100000 real tropical

years, such as they exist at present.

(916.) In the historical dating of events there is no year

A. D. 0. The year Immediately previous to a.d. 1, is always

called B.C. I. This nuist always be borne in mind in reckon-

ing chronological and astronomical intervals. The bum of

the nominal years n. c. and a.d. nmst be diminished by 1.

Thus, from Jan. 1. B.C. 4713, to Jan 1. 1582, the years

elapsed are not 6295, but 6294.

(917.) As any distance along a high road might, though in

a rather inconvenient and I'oundabout way, be expressed

without Introducing error by setting ui) a scries of milestones,
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at intervals of unequal lengths, so that every fourth mile, foi

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 difference of lengths and their order of suc-

cession ; so may any interval of time be expressed correctly by

stating in what Gregorian years it begins and ends, and where-

abouts hi each. For this statement coupled with the decla-

ratory rule, enables us to say how many integer years are to

be reckoned at 365, and how many at 366 days. The latter

years 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 stated, 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 refer-

ence to chronology, or to the calculation of ancient obser-

vations, 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 back-

ward, either to serve particular purposes and private interests,

or to rectify blunders in setting. Such, at least, appeal's to

have been the case with the Roman calendar, in which our own
originates, from the time of Numa to that of Julius Cajsar,

when the lunar 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 intercalations of the priests, and

the usurpations of the decemvirs and other magistrates, till

the confusion became inextricable. To Julius Ca;sar, assisted

by Sosigenes, an eminent Alexandrian astronomer and

mathematician, we owe the neat contrivance of the two years

of 365 and 366 days, and the insertion of one bissextile after

three common years. This important change took place in

the 45th year before Christ, which he ordered to commence

on the 1st of January, being the day of the mew moon imme-

diately foUowinr/ the tnnter solstice of the year before. We may
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judge of the state into which the reckoning of time had ftillen,

by the fact, that to introduce the new system it was neces-

sary to enact that the previous yeai', 46 u. c, should consist

of 44.'3 days, a circumstance which obtained for it the epithet

of " the year of confusion."'

(919.) Had Cassar lived to carry out into practical effect,

as Cliief Pontiff, his own reformation, an inconvenience

would have been avoided, which at the vei*y 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 sonic expression

equivalent to " every fourth year," which the priests misin-

terpreting 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

4th year. This erroneous practice continued during 36 years,

in which therefore 12 instead of 9 days were intercalated,

and an error of three days produced; to rectify which,

Augustus ordered the suspension of all intercalation during

three complete quadricimia,— thus restoring, as may be pre-

sumed 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.C. 761, 765, 769, &c., which we now call a.d. 8, 12,

16, &c., are leap years. And starting from this as a certain

fact, (for the statements of the transaction by classical authors

are not so precise as to leave absolutely no doubt as to the

previous intermediate years,) astronomers and chronologists

have agreed to reckon backwards in unbroken succession on

this principle, and thus to carry the Julian chronology into

past time, as if it had never suflcred such inteiTuption, and

as if it were certain (which it is not, though we conceive

the balance of probabilities to incline that way *) that Cicsar, t

* With Sealiger, Idelcr, and all tlie best authorities. Yet it has been arfriied

that Ca;sar would naturally begin his first quadriennwm with three ordinary

years, deferring the rectilieation of their accumulated error to the fourth, l)y

.s s 4
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by way of securing the intercalation as a matter of precedent,

made liia initial year 45 b. c. a leap year. AVhencver, there-

fore, in the relation of any event, either in ancient history, or

in modera, previous to the change of style, the time is speci-

fied in our modern nomenclature, it is always to be under-

stood 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.) DifFerpnt nations in different ages of the world have

of course reckoiuyj their time in different ways, and from

different epochs, and it is therefore a matter of great con-

venience that astronomers and chronologista (as they have

agreed on the uniform adoption of the Julian system of years

and months) should also agree on an epoch antecedent to

thena 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 iudictions.

(921.) The Solar cycle consists of 28 Julian years, after

the lapse of which the same days of the week on the Julian

system 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 dividing by 28. The remainder is the number

sought, being counted as 28.

inserting there the intercalary clay. For the correction of Roman dates during
ttie fifty-two years hctweon tlie .Tulian and Augustan rufonnaiions, ?ee Idcler,
" Handbucli der Matlieinatischen und Technisvlien Clironologie," which we take

'l>r our guide tliroiiglmui Uiis chiiptcr.
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(922.) The Lunar cycle consista of 19 years or 235 luna-

tions, which diiFer from 19 Julian years of 365;^ daya only

by about an hour and a half, so that, supposing the new
inoon 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

yeara, 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 Athe-

nian mathematician, a discovery duly appretiated by his

countrymen, as ensuring the correspondence between the

lunar atid solar years, the fonner 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 oxi 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 improve-

ment 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 the

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 his successors,

and thence introduced into legal dates, as the Golden Num-
ber, serving to determine Easter, was into 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 indictional 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 throe cycles again in

the same order, so that each year shall hold the .^amc place in

H^

i
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all the three cycles aa 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 com-

petent 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

Scaligcr, who is said to have received it from the Greeks of

Constantinople. 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 4713 B.C., and the noon of the

1st of January of that year, for the meridian of Alexandria,

is the chronological epoch, to which all historical eras are

most readily and intelligibly referred, by computing the

number of integer days intervening 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

commencement of the era of Nabonassar, the basis of all his

calculations.

(925.) Given the year of the Julian period, those of the

subordinate cycles are easily determined as above. Con-
versely, 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 pro-

ducts 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 :
—

* Idclci', Ilandbiuli, &c. vol. i. \t.
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Intervals in Days between the Commencement of the Julian

Period, and that of some other remarkable chronological

and astronomical Eras.
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(927.) The determination of the exact interval betvveea

any two given dates, is a matter of such importance, and,

unless methodically performed, is so very liable to error, that

the following rules will not be found out of place. In the

first place it must be remarked, generally, that a date,

whether of a day or year, always expresses the day or year

current and not elapsed, and that the designation of a year

by A. D. or B. c. is to be regarded as the name of that year,

and not as a mere number uninterruptedly designatim the

place of the year in the scale of time. Thus, in the ite,

Jan. 5. B.C. 1, Jan. 5 does not mean that 5 days of Ja-

nuary in the year in question have elapsed, but that 4

have elapsed, and the 5th is current. And the b. c. 1, in-

dicates that thefirst day of the year so named, (the first year

current before Christ,) preceded the first day of the vulgar

erf>, by one year. The scale ofa. d. and b. c. is not continuous,

the year in both being wanting; so that (supposing the

vulgar reckoning correct) our Saviour was born in the

year B.C. 1.

(928.) Tofind the year current of the Julian period, (j. p.)

corresponding to any given year current B. c. or A. D. If b. c,

subtract the number of the year from 4714 : if a. d., add its

number to 4713. For examples, see the foregoing table.

. (929.) To find the day current of the Julian period cor-

responding to any given date. Old Style. Convert the year b. c.

or a. d. into the corresponding year j. p. as above. Subtract

I and divide the number so diminished by 4, and call Q the

integer quotient, and R the remainder. Then will Q be

the number of entire quadriennia of 1461 days each, and II

the residual years, the first of which is always a leap-year.

Convert Q into days by the help of the first of the annexed

tables, and R by the second, and the sum will be the Interval

between the Julian epoch, and the commencement, Jan. 1.

of the year. Then find the days intervening between the

beginning of Jan. 1., and that of the date-day by the third

table, using the column for a leap-year, where R= 0, and

that for a common year when R is 1,2, or 3. Add the days

80 found to those in Q + R, and tlie sum will be the days
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the day current of the Julian period corresponding to each

date, and their dift'erence is the interval required. If the

dates contain hours, minutes, and seconds, they must be

annexed to their respective days current, and the subtraction

performed as usual.

(932.) The Julian rule made every fourth year, without

exception, a bissextile. This is, in fact, an over-correction

;

it supposes the length of the tropical year to be 365^**,

which is too great, and thereby induces an error of 7 days in

900 years, as will easily appear on trial. Accordingly, so

early as the year 1414, it began to be perceived that the

equinoxes 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. The necessity of a fresh and effectual

reform in the calendar was from that time continually urged,

and at length admitted. The change (which took place

under the popedom of Gregory XIII.) consisted in the

omission of ten* nominal days after the 4th of October, 1582,

(so that the next day was called the loth, and not the 5th,)

and the promulgation of the rule already explained for future

regulation. The change was adopted immediately in all

catholic countries ; but more slowly in protestant. In England,
" the change of style," as it was called, took place after the

2d of September, 1752, eleven nominal days being then

struck out ; so that, the last day of Old Style being the 2d,

the first of New Style (the next day) was called the 14th,

instead of the 3d. The same legislative enactment which
established the Gregorian year in England in 1752, shortened

the preceding year, 1751, by a full quarter. Previous to

that time, the year was held to begin with the 25th March,
and the year a. d. 1751 did so accordingly; but that year

was not suffered to run out, but was supplanted on the 1st

January by the year 1752, which it was enacted should

commence on that day, as well as every subsequent year.

Russia is now the only country in Europe in which the Old
Style is still adhered to, and (another secular year having

• See note at the end of tb-i cnapter, p. 644.



LUNAR YEAR. 639

elapsed) the difference between the European and Kussian

dates amounts, at present, to 12 days.

(933.) It is fortunate for astronomy that the confusion of

dates, and the irreconcilable contradictions which historical

statements too often exhibit, v/hen confronted with the best

knowledge we possess of the ancient reckonings of time,

affect recorded observations but little. An astronomical

observation, of any striking and well-marked phajnomenoUf

carries with it, in most cases, abundant means of recovering

its exact date, when any tolerable approximation is af-

forded to it by chronological records; and, so far from

being abjectly dependent on the obscure and often contra-

dictory dates, which the comparison of ancient authorities

indicates, is often itself the surest and most convincing

evidence on which a chronological epoch can be brought to

rest. Remarkable eclipses, for instance, now that the lunar

theory is thoroughly understood, can be calculated back for

se\eral thousands of years, without the possibility of Tiis-

taking the day of tlieir occurrence. And, whenever any

such eclipse is so interwoven with the account given by an

ancient author of some historical event, as to indicate pre-

cisely the interval of time between the eclipse and the event,

and at the same time completely to identify the eclipse, that

date is recovered and fixed for ever.*

(934.) The days thus parcelled out into years, the next

step to a perfect knowledge of time is to secure the identifi-

cation of each day, by imposing on it a name universally

known and employed. Since, however, the dnys of a whole

year are too numerous to admit of loading the memory with

distinct names for each, all nations have felt the necessity of

breaking them down into pax-eels of a more moderate extent

;

giving names to each of these parcels, and particularizing the

days in ef "h by numbers, or by some especial indication.

The lunar month has been resorted to in many instances

;

and some nations have, in fact, preferred a lunar to a solar

* See the remarkable calculations of Mr. Baily relative to the celebrated

solar eclipse which put an end to the battle between the kings of Media ami

I.ydia, i.e. 6iO. Sept. 30. Phil. Trans, ci. '220.

,11
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clironology altogether, as the Turks and Jews continue to do

to this day, making the year consist of 12 lunar months, or

354 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 astrono-

mical, and the later of the civil day. This is an inconvenience

which might be remedied by sliifting the astronomical epoch to

coincidence with the civil. There is, however, another incon-

venience, and a very serious one, to which both are liable, in-

herent in the nature of the day itself, which is a local pha?nomc-

non, and commences at different instants of absolute time,

under different meridians, whether we reckon from noon,

midnight, sunrise, or sunset. In consequence, all astronomical

observations require in addition to their date, to render them

comparable with each other, the longitude of the place of

observation from some meridian, commonly respected by all

astronomers. For geographical longitudes, the Isle ot

Ferroe has been chosen by some as a common meridian,

indifferent (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 ob-

servations and computations were reduced, and as claiming

on that account the respect 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 IVIonday the 1st of

January, 1849, in one part of the world, it will be Sunday

the 31st of December, 1848, in another, so long as time is

reckoned by local hours. This equivoque, and the necessity

* " A month in law is a lunar month or twenty-eifiht days, fl!) unless

othLM'wlse oxpicssed."

—

Blackstoiie, i'l, chap. 9.| "a Icuso for twflvi; months is

only for forty-eight weeks. " Ibid.
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of specifying the geographical 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

effect of nutation, but by that of the inequality of precession

resulting from the change in the plane of the ecliptic due to

planetary perturbation. Both variations are, however, pe-

riodical, 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,

are 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 sidereal motion of the sun, plus

the mean sidereal motion of the equinox in the opposite

direction, as near as it can he obtained from the accumulated

observations of twenty-five centuries,) increases with rigorous

uniformity as time advances. The conversion of this mean
longitude into time at the rate of 360° to the mean tropical

year, (such as the tables assume it,) will therefore give us

both the unit of time, and the uniform measure of its lapse

which we seek. It will also furnish us with an epoch, not

indeed marked by any real event, but not on that account

the less positively fixed, being connected, through the medium
of the tables, Avith every single observation of the sun on

which they have been constructed and with which compared.

(936.) Such is the simplest abstract conception of equi-

noctial time.

T T

It is the mean longitude of the sun of some
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one approved set of solar tables, converted into time at the

rate of 360° to the tropical year. Its unit is the mean

tropical year which those tables assume and no other, and its

epoch is the mean vernal equinox of these tables for the

current year, or the instant when the mean longitude of the

tables is rigorously 0, according to the assumed mean motion

of the sun and equinox, the assumed epoch of mean 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 great and

admitted excellence, since, once decided on, the very essence

of the conception is that no subsequent alteration in any respect

should, he made, even when the continualprogress of astronomical

science shall have shown any one or all of the elements concerned

to be in some minute degree erroneous (as necessarily they

must), and shall have even ascertained the corrections they

require (to be themselves 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 equinox 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 mean time at

Paris, or 1'' 56"" 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 6541st year of the Julian

period, if we prefer that of the first year of that period.

(938.) Equinoctial time then dates from the mean vernal

equinox of Delambre's solar tables, and its unit is the mean
tropical year of these tables (365^'242264). Hence, having

the fractional part of a day expressing the difference between

the mean local time at any place (suppose Greenwich) on

any one day between two consecutive mean vernal equinoxes,

that difference will be the same for every other day in the
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same interval. Thus, between the mean equinoxes of 1828

and 1829, the diiFerence between equinoctial and Greenwich
time is

0'i-956261 or 0'' 22^* 57°» 0»-95, which expresses the

equinoctial day, hour, minute, and second, corresponding to

mean noon at Greenwich on March 23. 1828, and for the

noons of the 24th, 25th, &c., we have only to substitute Id,

2d, &c. for 0^, retaining the same decimals of a day, or the

same hours, minutes, &c., up to and including March 22.

1829. Between Greenwich noon of the 22d and 23d of

March, 1829, the 1828th equinoctial year terminates, and
the 1829th commences. This happens at 0'^*286003, or at

6^ 51™ 50'"66 Greenwich mean time, after which hour, and
until the next noon, the Greenwich hour added to equinoctial

time 364'*-956261 will amount to more than 365*242264, a

complete year, which has therefore to be subtracted to get

the equinoctial date in the next year, corresponding to the

Greenwich time. For example, at 12'' 0"* 0* Greenwich
mean time, or O'**500000, the equinoctial time will be
364-956261 +0-500000=365"456261, which being greater

than 365*242264, shows that the equinoctial yerc current has

changed, and the latter number being subtracted, we get

0'^*213977 for the equinoctial time of the 1829th year current

corresponding to March 22., 12^* Greenwich mean time.

(939.) Having, therefore, the fractional part of a day

for any one year expressing the equinoctial hour, &c., at the

mean noon of any given place, that for succeeding years will

be had by subtracting 0^*242264, audits multiples, from such

fractional part (increased if necessary by unity), and for pre-

ceding years by adding them. Thus, having found 0-198525

for the fractional part for 1827, we find for the fractional

parts for succeeding years up to 1853 as follows* :—
• These numbers differ from those in the Nautical Almanack, and woul

require to be substituted for them, to carry out the idea of equinoctial time as

above laid down. In the years 1828— 1833, the late eminent editor of that

work used an equinox slightly differing from that of Delambre, which accounts

for the difference in those years. In 1834, it would appear that a deviation

both from the principle of the text and from the previous practice of that ephe-

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 correction of that element. The effect

T T 2
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Note.—The elements ofthe orbits of Mercury, Venus, the Earth, Mars, Jupiter,
Saturn, and Uranus, are those given by the late F. Baily, Esq., in his " Astro-
nomical Tables and Formulae," and are the same with those which form the basis

of Dclambre's tables, embodying the formula? of Laplace. The elements of
Uranus and Neptune 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 at-

tending 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 consideration of all the authorities, that of Neptune excepted,

which is Prof. Pierce's determination from Bond's and Lassell s ousiervation of
tlie satellite discovered 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 Encke (A.N. 636.). [Those of Flora are from the
computations of Brunnow (A.N. 645.); of Victoria, Villarceaux (A.N.
741.); of Iris, Schubers (A. N. 730.); of Metis, Wolfers (A. N. 764.); of
Hebe, Luther (A. N, 721.); of Parthenope, Galen (A. N. 757.); of Astra;a,

D'Arrest (A. N. 626.) ; of Egeria, D'Arrest (A. N. 749.) ; of Irene, Vogel and
Riimker (A. N. 765.) ; and of Hygeia, Santini (A. N. 702.).

Of these last-mentioned small planets, Hygeia, Parthenope, and Egeria
were discovered by Dr. Gasparis, at Naples, on April 12. 1849, May 11,

and Nov. 2. 1850, respectively ; Iris, Flora, Victoria, and Irene, by Mr. Hind,
on Aug. 13. and Oct. 18. 1847, Sept. 13. 1850, and May 19. 1851, respect-

ively. The elements of the recently-discovered small planets may undergo
material corrections from further observation. Irene has a blue colour and a
faint nebulous envelope. The orbits of Astraea and Hygeia approach at one
point (their common node) within 0-006 of the radius of the earth's orbit. It

will not be long before the planets themselves come within that proximity to

each other(A. N. 752.). Victoriaand Astrsea are subject to variations of bright-

ness, 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 planets, and the inclinations of the planes in which they

lie to the sun's equator, the more excentric 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 of the Op.bits

OF THE Satellites, so far as they are known.*

1. The Moon.

Mean distance from earth - - - -

Mean sidereal revolution - - - -

Mean synodical ditto. . - . -

Excentricity of orbit . - . -

Mean revolution of nodes - - - -

Mean revolution of apogee - - - -

Mean longitrde of node at epoch - - -

Mean longitti.de of perigee at do. -

Mean inclination of orbit . . - -

Mean longitud'J of moon at epoch . - -

Mass, that of earth being 1

,

Diameter in iniles . - - - -

Density, that of the earth being 1, -

• The distances' are expressed in equatorial radii of the primaries. The
epoch is Jan. 1. 1801, unless otherwise expressed. The periods, &c. arc ex-

pressed in mean solar days.

59'-96435000



6S0

g

<N

00 Ifl I- «
oi <n o> uj
CO w * «fl

I- « 00 <N
ii N 00 ^

• «0 ITS »> Tt<

O "^ "O •*

o o o o

> O Q O 00
«3 « lO

W rt f-i

o O O O O

m t^ ^ u)
to * w «
00 n o 00

<e M « w
Q Ol (o O
'ti m (p i^

_« i m Oi
"so « 015 'C

at- '»< 0« MW i-l •* CO

^ 00 CO CO (O"
t-( l-H 1-1

•Oi-l 00 t» 50

FH 0^ 00 Tt<

APPENDIX.

eo

j



APPENDIX. 651

^



652 APPENDIX.

M

o

00

hi

ji



Ft^.l.

Fid. 4.

^,'v^ ...vaWS

iir. I 'uS/naii, Rrn-,wiA'i'«"U v I i!L.4;truis.



p
^1

m
m^M



/'/<;v /7

/;-; I'.

IC.Ul.ir,!..-

Tondo:^: I.on^inan Browr. Oree:. ic .,on'?tr.a;i.= .



s



F'au M.

Fig.l.

Fig.Z.

F'^.J

H.A.n.ir.i K.

onJor..-] ons^rmri.flrown.Gi'ocn Jcl or.gmar.s.







I

r*.

;(,

. -.^.. • ....-,

V.

. I
• . (.,

.

.i .

"

r

^>'Jk•>^A>^*-W^4*4•*«tl« r»'..i». ^H .H^





.'«::

Hi.

#*1.«(, )



INDEX.

K.B. The references are to the articles, not to the pages.

. . . attached to a reference number indicates that the reference extends to the article cited, and
several subsequent in succession.

Abbebation of light explained, 329.

Its uranographical effects, 333. Of
an object in motion, 335. How dis-

tinguished from parallax, 805. Sys-
tematic, 862.

About Wefa, 705.

Acceleration, secular, of moon's mean
motion, 740.

Adams, 506. 767.

Adjustment, errors of, in instruments,

136. Of particular instruments. (iSee

those instruments.)

JEtna, portion of earth visible from, 32.

Height of, 32. note.

Air, rarefaction of, 33. Law of den-
sity, 37. Kefractivc power affected

by moisture, 41.

Airy, G. B. Esq., his results respecting

figure of the earth, 220. Researches

on pertxu-bations of the earth by
Venus, 726. Kectification of the mass
of Jupiier, 757.

Algol, 821.

Altitude and azimuth instrument, 187.

—s. Equal, method of, 188.

Andromeda, nebula in, 874.

Angle of position, 204. Of situation, 311.

Angles, measurement of, 163. 167.

Hour, 107.

Angular velocity, laAV of, variation of,

350.

Anomalistic year, 384.

Anovwly of a planet, 499.

Annular nebuk;, 875.

Apex of aberration, 343. Of parallax,

343. Of refraction, 343. Solar, 854.

Of shoe '•^
stai-s, 902. 904.

Aphelion, 368.

Apogee of moon, 406. Period of its

revolution, 687.

Apsides, 406. Motion of investigated,

675. Application to lunar, 676...

Motion of, illustrated by expeiimcnt.

692. Of planetary orbits, R94. Li-
bration of, 694. Motion in orbits

very near to circles, 696. In excen-
tric orbits, 697...

Areas, Kepler's law of, 490.
Argelunder, his researches on variable

stars, 820..., on sun's proper mo-
tion, 854.

Argo, nebula; in, 887. Irregular star ?j

in constellation, 830.
Ascension, right, 108. {See Right ascen-

sion.)

Asteroids, their existence suspected pre-
vious to their discovery, 505. Ap-
pearance in telescopes, 525. Gravity
on surface of, 525. Elements, Appen-
dix, Synoptic Table.

Astrcca, discovery of, 505.

Astrometer, 783, 784.

Astronomy, Etymology, 11. General
notions, 11.

Atmosphere, constitution of, 33... Pos-
sible limit of, 36. Its waves, 37.
Strata, 37. Causes refraction, 38.
TwiUght, 44. Total mass of, 148.
Of Jupiter, 513.

Attraction of a sphere, 445—450. {See
Gravitation.)

Augmentation of moon's apparent dia-

meter, 404.

Augustus, his reformation of mistakes
in the JuUan calendar, (919.) Era
of, 926.

Australia, excessive summer tempera-
ture of, 369.

Axis of the earth, 82. Rotation per-
manent , 56. Major of the earth's

orbit, 373. Of sim's rotation, 392.
Axis of a planetary orbit. Momentary

variation of, caused by the tangential
force only, 658. 660. Its variations

periodical, 661... InvaiiabiUty of,

and how understood, 668.
Azimuth, 103.—and altitude instru-

ment, 187.
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B.

Barometer, nature of its indication, 33.

Use in calculating refraction, 43. In
detennining heights, 287.

Belts of Jupiter, 512. Of Saturn, 5 1 4.

Benzenberg's principle of collimation,

179.

Bessel, his results respecting the figure

of the earth, 220. Discovers par^ax
of 61 Cygni, 812.

Bieht's comet, 579...

Biot, his aeronautic ascent, 32.

Bode, his (so called) law of planetary

distances, 505. Violated in the case

of Neptune, 507.

Borda, his principle of repetition, 198.

Bouvard, his suspicion of extraneous

influence on Uranus, 760.

C.

CcEsar, his reform of the Roman calen-

dar, 917.

Calendar, Juhan, 917. Gregorian*

914...

Cause and effect, 439. and note.

Center of the earth, 80. Of the sun, 462.

Of gravity, 360. Revolution about,

452.

Centrifugalforce. Elliptic form of earth

produced by, 224. Illustrated, 225.

Compared with gravity, 229. Of a
body revolving on the earth's sur-

face, 452.

Ceres, discovery of, 505.

Chxdlis, Prof., 506, note.

Cluirts, celestial, 111. Construction

of, 291... Bremiker's, 506, and note.

Chinese records of comets, 574. Of
iiTcgular stars, 831.

Chronometers, how used for determining

differences of longitude, 255.

Circle, arctic and antarctic, 94. Verti-

cal, 100. Hour, 106. Divii. d, 163.

Meridian, 174. Reflecting, 11/7. Re-
peating, 198. Galactic, 793.

Clepsydra, 150.

Clock, 151. Error and rate of, how
found, 253.

Clouds, greatest height of, 34. Magel-
lanic, 892...

Clusters of stars, 864... Globular, 867.

Irregular, 869.

Collimation, line of, 155.

Collimator, 178...

Coloured stars, 851...

Coheres, 307.

Comets, 554. Seen in day-time, 555.

590. Tails of, 556. ..566. 599. Ex-

treme tenuity of, 558. General de-

scription of, 560. Motions of, and
described, 561... Parabohc, 564.

Elliptic, 567... Hyperbolic, 564. Di-
mensions of, 565. Of Halley, 567...

Of Caisar, 573. OfEncke, 576. Of
Biela, 579. Of Faye, 584. Of
Lexell, 585, Of De Vico, 586. Of
Brorsen, 587. Of Peters, 588. Sy-
nopsis of elements (Appendix). In-

crease of visible dimensions in re-

ceding from the sun, 57 1.580. Great,

of 1843, 589... Its supposed identity

with many others, 594... Interest at-

tached to subject, 597. Comctary
statistics, and conclusions therefrom,

601.

Commensurabiliti/ (near) of mean mo-
tions ; of Sf.tum's satellites, 550. Of
Uranus and Neptune, 669. and note.

Of Jupiter and Satirni, 720. Earth
and Venus, 726. Effects of, 719.

Compensation of disturbances, how ef-

fected, 719. 725.

Compression of terrestrial spheroid, 221.

Configurations, inequalities dependuig
on, 655...

Conjunctions, superior and inferior, 473.

Perturbations chieflyproduced at, 713.

Consciousness of eflcet when force is

exorted, 439.
Constellations, 60. 301. How brought

into view by change of latitude, 52.

Rising and setting of, 58.

Copemican explanation of diurnal mo-
tion, 76. Of apparent motions of

sun and planets, 77.

Correction of astronomical observations,

324... s. Uranographical summary,
view of, 342...

Culminations, 125. Upper and lower,

126.

Cycle, of conjunctions of disturbing

and disturbed planets, 719. Mcto-
nic, 926. Callippic, ib. Solai-, 921.

Lunar, 922. Of indictions, 923.

D.

Day, solar, lunar, and sidereal, 143.

Ratio of sidereal to solar, 305. 909.

91!. Solar unequal, 146. Mean
ditto, invariable, 908. Civil and
astronomical, 147. Intercalary, 910.

Days elapsed between principal chro-

nological eras, 926. Rules for reckon-

ing between given dates, 927.

Declination, 105. How obtained, 295.

Definitions, 82...
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al de-

f, and
564.

4. Di-
567...

6. Of
Of

5. Of
Sy-

. In-

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. (^See

also each planet.)

Dibtation of comets in receding from
the sun, 678.

Dione, 548.

Discs of stars, 816.

Distance of the moon, 403. ; the sun,

357.; fixed stars, 607. 812... ;
polar,

105.

Districts, natural, in heavens, 302.

Distiirbitig forces, natiu'e of, 609... Ge-
neral estimation of, 611. Numerical
values, 612. Unresolved in du'cc-

tion, 614. Resolution of, in two
modes, 615. 618. Effects of each

• resolved portion, 616... On moon,
expressions of, 676. Geometrical re-

presentations of, 676. 717.

Diurnal motion explained, 58. Paral-

lax, 339. Rotation, 144.

Double refraction, 202. Image micro-

meter, a new, described, 203. Co-
met, 580. Nebulas. 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 these orbits, 844. 848. Co-
loured, 851... Apparent periods af-

fected by motion of light, 863.

Dove, his law of temperature, 370.

E.

Earth. Its motion admissible, 15.

Spherical form of, 18. 22... Optical

effect of its curvattirc, 25. Diurnal
rotation of, 52. Uniform, 56. Per-
manence of its axis, 57. Figure sphe-

roidal, 219... Dimensions of, 220.

Elliptic fig'ire a result of theory, 229.

Temperature of surface, how main-
tained, 366, Appearance as seen

from moon, 436. Velocity in its

orbit , 474. Disturbance by Venus,
726.

Eclipses, 411... Solai-, 420. Lunar, 421
... Annular, 425. Periodic return

of, 426. Number possible in a year,

426. Of Jupiter's satelhtes, 538. Of
Saturn's, 549.

Ecliptic, 305... Its plane slowly vari-

able, 306. Cause of this variation

explained, 640. Poles of, 307. Li-

mits, solar, 412, Lunar, 427.

Egyptians, ancient, their chronology,
912.

Elements of a planet's orbit, 493. Va-
riations of, 652... Of double star or-

bits, 843. Synoptic table of planet-

ary, &c., Appendix.
Ellipse, variable, of a planet, 653. Mo-

mentary or osculating, 654.

Elliptic motion a consequence of gravi-

tation, 446. Laws of, 489... Their
theoretical explanation, 491.

Ellipticity of the Earth, 221.

Elongation, 341. Greatest, of Mercury
and Venus, 467.

Enceladus, 548., note.

Encke, comet of, 576. 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, Valuations incident

on, 731, 744.

Equation of light, 335. Of the center,

375, Of time, 379. Lunar, 452.

Annual, of the moon, 738.

Eqttator, 84.

Equatorial, 185.

Equilibrium, figure of, in a rotating

body, 224.

Equinoctial, 97. Time, 935.

Equinox, 293. 303.

Equinoxes, precession of, 312. Its ef-

fects, 313. In what consisting, 314...

Its physical cause explained, 642,,.

Eras, chronological list of, 926.

Errors, classification of, 133. Instru-

mental, 135... Their detection, 140,

Destmction of accidental ones by
taking means, 137. Of clock, how
obtained, 293.

Establishment of a port, 754.

Etlier, resistance of, 577.

Evection of moon, 748.

Excentricitia, stability of Lagrange's
theorem respecting, 701.

Excentricity of earth's orbit, 354. How
a.sccrtained, 377. Of the moon's, 405.

Momentary perturbation of, investi-

gated, 670. Application to lunar
theory, 688. Variations of, in orbits

nearly circular, 696. In cxcentric

orbits, 697. Permanent inequalities

depending on, 719.

F.

Facula, 338.

Faye, comet of, 584. and Appendi:^-

Flora, discovery of, 505.

Focus, upper. Its momentary change
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of place, 670, 67 1. Patli of, in nrtue
of both elcmonts of disturbing force,

704. Traced in the case of the
moon's variation, 706... And paral-

lactic inequality, 712. Circulation of,

about a mean situation in planetary
perturbations, 727.

Force, metaphysical conception of, 439.
Forced vibration, principle of, 650.

Forces, disturbing. See Disturbing force.

G.

Galactic circle, 793, Polar distance,

ib.

Galaxy composed of stars, 302. Sir

W. Herscliel's conception of its form
and structure, 786. Distribution of
stars generally referable to it, 786.
Its course among the constellations,

787... Difficulty of conceinng its

real form, 792. Telescopic analysis

of, 797. In some directions unfathom-
able, in others not, 798.

Galle, Dr., 506. Finds Neptune in

place indicated by theory, 768.

Galloway, his researches on the sun's

proper motion, 855.

Ga-sparis, Sig, JJe, discovers a new
planet (Appendix).

Gauging the heavens, 793.

Gay Lussac, his aeronautic ascent, 32.

Geocentric longitude, 503. Place, 371.

497.

Geodesical measurements,—their nature,

247...

Geography, 111, 205...

Globular clusters, 865. Their dynami-
cal stability, 866. Specimen list of,

867.

Golden number, 922.

Goodricke, his discovery of variable

stars, 821...

Gravitation, how deduced from phaeno-

mena, 444... Elliptic motion a con-
sequence of, 490..,

Gravity, center of, see Center of gravity.

Gravity diminished by centrifugal force,

231. Measures of, statical, 234.

Dynamical, 235. Force of, on the

moon, 433... On bodies at surface

of the sun, 440. Of other planets,

see their names.
Gregorian reform of calendar, 915...

H,

Halley. His comet, 567, First notices

Droper motions of the stai-s, 852.

Hansen. Ills detection of long ine-

qualities in the moon's motions, 745...

Harding discovers Juno, 505.

Heat, supply of, from sun alike in

summerand winter, 368. How kept

up, 400. Sun's expenditiu-e of esti-

mated, 397, Kecel , od from the sun

by ditl'erent planets, 508. Endured
by comets in perihelio, 692.

Hebe, discovery of, 505.

Heights above tlie sea, how measured,

286. Mean, of the contuients, 289.

Heliocentric place, 500.

Heliometer, 201.

Hemispheres, terrestrial and aqueous,284.

Herschel, Sir Wm., discovers Uranus,

505, and two satellites of Satirni, 548.

His method of gauging the heavens,

793. Views of the structure of the

Milky Way, 786. Of nebular sub-

sidence, and sidereal aggregation, 869.

874. His catalogues of double stars,

835. Discovery of their binary con-

nexion, 839. Of tlic sun's proper

motion, 854. Classifications of ne-

bulic, 868. 879. note.

Horizon, 22. Dip of, 23. 195. Rational

and sensible, 74. Celestial, 98. Arti-

ficial, 163.

Horizontal point of a mural circle, how
determined, 175...

Hour circles, 106. ; angle, 107. ;
glass,

150.

Hyperion, Appendix, Saturn's satellites.

I.

lapetus, 548.

Inclination of the moon's orbit, 406. Of
planet's orbits disturbed by orthogo-
nal force, 619. Physical importance
of, as an element, 632. Momentary
variation of, estimated, 633. Crite-

rion of momentary increase or dimi-

nution, 635. Its changes periodical

and self-coiTccting, 636. Application
to case of the moon, 638.

Inclinations, stability of, Lagrage's theo-

rem, 639. Analogous ui their per-

turbations to cxccntricities, 699,

Indiclions, 923.

Inequality, Pai'allactic of moon, 712.

Grc.t, of Jupiter and Sa'urn, 720...

Inequalities, independent of excentri-

city, theory of, 702... Dependent
on, 719.

Intercalation, 916.

Iris, discovery of, 505.

Iron, meteoric, 888.
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I,
712.

J20...
Icenti'i-

endciit

J.

Julian period, 924. Date, 930. Ee-
formation, 918,

Juno, discovery of, 505.

Jupiter, physical appearance and de-

scription of, 511. Ellipticity of, 512.

Belts of, 512. Gravity on surficc,

508. Satellites of, 510. Seen \vith-

out satellites, 543. Eecommended
as a photometric standard, 783. Ele-

ments of, &c. (iSee Synoptic Table,

Appendix.)
Jupiter and Saturn, their mutual per-

turbations, 700. 720...

K.

Kater, his mode of measuring small in-

tervals of time, 150. His collimator,

178.

Kepler, his laws, 352. 487. 489. Their
physical interpretation, 490...

Lagging of tides, 753.

Lagrange, his theorems respecting the

stability of the planetary system, 6C9.

639. 701.

Laplace accounts for the secular accele-

ration of the moon, 740.

Lassell, his discovery of the satellite of

Neptune, 524. Of an eighth satellite

of Saturn, Apj)endlx. Ke-discovers

two of the satellites of Uranus, 551.

Latitude, tciTestrial, 88. rarallels of,

89. How ascertained, 119. 129. Iso-

mer's mode of obtaining, 248. On a
spheroid, 247. Celestial, 308. He-
liocentric, how calculated, 500, Geo-
centric, 503.

Laws of nature how an-ived at, 139.

Subordinate, appear first in form of

errors, 139. Kepler's, 352. 487...

Zeve/, spirit, 176. Sea, 285. Strata, 287.

Levvrrier, 506, 507. 767.

LexcU, comet of, 585.

Libration of the moon, 435. Of ap-

sides, 694.

Light, aberration of, 331. Velocity of,

331. How ascertained, 545. Equa-
tion of, 335. Extinction of, in tra-

versing space, 798. Distance mea-
sured by its motion, 802... Of certain

stai'S compared with the sun, 817...

Effect of its motion in altering appa-

rent period of a double star, 863.

Zodiacal, 897.

Local time, 252.

London, centre of the ten-estrial hemi-
sphere, 284.

Lotigitude, terrestrial, 90. How deter-

mined, 121. 251... By chronometers,

255. By signals, 264. By electric

telegraph, 262. By shooting stars,

265. By Jupiter's satellites, &c., 266.

By lunar observations, 267... Celes-

tial, 308, j>Iean and true, 375. He-
liocentric, 500. Geocentric, 503. Of
Ju icr's satellites, curious relations

of, 542.

Lunation (synodic revolution of tlie

moon), its duration, 418.

M.

Magellanic clouds, 892...

Magnitudes of stars, 780... Common
and photometric scales of, 780... And
Appendix.

Jl/«/j.s', geographical, construction of, 27.*?.

Celestial, 290... Of the moon, 437.

Mars, phases of, 484. Gravity on sur-

face, 508. Continents and seas o\',

510. Elements (Appendix).

Masses of planets detennined by tlieir

satellites, 532. By their mutual

perturbations, 757. Of Ju] liter's

satellites, 758. Of the moon, 759.

Menstrual equation, 528.

Mercator's projections, 283.

Mercury, syncxlic revolution of, 472.

Velocity in orbits, 474. Stationary

points of, 476. I'liases, 477. Greatest

elongations, 482. Transits of, 483.

Heat received from sun, 508. Phy-
sical appearance and description, 509.

Elements of (Appendix).

Meridian, terrestrial, 85. Celestial, 101.

Line, 87. 190. Circle, 174. Mark,
190. Arc, liowmeasiu'cd, 213. Arcs,

lengths of, in various latitudes, 216.

Messier, his catalogue of nebula;, 865.

Meteors,898. Periodical, 900... Heights

of, 904.

Metis, discovery of, 505.

Micrometers, 199...

Milky way. (6'ec Galaxy, 302.)

Mimas, 550., and note.

Mira Ceti, 820.

Moon, her motion among the stars, 401.

Distance of, 403. Magnitude and
horizontal parallax, 404. Augmen-
tation, 404. Her orbit, 405. Kevo-
lution of nodes, 407. Apsides, 409.

Occultation of stars by, 414. Phases

of, 416. Brightness of smface, 417.,

u u
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note. Redness in eclipses, 422.

Physical constitution of, 429 .. . Desti-

tute of sensible atmosphere, 431.

Mountains of, 430, Climate, 431...

Inhabitants, 434. Influence on wea-
ther, 432., and note. Rotation on
axis, 435. Appearance from earth,

436. Maps and models of, 437. Real
form of orbit round the sun, 452.

Gravity on surface, 608. Motion of

her nodes and change of inclination

explained, 638 .. . Motion of apsides,

676... Variation of excentricity, 688
... Parallactic inequality, 712. An-
nual equation, 738. Eveetion, 748.

Variation, 705... Tides produced by,

751.

Motion, apparent and real, 15. Diurnal,

52. Pai-allactie, 68. Relative and
absolute, 78... Angular, how mea-
sured, 149. Proper, of stais, 852...

Of sun, 854.

Mountains, their proportion to tlie globe,

29. Of the moon, 430.

Mowna Roa, 32.

Jlfaro/ circle, 168.

N.

Nabonassar, era of, 926.

Nadir, 99.

Nebulae, classifieations of, 868. 879., note.

Law of distribution, 868. Resolvable,

870. Elliptic, 873. Of Andromeda,
874. Annular, 875. Planetary, 876.

Coloured, ib. Double, 878. Of sub-

regular forms, 881, 882. Irregular,

883. Of Orion, 885. OfArgo,887.
Of Sagittarius, 888. OfCygnus, 891.

Nebular hypothesis, 872.

iVeiu&jM matter, 871. Stars, 880.

Neptune, discovery of, 506. 768. Per-

turbations produced on Uranus by,

analysed, 765... Place indicated by
theory, 767. Elements of, 771... Per-

turbing forces of, on Uranus, gec-

metrically exhibited, 773. Their

effects, 774...

Newton, his theory of gravitation, 490...

et passim.

Nodes of the sun's equator, 390. Of
the moon's orbit, 407. Passage of

planets tlirough, 460. Of plaiietaiy

orbits, 495. Perturbation of, 620...

Criterion of their advance or recess,

622. Recede on the disturbing orbit,

624 . . . Motion of the moon's theoiy of,

638. Analogy of their variations to
those of perihelia, 699.

Nomvnrhiture of Saturn's satellites, .'348.,

note.

Nonagesiinal point, how found, 310.

Normal disturbing force and its effects,

618. Action on excentricity and
perihelion, 673. Action on lunar

apsides, 676. Of Neptune on Uranus,
its effects. 775.

NubeculcB, I ;jor and minor, 892...

Number, golden, 922.

Nutation, in what consisting, 32 1 . Period,

322. Common to all celestial bodies,

323. Explained on physical prin-

ciples, 648.

O.

Obliquity of ecliptic, 303. Produces
the vainatio-.3 of season, 362. Slowly
diminishing, and why, 640.

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, 541.

Of Saturn's, 549.

Olbers discovere Pallas and Vesta, 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. (5'ee comets.)

Orthogonal disturbing force, and its

effects, 616. 619.

Orthographic projection, 280.

Palitzch discovers the variability of

Algol, 821,

Pallas, discovery of, 505.
Parallactic 'm&\.n\mfint, 185. Inequality

of the moon, 712. Of planets, 713.

Unit of sidereal distances, 804. Mo-
tion, 68.

Parallax, 70. Geocentric or diurnal,

339. Heliocentric, 341. Horizontal,

355. Of the moon, 404. Of the

sun, 357. 479. 48 1. Annual, of stars,

800. How investigated, 805... Of
particular stars, 812, 813. 815. Sys-

tematic, 862.

Peak of Tencriffe, 32.

Pendtdum-c\uvk, 89. A measure of

gravity, 235.

Penumbra, 420.

Perigee of moon, 406.
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irnal,

jTital,

the

stars,

Of
Sys-

Perihelia and cxcentricitics, theory of,

670...

Perihelion, 363. Longitude of, 495.

Pivssage, 496. Heat endured by
comets in, 592.

Period, Julian, 924. Of planets (App.).
Periodic time of a l)ody revolving at the

earth's surface, 442. Of planets, how
ascertained, 486. Law of, 48. Of a
disturbed planet permanently altered,

734...

Periodical Btaxs, 820... List of, 825.

Perspective, celestial, 114.

Perturbatiotis, 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 ncbulic, 876...

Planets, 456. Zodiacal and ultra-zo-

diacal, 457. Apparent motions, 459.

Stations and retrogradations, 459.

Reference to sun as tlieir center, 462.

Community of nature with the earth,

463. Apparent diameters of, 464.

Phases of, 465. Inferior and superior,

467. Transits of (5ec Transit) Mo-
tions explained, 468. Distances, how
concluded, 471. Periods, how found,

472. Synodical revolution, 472.

Superior, their stations and retrogra-

dations, 485. Magnitude of orbits,

how concluded, 485. Elements of,

495. (See Appendix for Synoptic
Table.) Densities, 508. Physical

peculiarities, &c., 509. . . Illustration of

their relative sizes and distances, 526.

Plantamour, his calculations respecting

the double comet of Biela, 583.

Pleiades, 865. Assigned by Miidler

as the central point of the sidereal

system, 861.

Plumb-line, direction of, 23. Use of, in

observation, 175.

iWrtr 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, 319.
Pores of the sun's surface, 387.

Position, angle of, 204. Micrometer, ib.

Precession of the equinoxes, 312. In
what consisting, 314... Effects, 313.
Physical explanation, 642. .

.

Prasepe, Cancri, 865.

Priming and lagging of tides, 753,
Principle of areas, 490. Of forced

vibrations, 650. Of repetition, 198.

Of conservation of vis viva, 663.

Of collimation, 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
the sun, 853.

Pyramids, 319.

R.

Radial disturbing force, 615...

Radiation, solar, on planets, 508. On
comets, 592.

Rate of clock, how obtained, 293.

Reading off, methods of, 165.

Reflexion, obscr^-ations by, 173.

Refraction, 38. Astronomical and its

effects, 39, 40. Measurs 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
nodes. (See Nodes.)

Rhea, 548., note.

Right ascension, 108. How determined,

293.

Rings of Saturn, dimensions of, 514.

Phenomena of their disappearance,

5 15...Equilibrium of, 5 18... Multiple,

521, and Appendix. Appearance 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, 512.

Of iixed stars on their axes, 820.

S.

Saros, 426.

Satellites, of Jupiter, 511. Of Saturn,

518. 547. Discovery of an eighth

(Appendix). OfUranus,523.552. Of
Neptune, 524. 553. Used to deter-

mine masses of their primaries, 532.
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Obey Kepler's laws, 533. Eclipses

of Jupiter's, 535... Other phajiiomena

of, 540. Their dimensions and
masses, 540. Discovery, 544. Ve-
locity of lifrht ascertained from, 545.

Saturn, remarkable deficiency of density,

508. Rings of, 514. Physical de-

scription of, 514. Satellites of, 547.

and Appendi:;. (^See also elements
in Appendix.)

Sen, proportion of its depth to radius

of the globe, 31. Its action in mo-
delling the external form of the

earth, 227.

Seawjifi explained, 362. . . Temperature
of, 366.

Sector, zenith, 192.

Secular variations, 655.

Setevographi/, 437.

Sextant, 193...

Shadow, dimensions of the earth's, 422.

428. Cast by Venus, 467. Of Ju-
piter's satellites seen on disc, 540.

Shooting stars used for finding longi-

tudes, 265. reriodical, 900. (6Vc
Meteors.

Sidereal time, 110. 910. Year. (See

Year.) Day. (6\e Day.)
Signs of zodiac. 380.

Sirius, its parallax and absolute light,

818.

Solar cycle, 921.

Sphere, 95. Projections of, 280. At-
traction of, 735., note.

Spheroidal form of Earth (sec Earth)
produces inequalities in the moon's
motion, 749.

Spots on Sun, 389...

Stars, visible by day, 6 1 . Fixed, 777...

Their apparent magnitudes, 778...

Comparison by an astrometer, 783.

Law of distribution over heavens,

785... alike in either hemisphere, 794.

Parallax of certain, 815. Discs of,

816. Real size and absolute liglit.

817. Periodical, 820... Temporary,
827. IiTcgii'ir, 830. Missing, 832.

Double, 8.'! ... Coloured, 851., and
note. Proper motions of, 852. Ir-

regularities in motions not verified,

859. Clusters of, 864... Nebulous,

879... Nebulous-doiible, 880.

Stutionari/ points of planets, 459. How
determined, 475. Of Mercury and
Venus, 476.

•S'<ereo</jtt/j/ik; projection, 281.

Stones, meteoric, 898. Great sliower

of, ib,

Struve, his researches on the law of

great size on
Apparent mo-
Orbit elliptic,

distribution of stars, 793. Discovery
of parallax of a Lyra), 813. Ca-
talogue and observation of double
stars, 835.

Struve, Otto, his researches on proper
motions, 854.

Style, old and new, 932.

SuH, oval shape and
horizon explained, 47.

tion not miiform, 34.

349. Greatest and least distances,

350. Actual distance, 357. Mag-
nitude, 358. Rotation on axis, 359.
390. Mass, 360. Physical consti-

tution, 386. Spots, ib.,.. Situation of

its equator, 390... Maculiferous zones
of, 393. Atmospj-.erc, 395. Tempe-
rature, 396. Expenditure of heat,

397. Eclipses, 420. Density of, 447.
Natural center of planetary system,

462. 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.

Suruei/, trigonometrical nature of, 274.
Si/nodic revolution, 418. Of sun and
moon, ib.

Tangential force and its effects, 618.
Momentary action on perihelia, 673.
Wholly influential on velocity, 660.
Produces variations of axis, ib, ...

Doubles the rate of advance of lunar
apsides, 686. Of Ncptimo on
Uranus, and its effects, 774.

Telescope, 154. Its application to as-

tronomical instruments, 117.

Telescopic sights, invention of, 158., note.

Temperature of earth's surfiice at difle-

rent seasons, 366. In South Africa
and Australia, 369. Of the sun, 396.

Tetki/s, 548., note.

Theodolite, 192. Its use in surveying,
276.

Theory of instrumental errors, 141. Of
gravitation 490... Of nebulous subsi-

dence and sidereal aggregation, 872.
Tides, a system of forced oscillations,

651. Explained, 750... Priming find

lagging of, 753. Periodical inequal-
ities of, 755. Instances of very high,

756.

Time, sidereal, 110. 327. 911. Local,
129. 152. Measures angular motion,
149. How itself measured, 150...

11
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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 winda, 239...

Transit instrument, 159...

Transits of stars, 152, Of planets

across the sun, 467. Of Venus, 479
. . . Mercury, 483. Of Jupiter's satel-

lites across disc, 540. Of their sha-

dows, 549.

Transparency of space, supposed by
Olbers imperfect, 798.

Transversal disturbing force, and its

eftects, 615...

Trigonometrical survey, 274.

Tropics, 93. 380.

Twilight, 44.

U.

Umbra in eclipses, 420. Of Jupiter,

538.

Uranography, 111. 300.

Uranographical corrections, 342 .. . Pro-
blems, 127... 309...

Uranus, discovery of, 505. Heat re-

ceived from sun by, 508. Physical

description of, 523. Satellites of,

551. Perturbations of by Neptune,

760... Old observations of, 760.

Vanishing point of parallel lines, 116.

Line of parallel planes, 117.

Variation of the moon explained, 705...

Variations of elements, 653. Periodical

and secular, 655. Licidont on tlio

epoch, 731.

Velocity, angular, of sun not uniform,

350. Linear, of sun not uniform,

351. Of planets. Mercury, Venus,
and Earth, 474. Of light, 545. Of
shooting stars, 899. 904.

Venus, synodic revolution of, 472. Sta-

tionary points, 476. Velocity of, 474.

Phases, 477. Point of greatest bright-

ness, 478. Transits of, 479. Phy-
sical description and appearance, 509.

Inequality in earth's motion pro-

duced by, 726. In that of the moon,
743...

Vernier, 97.

Vertical, prime, 102. Circles, 100.

Vesta, discovery of, 505.

w.
Weight of bodies in different latitudes,

322. Of a body on the moon, 508.

On the sun, 450.

Winds, trade, 240...

Y.

Year, sidereal, 305. Tropical, 383.

Anomalistic, 384., and day incom-
mensurable, 913. Leap, 914. Of
confusion, 917. Beginning of, in

England changed, 932.

Z.

Zenith, 99. Sector, 192.

Zodiac, 305.

Zodiacal light, 899.

Zonea of cUmate and latitude, 382.

THE END.
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