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PREFACE.

To prevent a poBsible misapprehengion in Bcientific qnar-

ters, the author desires it understood that the present work

is not designed either to instruct the professional investi-

gator or to train the special student of astronomy. Its main

object is to present the general reading public with a con-

densed view of the history, methods, and results of astro-

nomical research, especially in those fields which are of most

popukr and philosophic interest at the present day, couched

in such language as to be intelligible without nutthematical

study. He hopes that the earlier chapters will, for the meet

part, be readily understood by any one having clear geomet-

rical ideas, and that the later ones will "be intelligible to all.

To diminish the diflSculty which the reader may encounter

from the unavoidable occasional use of technical terms, a

Glossary has been added, including, it is believed, all that

are used in the present work, as well as a number of others

which may be met with elsewhere.

Eespecting the general scope of the work, it may be said

that the historic and phUosophie sides of the subject have

been treated with greater fulness than is usual in works of

this character, while the purely technical side has been pro-

portionately condensed. Of the four pai ts into which it is

divided, the first two treat of the methods by which the mo-
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tions and the mntual relations of the heavenly bodies hafe

been investigated, and of tlie resnlts of such investigation,

while in the last two the individual peculiarities of those

bodies are considered in greater detail. The subject of the

general structure and probable development of the universe,

which, in strictness, might be considered as belonging to the

first part, is, of necessity, treated last of all, because it re-

quires all the light that can be thrown upon it from every

available source. Matter admitting of presentation in tabular

form has, for the most part, been collected in the Appendix,

where will be found a number of brief articles for the use

of both the general reader and the amateur astronomer.

The author has to acknowledge the honor done him by

several eminent astronomers in making his work more com-

plete and interesting by their contributions. Owing to the

great interest which now attaches to the question of the con-

stitution of the sun, and the rapidity with which our knowl-

edge in this direction is advancing, it was deemed desirable

to present the ktest views of the most distinguished investi-

gators of this subject from their own pens. Foor of these

gentlemen—Rev. Father Secchi, of Rome ; M. Fave, of Paris

;

Professor Young, of Dartmouth CoUege ; and Professor Lang-

ley, of Allegheny Observatory—have, st the author's request,

presented brief expositions of their theories, which will be

found in their own language in the chapter on the sun.
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PREFACE
TO THE FOURTH EDITION.

Thb favor with which this work has been received by the

public has led the author and publiahers to give it a fourth

revision, in order to include the latest results of astronomical

research. The subjects which were added in the third edition

comprised Dr. Draper's investigations on the existence of oxy-

gen in the snn; Janssen's new method of photographing the

sun; the conclusions from recent total eclipses; the prelimi-

nary results of the British observations of the late transit of

Venus, as well as of other methods of determining the solar

parallax; Uie discovery of the satellites of Mars; the results

of recent investigations into the motion of the moon, and Pro-

fessor Watson's observations of snpposed intraraercurial plan-

ets. The principal additions to the present edition relate to

the great telescopes completed within the last three years, the

transit of Venus of December 6th, 1882, and recent develop-

ments in cometary astronomy. The intention has been to

bring it up to date in all important points, and it is now

hoped that the general reader will find in it the fullest prac-

ticable explanation of every branch of the subject which can

interest him.
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POPULAR ASTOONOMY

PART I.-TBE SYSTEM OF THE WORLD

HISTORICALLY DEVELOPED.

INTRODUCTION.

A8TEONOMY is tho most anoiont of the physical sciences, be-

ing distinguished among them by its slow and progre».ve

Tvelopment f«>m the earliest ages nntil th« P^"*^™^'

In no other science has each generation which «tdvanc^^

been so much indebted to its predecessors for botu the fa^te

Td the ideas necessary to make the advance. The concep on

of a globular and moving earth pursuing her course through

the celestial spaces among her sister planets, which we see as

Btars. is one to the entire evolution of which no one mind and

^o one age can ky claim. It was the result of a gradual

process of education, of which the subject was not an ind -

vidual, but the human race. The great astronomers of all

ages have built upon foundations laid by their P^^ecessors

;

a^when we attempt to search out the firstfounder, we find

ourselves lost in Ihe mislB of antiquity. The theory of uni-

versal gravitation was founded by Newton upon the laws of

KeplerfSe observations and measuremente of his French con-

tempoiiries, and the geometry of Apollonius. Kepler used

Z his material the observations of Tycho Brahe, and buHt

upon the theory of Oopemicur. When we seek the ongm of

r^strumento used b^Tycho, we «K,n find ourselves among
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the inediwval Arabs. The discovery of the true system of

the world by Copernicus was only possible by a careful stndy

of the laws of apparent motion of the planets as expressed in
^

the epicycles of Ptolemy and Hipparchus. Indeed, the more

carefully one studies the great work of Copeniicus, the more

surprised he will be to find how completely Ptolemy furnished

him both ideas and material. If we seek the teachers and

pi-edecessore of Hipparchus, we find only the shadowy forms

of Egyptian and Babylonian priests, whose names and writings

are all entirely lost. In the earliest historic ages, men knew

that the earth was round ; that the sun appeared to make an

annual revolution among the stars; and that eclipses were

caused by the moon entering the shadow of the earth, or tlie

earth that of the moon.

Indeed, each of the great civilizations of the ancient world
^

Mems to have had its own system of astronomy strongly

marked by the peculiar character of the people among whom

it was found. Seveml events recorded in the annals of China

ahow that the movements of the sun and the laws of eclipeos

were studied in that country at a very early age. Some of

these events m.;st be entirely mythical ; as, for instance, the
,

despatch of astronomers to the four points of the compass for

the purpose of determining the equinoxes and solstices. Bnt

there is another event which, even if we place it in the same

category, must be regarded as indicating a considerable amonnt

of astronomical knowledge among the ancient Chinese. We
refer to the tragic fate of Hi and Ho, astronomet* royal to one

of the ancient emperors of that people. It was part of the

duty of these men to carefully study the heavenly movements,

and give timely warning of the approach of an eclipse or other

remarkable phenomenon. Bnt, neglecting this duty, they gave

themselves up to drunkenness and riotous living. In conse-

qaence,an eclipse of the sun occurred without any notice being

given ; the religious rites due in such a case were not performed,

and China was exposed to the anger of the gods. To appease

their wrath, the unworthy astronomers were seized and sum-

marily executed by royal command. Some historians have

V
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INTBODVVTION. 8

gone so far as to fix the date of this oconrrence, which is vari-

ously phiccd at from 2128 to 3159 years before tbe Christian

era. If this is correct, it is tlie earliest of which profane his-

tory has left us any record.

In the Hindoo astroiioniy we see the peculiarities of the

contemplative Hindoo mind strongly reflected. Here the

imagination revels in periods of time which, by comparison,

dwarf even the measnres of the celestial spaces made by mod-

em astronomers. In this, and in perhaps other ancient sys-

tems, we find references to a supposed conjunction of all Uie

planets 3102 years before tlie Christian era. Although we
have every reason for believing that tliis conjunction was

learned, not from any aotaal record of it, but by calculating

back the position of the planets, yet the very fact that they

were able to make this calculation shows that the motions of

"the planets must have been observed and recorded during

many generations, either by. the Hindoos themselves, or some

other people from whom they acquired their knowledge. As
a matter of fact, we now know from our modern tables that

this conjunction was very far from being exact ; bnt its error

oonld not be certainly detected by the rude observations of the

times in question.

Among a people so prone as the ancient Greeks to speculate

upon the origin and nature of things, while neglecting the ob^

servation of natural phenomena, we cannot expect to find any-

thing that can be considered a system of astronomy. But there

are some ideas attributed to Pythagoras which are so frequent-

ly alluded to, and so closely connected with the astronomy of

a subsequent age, that we may give them a passing mention.

He is said to have taught that the heavenly bodies were set

in a number of crystalline spheres, in the common centre of

which the earth was placed. In the outer of these spheres

were set the thousands of fixed stars which stnd the firma-
•

ment, while each of the seven planets had its own sphere. The
transparency of each crystal sphere was perfect, so that the

bodies set in each of the outer spheres were visible through

all the inner ones. These spheres all rolled round on each

J
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Other in a daily revolution, thus causing the rising and setting

of the heavenly bodies. This rolling of the spheres on each

other made a celestial ransic, the "music of the spheres,"

which filled the firmament, but was of too elevated a char-

acter to be heard by the ears of mortals.

It must be admitted that the idea of the stars being set in a

hollow sphere of crystal, forming the vault of the firmament,

was a very natural one. They seemed to revolve around the

earth every day, for generation after generation, without tho

slightest change in their relative positions. If there were no

solid connection between them, it does not seem possible that

a thousand bodies could move around their vast circuit for

such long periods of time without a single one of them vary-

ing its distance from one of the others. It is especially diflft-

cult to conceive how they could all move around the same

axis. But when they are all set in a solid sphere, every one is

made secure in its place. The planets could not be set in the

same sphere, because they change their positions among the

stars. This idea of the sphericity of the heavens held on to

the minds of men with remarkable tenacity. The funda-

mental proposition of the system, both of Ptolemy and Coper-

nicus, was that the universe is spherical, the latter seeking to

prove the naturalness of the spherical form by the analogy

of a drop of water, although the theory served him no par-

pose whatever. Faint traces of the idea are seen here and

there in Kepler, with whom it vanished from the mind of the

race, as the image of Santa Clans disappears from the mind of

the growing child.

I^ihagoras is also said to have taught in his esoteric lect-

ures that the sun was the real centre of the celestial move-

ments, and that the earth and planets moved around it, and it

is this anticipation of the Copemican system which constitutes

lus greatest glory. But he never thought proper to make a

public avowal of this doctrine, and even presented it to his

disciples somewhat in the form of an hypothesis. It must

also be admitted that the acconnts of his system which have

reached us are so vague and so filled with metaphysical specu-
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INTBODUCTIOK 5

lation that it is questionable whether the frequent application

of his name to the modern system is not more pedantic than

justifiable.

The Greek astronomers of a later age not only rejected the

vague speculations of their ancestors, but proved themselves

the moat careful obsertrers of their time, and first made astron-

omy worthy the name of a science. From this Greek astrono-

my the astronomy of our own time may be considered as com-

ing by direct descent. Still, were it not for the absence of his-

toric records, we could probably trace back botli their theories

and their system of obporvation to the plains uf Chaldea. The
zodiac was mapped out and the constellations named many
centuries before they commenced their observations, and these

works marked quite an advanced stage of development. This

prehistoric knowledge is, however, to be treated by the histo-

rian rather than the astronomer. If we confine ourselves to

men whose names and whom labors have come down to us,

we must concede to Hipparchns the honor of being the father

of astronomy. Not only do his observations of the heavenly

bodies appear to have been far more accurate than those of

any of his predecessors, but he also determined the laws of the

apparent motions of the planets, and prepared tables by which

these motions could be calculated. Probably he was the first

propounder of the theory of epioyolio motions of the planets,

commonly called after the name of his successor, Ptolemy, who
lived three centuries later.

Oommencing with the time of Hipparchus, the general

theory of the structure of the universe, or "system of the

world," as it is frequently called, exhibits three great stages of

development, each stage being marked by a system quite dif-

ferent from the other two in its fundamentalprinciples. These

are:

1. The so-called Ptolemaic system, which, however, really

belongs to Hipparehns, or some more ancient astronomer. In

this system the motion of the earf;h is ignored, and the appar-

ent motions of the stars and planets around it are all regarded

as real
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2. The Copernican system, in which it is shown that the snn

is i-eally the centre of the planetary motions, and that the earth

is itself a planet, both turning on its axis and revolving round

the snn.

3. The Newtonian system, in which all the celestial motions

are explained by the one law of universal gravitation.

This natural order of development shows the order in which

a knowledge of the structure of the universe can be most

clearly presented to the mind of the general reader. We
shall therefore explain this structure historically, devoting a

separate chapter to each of the three stages of development

which we have described. We commence with what is well

known, or, at least, easily seen by every one who will look at

the heavens with snificient care. We imagine the observer

out-of-doors on a starlit night, and show him how the hoav-

enly bodies seem to move from hour to hour. Then, we show

him vaat changes he will see in their aspects if he contin-

ues his watch through months and years. By combining the

apparent motions thus learned, he forms for himself the an-

cient, or Ptolemaic, system of the world. Having this system

clearly in mind, the passage to that of Copernicus is but a

step. It consists only in showing that certain singular oscillar

tions which the sun and planets seem to have in common are

really due to a revolution of the earth around the sun, and

that the apparent daily revolution of the celestial sphere arises

from a rotation of the earth on its own axis. The laws of

the true motions of the planets being perfected by Kepler,

they are shown by Newton to be included in the one law of

gravitation towards the sun. Such is the course of thought to

which we first invite the reader.



THE CELESTIAL SPHEBE.

CHAPTER L

THB AKOHOrr ABTBOHOMT, ok the AFPABBNT MOnOKS OF THB

BEAVBNLT BODIES.

§ 1. The Celestial Sj>here.

It is a fact with which we are familiar from infancy, that

all the heavenly bodies-sun, moon, and stars-seem to be set

in an aznre vault, which, rising high over our heads, curves

down to the horizon on every side. Here the earth on which

it seems to rest, prevents our tracing it farther. But if the

earth were out of the way, or were perfectly transparent, we

could trace the vault downwards on every side to the point

beneath our feet, and could see sun, moon, and stars m every

direction. The celestial vault above us, with the correspond-

ing one below us, would then form a complete sphere, in the

centre of which the observer would seem to be pkced. Ihis

has been known in all ages as the celestial sphere. The direc-

tions or apparent positions of the heavenly bodies as well as

their apparent motions, have always been defined by their sit-

uation wid motions on this sphere. The fact that it is purely

imaginary does not diminish its value ae enabling ns to form

distinct ideas of the directions of the heavenly bodies from m.

It matters not how large we suppose this sphere, so long as

we always suppose the observer to be in the centre of it, so

that it shall surround him on all sides at an equal distance.

But in the language and reasoning of exact astronomy it is

always supposed to bo infinite, as then the observer may con-

ceive of himself as transported to any other point, even to one

of the heavenly bodies themselves, and still be, for all practical

purposes, in the centre of the sphere. In this case, however,

the heavenly bodies are not considered as attached to the cir.

B
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cumference of the infinite sphere, but only as lying on the line

of sight extending from the observer to some point of the

sphere. Their relation to it may be easily understood by the

observer conceiving himself to be luminous, and to throw out

rays in every direction to the infinitely distant sphere. Then

the apparent positions of the various heavenly bodies will be

those in which their shadows strike the sphere. For instance,

the observer standing on the earth and looking at the moon,

Vio. L—Seetion ^f the taucloaix cdMtlal wt/^nm. The obaerrar at O, looUiiK at the

tan or other hodiee, marked p, 9, r, «, (, n. t>, will Imagine them iltoated *XP,q,It,S,

T,0, r, OB Uie ittrllice of the ephece, where they will appear pnjeoted along the

trai^tpl>i99i«tc

tiie shadow of the latter will strike the sphere at a point on a

Btraight^ne drawn from the observer's eye through the centre

of the moon, and continued till it meets the sphere. The point

of meeting will represent the position of the moon as seen by

the observer. Now, suppose the latter transported to the moon.

Then, looking back at the earth, he will see it projected on the

sphere in a point diametrically opposite to that in which he

formerly saw the moon. To whatever planet he might tnms-

im
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THE DIURNAL MOTION. 9

port himself, he would see the earth and the other planets pro-

jected on this imaginary sphere precisely as we always seem

to see the heavenly bodies so projected.

This is all that is left of the old crystalline spheres of Py-

thagoras by modem astronomy. From being a solid which

held all the stars, the sphere has become entirely immaterial,

a mere conception of the mind, to enable it to define the di-

rections in which the heavenly bodies are seen. By examin-

ing the figure it will be clear that all bodies which lie in the

same straight line from the observer will appear on the same

point of the sphere. For instance, bodies at the three points

marked t will all be seen as if they were at T.

§ 3. The Diurnal Motion.

If we watch the heavenly bodies for a few hours we shall

always find them in motion, those in the east rising upwards,

those in the south moving towards the west, and those in the

west sinking below the horizon. We know that this motion

is only apparent, arising from the rotation of the earth on its

axis ; but as we wish, in this chapter, only to describe things

as they appear, we may speak of the motion as real. A few

days' watching will show that the whole celestial sphere seems

to revolve, as on an axis, every day. It is to this revolution,

carrying the sun alternately above and below the horizon, that

the alternations of day and night are due. The nature and

effects of this motion can best be studied by watching the ap-

parent movement of the stars at night. We should soon learn

from such a watch that there is one point in the heavens, or

on the celestial sphere, which does not move at all. In our

latitudes this point is situated in the north, between the zenith

and the horizon, and is called the pole. Around this pole, as

a fixed centre, all the heavenly Jbo«]iies seem to revolve, each

one moving in a circle, the size of which depends on the dis-

tance of the body from the pole. There is no star situated

exactly at the pole, but there is one which, being situated lit-

tle more than a degree distant, describes so small a circle that

the unaided eye cannot see any change of place without mak-

--: «y)'fe^«-i^ i.-^i#i'«*ij*S«iW '^Jikti^ 'iiiKBfiii^'^iif. -
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ing some exact and carefnl obtaervation. This is therefore

called the pole star. The pole star can nearly always be very

readily found by means of the pointers, two stars of the con-

stellation Ursa Major^ the Great Bear, or, as it is familiarly

called, the Dipper. By referring to the fignre, the reader will

readily find this constellation, by the dotted line from the pole

and thence the pole star, which is near the centre of the map.

VU. S.—Kap of the prinetiml ctan of ths Borthem tkf, •howlng ttie oonttollationi whish

nerer let In latitude 40*, bat NTOlre roand tlte pole star vnrj day in the direction

hown by the arrow*. The two lower atan of Uim Maftr, on the left of the m»p,

point to the pole atar In the centre.

The altitude of the pole is eqnal to the latitude of the place.

In the Middle Stateu the latitude is generally not far from

forty degrees ; the pole is therefora a little nearer to the hori-

zon than to the zenith. In Maine and Canada it is about half-

way between these points, while in England and Northern

Europe it is nearer the zenith.

mm
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Now, to Bee the effect of the dinrnal motion near the pole,

let us watch any star in the north between the pole and the

horizon. We shall soon see that, instead of moving from east

to west, as we are accustomed to see the heavenly bodies move,

it really moves towards the east. After passing the north

point,.it begins to curve its course upwards, until, 'n the north-

east, its motion is vertical. Th^n it turns gradually to the

west, passing as far above the pole as it did below it, and, sink-

ing down on the west of the pole, it again passes under it

The passage above the pole is called the upper culmination,

and that below it the lower ona The course around the pole

is shown by the arrows on Fig. 2. We cannot with the naked

eye follow it all the way ronndj on account of the intervention

of daylight ; but by continuing our wateh every clear night for

a year, we should see it in every point of its course. A star

following the course we have described never sets, but may be

seen every clear night. If we imagine a circle drawn round

the pole at such a distance as just to touch the horizon, all the

stars situated within this circle will move in this way ; this is

therefore called the circle of perpetual apparition.

As we go away from the pole we shall find the stars mov-

ing in larger circles, passing higher ap over the pole, and lower

down below it, until we reach the circle of perpetual appari-

tion, when thisy will just graze the horizon. Outside this oirole

every star must dip below the horizon for a greater or less

time, depending on its distance. If it be only a few degrees

outside, it will set in the north-west, or between north and

north-west ; and, after a few hours only, it will be seen to rise

again between north and north-east, having done little more

than graze the horizon. The possibility of a body rising so

soon after having set does not always occur to those who live

in moderate latitudes. In July, 1874, Coggia's comet set in

the north-west about nine o'clock in the evening, and rose

again about three o'clock in the morning ; and some intelligent

people who then saw it east of the pole supposed it could not

be tiie same one that had set the evening before.

Passing outside the circle of perpetual appaiition, we find
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that the stars pass south of tbe zenith at their upper culmina-

tion, that they set more quickly, and that they are a longer

time below the horizon. This may be seen in Fig. 8, the por-

tion of the sphere to which we refer being between the celes-

tial equator and the line Zlf^. When wo reach the equator

one-half the coarse will be above and one-half below the hori-

Ito. 8.—The edwttal sphere and dlumal motion. S is the eunth horiioD, If the nortb hori-

on, X the lenith. The eirele tiN aronnd the north pole eontalne the etue ehown in

Kg. • ; And the olxerver at O, in the centre of the aphere, lootdng to tlie nortli, aees the

•tan aa tliey are depicted '/i that flgnm. The arrowa ahow the direction of tlie dional

motion in the west.

son. South of th( equator the circles described by the stars

become smaller once more, and more than half their course is

below the horizon. Near the south horizon the stars only show

themselves above the horizon for a short time, while below it

there is a circle of perpetual disappearance, tlie stars in which,

to us, never rise at all. This cii-cle is of the same magnitude

£Z. »i^wjiLu»*B« 'Mii!i,

'ia»i^aefgj
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with that of perpetual apparition, and the south pole is sitoat^d

in its centre, just as the north pole is in the centre of the other.

If we travel southward we find that the north pole gradually

sinks towards the horizon, while new stars come into view above

the south horizon ; consequently the circles of perpetual appari-

tion and of perpetual disappearance both grow smaller. When
we reach the earth's equator the south pole has risen to the

south horizon, the north pole has sunk to the north hori-

zon; the celestial equator passes from east to west directly

overhead ; and all the heavenly bodies in theii diurnal revolu-

tions describe circles of which one half is above and the other

half below the horizon. These circles are all vertical.

South of the equator only the south pole is visible, the north

one, which we see, being now below the horizon. Beyond the

southern tropic the sun is north at noon, and, instead of mov-

ing from left to right, its course is from right to left

The laws of the diurnal. motion which we have described

may be summed up as follows

:

1. The celestial sphere, vrith the sun, moon, and stars, seems

to revolve daily around an inclined axis passing through the

point where we may chance to stand.

3. The upper end of this axis points (in this hemisphere) to

the north pole ; the other end passes into the earth, and points

to the south pole, which is diametrically opposite, and therefore

below the horizon.

8. All tihe fixed stars during this revolution move together,

keeping at the same distance from each other, as if the revolv-

ing celestial sphere were solid, and they were set in it.

4. The circle drawn round the heavens half-way between

the two poles being the celestial equator, all bodies north of

this equator perform more than half their revolution above

the horizon, while south of it less than half is above it

§ 8. Motion of ike Sun among the Start.

The most obvious classification of the heavenly bodies which

we see with the naked eye is that of sun, moon, and stars.

But there is also this difference among the stars, that while the

l*9W*l
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great mass of them preserve the same relative position on the

celestial sphere, year after year and centnry after century, there

^are five which constantly change tlieir positions relatively to

the others. Their names are Mercnry, Venus, Mars, Jupiter,

and Saturn. These five, with the sun and moon, constitute the

seven planets, or wandering stars, of the ancients, the motions

of which are next to be described. Taking out the seven

planets, the remaining heavenly bodies visible to the naked

eye are termed the Fixed Star^, becanse they have no appar-

ent motion, except the regular diurnal ravolution described in

the last section. But if we note the positions of the snn,

moon, and planets among the stars for a number of successive

nights, we shall find certain slow changes among them which

we shall now describe, beginning with the sun. In studying

this description, the reader must remember that we are not

seeking for tlie apparent diurnal motion, but only certain

much slower motions of the planets relative to the fixed stars,

such as would be seen if the earth did not rotate on its axis.

If we observe, night after night, the exact honr and minute

at which a star passes any point by its diurnal revolution, we

shall find that passage to ooonr some four minutes earlier

every evening than it did the evening before. The starry

sphere therefore revolves, not in 24 hours, bnt in 33 honit

56 minutes. In consequence, if we note its position at the

same hour night after night, we shall find it to be farther and

farther to the west Let ns take, for example, the brightest

star in th6 constellation Leo, represented on Map III., and

commonly known as Regulus. If we watch it on the 22d of

March, we shall find that it passes the meridian at ten o'clock

in the evening. On April 22d it passes at eight o'clock, and

at ten it is two hours west of the meridian. On the saitae day

of May it passes at six, before sunset, so that it cannot be seen

on the meridian at all. When it first becomes visible in the

evening twilight, it will be an hour or more west of the me-

ridian. In June it will be three hours west, and by the end of

Jnly it will set during twilight, and will soon be entirely lost

in the rays of the sun. This shows that during the months in

Wikg- "** asFSBSnajstB^* m
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MOTIOS OF TEE SUN AMONG THE STABS. 15

question the snn has been approaching the star from the west,

and in August has got so near it that it is no longer visible.

Carrying forward our computation, we find that on August

Slst the star crosses the meridian at noon, and therefore at

nearly the same time with the sun. In September it crosses

at ten in the morning, while the sun is on the eastern side.

The snn has therefore passed from the west to the east of the

star, and the latter can be seen rising in the morning twilight

before the sun. It constantly rises earlier and earlier, and

therefore farther from the sun, until February, when it rises

at sunset and sets at sunrise ; and is therefore directly opposite

the sun. In March the star would cross the meridian at ten

o'clock once more, showing that in the course of a year the

sun and star had resumed their first position. But, while the

sun has risen and set 865 times, the star has risen and set 866

times, the sun having lost an entire revolution by the slow

backward motion we have described.

If the stars were visible in the daytime (as they would be

but for the atmosphere), the apparent motion of the snn among
them could be seen in the course of a single day. For in-

stance, if we oonld have seen Regnlus rise on the morning of

August 30th, 1876, we should have seen the sun a little south

and west of it, the relative position of the sun being as shown
by the circle numbered 1 in the figure.

Watching the star all day, we should find

that at sunset it was north from the snn,

as from circle No. 2. The sun would

during the day have moved nearly its own
diameter. Next morning we should have

seen that the sun had gone past the star into position 8, so

that the latter would now rise before the former. By sun-

set it would have advanced to position 4, and so forth. The
path which the sun describes among the stars in his annnal

revolution is called the ecliptia It is marked down on Maps
II., III., IV., and v., and the months in which the snn passes

through each portion of the ecliptic are also indicated. A
belt of the heavens, extending a few degrees on each side of

8
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the ecliptic, is called the zodiac. The poles of the ecliptic are

two opposite points, each i» the centre of one of the two hemi-

spheres into which the ecliptic divides the celestial sphere.

The determination of the solar motion around the ecliptic

may be considered the birth of astronomical science. The
prdiistorio astronomers divided the ecliptic and sodiao into

twelve parts, now familiarly known as the signs of the zodiac.

This proceeding was probably suggested by the needs of agii-

culture, and of the chronological reckoning of years. A very

little observation would show that the changes of the seasons

are due to the variations in the meridian altitude of the sun,

and in the length of the day ; but it was only by a careful

study of the position of the ecliptic, and the motion of the sun

in it, that it could be learned how Uiese variations in the daily

course of the sun were brought about This atudy showed

that tliey were due to the fact that the ecUptio and equator

did not coincide, but were inclined to each other at an angle

of betwren twenty-three and twenty-four degrees. This in-

clination is known as the obliquity of the ecliptic. The two

circles, equator and ecliptic, cross each other at two opposite

points, the positions of which among the stars may be seen by

reference to Maps II.-Y. When the sun is at either of

these points, it rises exactly in tlie east, and sets exactly in the

west ; one-half its diurnal oonrse is above the horizon, and the

other half below. The days and nights are therefore of equal

length, from which the two points in question are called the

Equinoxea.

The vernal equinox is on the right-hand edge of Map II.

Leaving that equinox about March Slst, tlie sun crosses over

the region represented by the map in the course of the next

three months, working northward as it does so, until June 20th,

when it is on the left-hand edge of the map, 23^** nortli of the

equator. This point of the ecliptic is called the snmmer solstice,

being that in which the snn attains its greatest northern deolina*

tion. When near this solstice, it rises north of east, culmi-

nates at a high altitude (in our latitudes), and sets north of

west As e^lained in describing the diurnal motion of an

i^ifci'ifcawt&iiMai—
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object north of the celestial equator, more than half the daily

oourM of the sun is now above our horiion, so that our days

are longer than our nights, while the iTreat meridian altitude

of the sun produces the heats of summer.

The portion of the ecliptic represented on Map II., com-

mencing at the vernal equinox, where the sun crosses the equa-

tor, was divided by the early astronomers into the three signs

of Aries, the Ram ; Taurus, the Bull ; and Gemini, the Twins.

It will be seen that these signs no longer coincide with the

constellations of the same name : this is owing to a change in

the position of the equator, which will be described presently.

Turning to Map III., we see that during the three montha,

from June to September, the sun works downwards towards

the equator, reaching it about September 20th. The point of

crossing marks the antunmal equinox, found also on the right

hand of Map IV. The days and nights are now once more of

equal length.

During the next six. months the sun is passing over the re-

gions represented on Maps IV. and Y., and is south of the

equator, its greatest soudiem declination, or "the sonthem

solstice," being reached about December 21st More than

half its daily course is then below the horizon, so that in our

latitudesNthe nights are longer than the days, and the low

noonday altitude of the sun gives rise to the colds of winter.

We have no historic record of this division of the aodiao

into signs, and the ideas of the authors can only be inferred

from collateral circumstances. It has been &ncied that the

names were suggested by the seasons, the agricultural opera-

tions, and so on. Thus die spring signs (Aries, the Bam ; Tau-

rus, the Bull ; and Gemini, the Twins) are supposed to mark the

bringing fortli of young by the flocks and herds. Ganoer^ the

Grab, marks the time when the sun, having attained its great-

est declination, b^ins to go back towards the equator; and tlie

crab having been supposed to move backwards, his name was

given to this sign. Leo, the Lion, symbolizes the fierce heat

of summer; and Yiigo, the Virgin, gleaning com, symbolizes

the harvest In Libra, the Balance, the day and night balance

tHJtt/. ; tfuaMgt>y»,w.
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each other, being of equal length. Bcorpins, the Scorpion, is

•nppoced to have marked t)ie presence of venomous reptiles in

October ; while Sagittarius, the Archer, symbolizes the season

of hunting. The explanation of Gapricornus, the Ooat, is more
fanciful, if possible, than that of Oancer. It was supposed that

this animal, ascending the hill as he feeds, in order to reach

the grass more easily, on reaching the top, turns back again, so

that his name was used to mark the sign in which the sun,

from going south, begins to return to the north. Aquarius,

the Water-bearer, symbolizes the winter rains ; and PiMes, the

Fishes, the season of fishes.

All this is, however, mere conjecture; the only coincidences

at all striking being Virgo and Libra. The names of the con-

stellations were probably given to them several centuries, per^

haps even thousands of years, before the Ghristian era ; and in

that case the zodiacal constellations would not have correspond-

ed to the seasons we have indicated. An attempt has even been

made to show that the names of the zodiacal constellations were

intended to commemorate the twelve labors of Hercules; but

this theory rests on no better foundation than the other.

The zodiacal constellations occupy quite unequal spaces in

the heavens, as may be seen by inspection of the maps. In

the beginning they were simply twelve houses for the snn,

which that luminary occupied in the course of the year. Hip>

parohns found this system entirely insnflicient for exact astron-

omy, and therefore divided the ecliptic and zodiac into twelve

eqnd parts, ol 80° each, called signs of the zodiac. He gave

to these signs the names of the constellations most nearly cor-

responding to tlem. Commencing at the vernal equinox, the

first «rc of 80° nas c&Upj the sign Aries, the second the sign

Tanrns, and b.'> iorth. The mode of reckoning positions on

the ecliptic by signs was continued until the last century, but

is no longer in use among professional astronomers, owing to

its inconvenience. The whole ecliptic is now divided into

860**, like any other circle, the count commencing at the vernal

equinox, and following the direotioa of the son's motion all the

way round to 860°.
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§ 4. Precession oftiie Equinoxes.—The Solar Year.

By oomparing his own observations with those of preceding

astronomers, Hipparohas found that the equinoxes were slowly

shifting their places among the stars, the change being at least

a degree in a century towards the west. His successors deter*

mined it with greater exactness, and it is now known to be

nearly a degree in seventy years. Careful study of the change

shows that it is due mainly to a motion of the equator, which

again arises from a change in the direction of the pole. The
position of the ecliptic among the st||« varies so slowly that the

change can be seen only by the refined observations of modem
times. In the explanation of the diurnal motion, it was stated

that there was a certain point in the heavens around which all

the heavenly bodies seem to perform a daily revolution. Thb
point, the pole of the heavens, is marked on the centre of Hap
I., and is also in the centre of Fig. 3, page 10. It is little more
than a degree distant from the pole star. Now, precession real-

ly consists in a very slow motion of this pole around the pole

of the ecliptic, the rate of motion being such as to carry it all

the way round in about 25,800 years. The exact time has

never been calculated, and would not always be the same, ow*

ing to some small variations to which the motion is subject;

bat it will never differ much from this. There is a very slight

motion to the ecliptic itself, and therefore to its pole ; and this

fact renders the motion of the pole of the equator around it

somewhat complicated ; but the curve described by the latter

is very nearly a circle 46° in diameter. In the time of Hip*

parchus, our present pole star was 12** from the pole. The pole

has been approaching it steadily ever since, and will continue

to approach it till about the year 2100, when it will slowly

pass, by it at the distance of less than half a degree. The
course of the pole during tiie next 12,000 years is laid down
on the map, and it will be seen that at the end of that time

it will be near the constellation Lyra. Since the equator is

always 90^ distant from the pole, tiiere will be a correspond-

ing motion to it, and hence to the point of its crossing the

A
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ecliptic. To show this, the position of the equator 2000 years

ago, as well as its present position, is given on Map II.

The reader will, of course, understand that the various ce-

lestial movements of which we have spoken in this chapter are

only apparent motions, and are due to the motion of the earth

itself, as will be explained in the chapter on the Copemican

system. The diurnal revolution of the celestial sphere is due

to the rotation of tho eanh cii its axis, while precession is real-

ly a change in the direction of that axis.

One important effect of precession is that one revolution of

the sun among the stars does not accurately correspond to the

return of the same seasons. The latter depend upon the posi-

tion of the sun relative to the equinox, the time when the sun

crosses the equator towards the north always marking the sea-

son of spring (in the northern hemisphere), no matter where

the sun may be among the stars. If tlie equator did not move,

the sun would always cross it at nearly the same point among
the stars. But when, starting from the vernal equinox, it

makes the circuit of the heavens, and returns to it again, the

motion of the equator has been such that the sun crosses it

20 minutes before it reaches the same star. In one year, this

difference is very small ; but by its constant accumulation, at

tiie rate of 20 minutes a year, it becomes very considerable

after the lapse of centuries. We must, therefore, distinguish

between the sidereal and the tropical year, the former being

the period required for one revolution of the sun among the

stars, the latter that required for his return to the same equi-

nox, whence it is also called the equinoctial year. The exact

lengths of these respective years are

:

Daj«. Vft. Hoan. Mia. tm.

Sidemlyesr. 865.25686 = 865 6 »'9
Tropical year... 866.24220=365 5 48 46

Since the recurrence of the seasons depends on the tropical

year, the latter is the one to be used in forming the calendar,

and for the puiposes of civil life generally. Its true length is

11 Minutes 14 seconds less than 865^ days. Somo results of

this difference will be shown in explaining the calendar.

K
/
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THB MOON.

§ 5. The Moon's Motion.

91

Every one knows that the moon makes a revolution in the

oelesUal sphere in about a month, and that during its revoln*

tion it presents a number of different phases, known as " new
moon," " first quarter," " full moon," and so on, depending

on its position relative to the sun. A study of these phases

during a single revolution will make it clear that the moon is

a globular dark body, illuminated by the light of the sun, a

fact which has been evident to careful observers from the re-

motest antiquity. This may be illustrated by taking a large

globe to represent the moon, painting one half white, to rep-

resent the half on which the sun shines, and the other half

dark. Viewing it at a proper distance, and turning it into

different positions, it will be found that the visible part of the

white half may be made to imitate the various appearances of

the moon.

As the sun makes a revolution around the celestial sphere

in a year, so the moon makes a similar revolution among the

stars in a little more than 27 days. This motion can be seen

on any- clear night between first quarter and full moon, if the

moon happens to be near a bright star. If the position of the

moon relatively to the star be noted from hour to hour, it will

be found that she is constantly working towards the east by a

distance equal to her own diameter in an hour. The follow-

ing night she will be found from 12° to 1^ east of the star,

and will rise, cross the meridian, and set from half an hour to

an hour later than she did the preceding night At the end

of 27 days 8 hours, she will be back in the same position

among the stars in which she was first seen.

If, however, starting from one new moon,we count forwards

this period, we shall find that the moon, although she has re-

tnmed to (lie same position among the st&rs, has not got back

to new moon again. The reason is that the sun has moved

forwards, in virtue of his apparent annual motion, so far that

it will require more than two days for the moon to overtake

him. So, although the moon really revolves around the earth
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in 27i days, the avera>,'e interval between one new moon and

the next is 29^ days.

A comparison of the phases of the moon with her direction

will show that the sun is many times more distant than the

moon. In Fig. 6, let -ff be the position of an observer on the

earth, Jf the moon, and 8 the sun, illuminating one half of it.

When the observer sees the moon in her first quarter—that is,

when her disk appears exactly half iUuminated—the angle at

Fio. &—ShowiDg ttie nin to be ftrther than Oi* moon.

the moon, between the observer and the sun, must be a right

angle. If the sun were only about four times as far as the

moon, as in the figure, the observer, by measuring the angle

/S£Jfbetween the sun and moon, would find it to be 76" ; and

the nearer the sun, the smaller he would find it But. actual

moATOrement would show it to be so near 90° that the dif-

ference would be imperceptible with ordinary instruments.

Hence, the sun is really at the point where the dotted line and

the line MS continued meet each other, which is many times

the distance EM to the moon.

This idea was applied by Aristarbhus, who flourished in the

third century before Christ, preceding both Hipparchus and

Ptolemy, to determine the distance of the sun, or, more ex-

actly, how many times it exceeded the distance of the moon.

He found, by measurement, that, in the position represented

in the figure, the distance between the directions of the sun

and moon was 87", and that the sun was therefore something

like twenty times as far as the moon. "We now know that this

result was twenty times too small, the angle being really so

near 90" that Aristarchns could not determine the difference

with certainty. In principle, the method is quite correct, and

P"
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very ingenion., but it cannot be applied m pmctice. The one

insupeSle difficulty of the method arises from Ae impossi-

bilitVof seeing when the moon is exactly half illuminated,

the uncertainty arising from the inequalities in the lunar sur-

face being greater than the whole angle to be measured.

Watching and mapping down the path of the ""oo" »™««

the stars, it is found not to be the same with that of the sun,

being inclined to it about 6». The paths cross each other m

two opposite points of the heavens, called the moon b nodes

TheZ of ^e moon in the middle of the year 1877 «

marked on star Maps II.-V. Beferring to Map III., it wiU

be seen that the descending node of the moon is m the con-

stellation Leo, very near the star Regnlne. Here the moon

passes south of or Wow the ecliptic, and contmues below it

U^he whole of Map IV. On Map V i* »PP«>^^^^^^«

ecliptic again, crossing to the north of it m the constellation

Aq^iusfand continuing ou that side tiU it reaches Begulo.

TucH' the moon's path in July, 1877. But it is con-

stantly changing in consequence of a motion of the nodes

towa4 the west, amounting to more tiian a degree m every

revolution. In order that the line drawn on the map may

continue to represent the path of the moon, we must suppose

it to slide along the ecliptic towards Ae right at the «te of

about 20« a year, so that a slighdy different path will be de-

scribed in every monthly revolution. The path will always

^ the ecliptic at the same angle, but ^e moou wiU no

always pass over the same star*. In August, 1877, she mu

cross theecliptic a little farther to the right (w-est), and will

pass a little below Regnlus. The change going on from

^th to month and from year to ywu-, in a little less than

ten years the ascending node will be found in Leo; and the

otheJ node, now in Leo, will have gone back to Aqnanui.

In a period of eighteen years and seven months, Ae nodes

will hVve made a complete revolution, and the path of the

moon will have resumed the position given on the map.

'
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% 6. Edipsu of the Sun and Moon.

The early inhabitants of the world were, do doubt, terrified

by the orcasional recarrence of eclipses many ages before

there were astronomers to explain their oanses. But the mo-

tions of the sun and moon could not be observed very long

without the causes being seen. It was evident that if the

moon should ever chance to pass between the earth and the

sun, she must cut off some or all of his light. If the two bodies

followed the same track in the heavens, there would be an

eclipse '^^ the sun every new moon; but, owing to the incli-

nation of the two orbits, the moon will generally pass above

or below the sun, and there will be no eclipse. If, however,

the sun happens to be in the neighborhood of the moon's node

when the moon passes, then there will be an eclipse. For an

example, let us refer to Map III. We see that the sun passes

the moon's descending node abont August 25th, 1877, and is

within 20° of this node from early in August till the middle

of September. Tlie moon passes the sun on August 8th and

September 6th of that year, which are, therefore, the dates of

new moon. At the first date, the moon passes so far to the

north that, as seon from die centre of the earth, there is no

eclipse at all; but in the northern part of Asia the moon
would be seen to out off a small portion of the sun.

While the moon is performing another circuit, the sun has

moved so far past the node, that the moon passes south of it,

and there is only a small eclipse, and that is visible only

around the r^on of Cape Horn. Thus, there are two solar

eclipses while the sun is passing this ndde in 1877, but both

are very smalL Indeed, every time the sun crosses a node,

the moon is sure to cross his path, either before he reaches

the node, or before he gets &r enough from it to be ont of

the way. As be crosses both nodes in the oonrse of the year,

there must be at least two solar eclipses every year to some

points of the earth's sur&oe.

The cause of lunar eclipses might not have been so easy to

guess as was that of solar ones; but a great number could

\
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not have been observed, and their times of occurrence record-

ed, withont its being noticed that they always occurred at foil

moon, when the earth was opposite the sun. The idea that

the earth cast a shadow, and that the moon passed into it,

could then hardly fail to suggest itself; and we find, accord-

ingly, that the earliest observers of the heavens were perfectly

acquainted with the cause of lunar eclipses.

The reason why eclipses of the moon only occur occasion-

ally is of the same general nature with that of the rare occur-

rence of solar eclipses. The centre of the earth's shadow is

always, like the sun, in the ecliptic ; and unless the moon hap-

pens to be very near the ecliptic, and therefore very near one

of her nodes at the time of full moon, she ^ill fail to strike

the shadow, passing above or below it Owing to the great

magnitude of the sun, the earth's shadow is, at the distance of

the moon, much smaller than the earth itself. The result of

this is, that the moon must be decidedly nearer her node to

produce a lunar than to produce a solar eclipse. Sometimes

a whole year passes without there being any eclipse of the

moon.

The nature of an eclipse will vary with the positions and

apparent magnitudes of the sun and moon. Let us suppose,

first, that, in a solar eclipse, the centre of the moon happens

to pass exactly over the centre of the sun. Then, it is dear

that if the apparent angular diameter of the moon exceed that

of the sun, the latter will be entirely hidden from view. This

is called a total edipte of the aun. It is evident that such an

eclipse can occur only when the observer is near the line join-

ing the centre9 of the sun and moon. If, under the same oir-

onmstanoes, the apparent magnitude of the moon is less than

that r he sun, it is evident that the whole of the latter cannot

be covered, but a ring of light around his edge will still be visi-

ble. This is called an annular eelipM. If the moon does not

pass centrally over the sun, then it can cover only a portion of

the latter on one side or the other, and the eclipse is said to be

partial. So with the moon : if the latter is only partially im-

mersed in the earth's sliadow, the eclipse of the moon is called

\A\ MmMsmmm
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partialf if she is totally itnmened in it, so that no direct sun-

light can reach her, the eclipse is said to be total. An an-

VI*. •.—Annnlar aellpM of tbt i Via. T.—PHtfaU eoUpM ofUm MU.

nnlar eclipse of the moon is impoesible, because the earth's

shadow always exceeds the diameter of the moon in breadth.

Some points respecting eclipses will be seen more clearly

by reference to the accompanying figures, in which 8 repre-

sents the sun,E the earth, and M the moon. Referring to the

first figure, it will be seen that an observer at either of the

points marked O, or indeed anywhere outside the shaded por-

tions, will see the whole of the sun, so that to him there will

be no eclipse at all. Within the lightly shaded regions, marked

PP, the sun will be partially eclipsed, and more so as the ob-

server is near the centre. This region is called the penumbra.

8 E

Fi«. &—BcIipM of the inn, the ehadow of the moon UXXiag on the earth.

Within the darkest parts between the two lettersP is a region

where the sun is totally hidden by the moon. This is the

shadow, and its form is that of a cone, with its base oil the

moon, and its point extending towards the earth. Now, it

happens tJiat the diameters of the sun and moon are very

nearly proportional to their respective mean distances, so that

the point of this shadow almost exactly reaches the surface of

the earth. Indeed, so near is the adjustment, that the dark

shadow sometimes reaches the earth, and sometimes does not,

^^'^S:K^- "•'^^'riSv- ^i-^'A- f-*si.s?"-^iJ'~^.<ii
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owing to the email changes in the distance of the snn and

moon. When the shadow reaches the earth, it is comparative-

ly very narrow, owing to its being so near its sharp point ; but

if an observer can station himself within it, he will see a total

eclipse of the snn during the short time the shadow is passing

over him. If the reader will stndy the figure, he will see why
a total eclipse of the sun is so rare at any one place on the

earUu The shadow, when it reaches the earth, is so near down
to a point that its diameter is not ^nerally more than a hun-

dred miles; consequently, each total eclipse is visible only

along a belt which may not average more than a hundred

miles across.

In most eclipses, the shadow comes to a point before it

reaches the earth ; in this case, the apparent angular diameter

of the moon is less than that of the sun, and there can be no

total eclipse. But if an observer places himself in a line with

the centre of the shadow, he will see an annular eclipse, the

snn showing itself on all sides of the moon.

The next figure shows us the form of the earth's shadow.

Fm. •.—BeUpM ofttw moon, the hittw betng in the ihadow of Uie owtli.

The earth being much larger than the moon, its shadow ex-

tends far beyond it; and where it reaches the moon, it is al-

ways so much larger than the latter tha<- she 'may be wholly

immersed in it, as shown in the figure. Now, suppose the

moon, in her course round the earth, to pass centrally through

the shadow, and not above or below it, as she commonly does

;

then, when she entered the shaded region, marked P, which

is called the penumbra, an observer on her aur&ce would see

a partial eclipse of the snn caused by the intervention of the

'I'lifiiaiiJjiMWi
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earth. The time when this begins is given in the almanacs,

being expressed by the words, "Moon enters penumbra.

Some of the sunlight is then cut off from the moon, so that

the latter is not so bright as usual; but the eye does not

notice any loss of light until the moon almost reaches the

dark shadow. As she enters the sliadow, a portion of her sur-

face seems to be cut off and to disappear entirely, and her vis-

ible portion continually grows smaller, until, in case of a total

eclipse, her whole disk is immersed in the shadow. When this

occurs, it is found that she is not entirely invisible, but still

faintly shines with a lurid copper-colored light This hght is

refracted into the shadow by the earth's atmosphere, and its

amount may be greater or less, according to the quantity of

clouds and vapor in the atmosphere around that belt of the

earth which the sunlight must graze in order to reach the moon.

In about half of the lunar eclipses, the moon passes so far

above or below the centre of the shadow that part of her body

is in it, and part outside, at the time of greatest eclipse. This

is called a jpartial edipae of the moon. The magnitude of a

partial eclipse, whether of the sun or moon, was measured by

the older astronomers in digits. The diameter of the solar or

lunar disk was divided into twelve equal parts, called digits;

and the magnitude of the eclipse was said to be equal to the

number of digits cut off by the shadow of the earth in case of

a lunar eclipse, or by the moon in case of a solar eclipse. The

most ancient astronomers were in the habit of measuring the

digits by surface: when the moon was said to be eclipsed four

digits, it meant that one -third of her surface, and not one-

third her diameter, was eclipsed.

The duration of an eclipse varies between very wide liimts,

according to whether it is nearly central or the contrary. JPie

duration of a solar eclipse depends upon the time required for

the moon to pass over the distance from where she first comes

into apparent contact with the sun's disk, until she separates

'

from it again ; and this, in the case of eclipses which are pret-

ty large, may range between two and three hours. In a total

wslipse, however, the apparent disk of the moon exceeds that

I =% } i - *S '-Ai^ t '"** »»
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of the sun by bo small an amount, that it takes her but a short

time to pass far enough to uncover some part of the sun's

disk; the time is rarely mora than live or six minutes, and

sometimes only a few seoonds. A total eclipse of the moon
may, however, last nearly two hours, and the partial eclipses

on each side of the total one may extend the whole duration

of the eclipse to thi^ee or four houra.

Total eclipses of the sun afford very rare and highly prized

opportunities for studying the operations going on around that

luminary. Of these we shall speak in a subsequent chapter.

Seturning, now, to the apparent motions of the sun and

moon ai'ound the celestial sphere, we see that since the moon's

orbit has two opposite nodes in which it crosses the ecliptic,

and the sun passes through the entire course of the ^liptio in

the course of the year, it follows that there are two periods in

the course of a year during which the sun is near a node, and

eclipses may occur. Roughly speaking, these periods are each

about a month in duration, and we may call them seasons of

eclipses. For instance, it will be seen on Map Y. that the

sun passes one node of the moon's orbit towards the end of

February, 1877. A season of eclipses for that year is there-

fore February and the first half of March. Actually, there is

a total eclipse of the moon on February 27th, and a very small

eclipse of the sun on March 14th, of that year, visible only in

Northern Asia.* From this time, the sun is so in from the

node that there can be no eclipses nn(il he approaches the

other node in August Then we h"ve the two eclipses of the

sun already mentioned, and, between them, a total eclipse of

the moon on August 28d. Thus, in the year 1877, the first

season of eclipses is in February and March, and the second

in August and September.

We have said that the length of each eclipse season is about

a month. To speak with greater accuracy, the average season

for eclipses of the sun extends 18 days before and after tlie

* There it an extraordinarjr coincidence between tliis eclipse and tliat of Au<

gntt 8tii of the Mnte year, both being viiible from nearly the same region in Cen-

tnd Siberia.
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tan's passage through the node, while that for lunar eclipses

extends 11^ days on each side of the node. The total season

is, therefore, 86 dajs for solar, and 28 days for lunar eclipses.

Owing to the constant motion of the moon's node already

described, the season of eclipses will not be the same from

year to year, but will occur, on the average, about 20 days

earlier each year. We have seen that the snn passed the de-

scending node of the moon marked on Map III. on Anguat

24th, 1877 ; but during the year following the node will have

moved so far to the west that the sun will again reach it on

August 6th, 1878. The effect of this constant shifting of the

nodes and seasons of eclipses is that in 1887 the August sea-

son will be shifted back to February, and the February season

to August The reader who wishes to find the middle of the

eclipse seasons for twenty or thirty years can do so by starting

from March 1st and August 24tb, 1877, and subtracting 19f
days for each subsequent year.

There is ;. relation between the motions of the sun and

moon which materially assisted the early astronomers in the

prediction of eclipses. We have said tiiat the moon makes

one revolution among the stars in about 27i days. Since the

node of the orbit ia constantly moving back to meet the moon,

as it were, she will return to her node in a little less than this

period—namely, as shown by modem obnervations, in a mean
interval of 27.21222 days. The sun, after passing any node

of the orbit, will reach the same node again in 346.6201 days.

The relation between these numbers i^ this: 242 returns of

the moon to a node take very nearly the same time with 19

retnms of the sun, the intervals being

242 ratarns of the moon to her node. 6685.867 days;

19 '* " ran to moon'i node. 6685.780 '*

Gonseqnently, if at any time the snn and moon should start

ont together from a node, they would, at the end of 6686

days, or 18 years and 11 days, be again found together very

near the same node. Daring the interval, there would have

been 223 new and full moons, but none so near the node as

"
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this. The exact time required for 228 lunations is 8585.8212

days; so that, in the case supposed, the 223d conjunction of

the sun and moon would happen a little before they reached

the node, their distance from it being, by calculation, a little

less than one of their diameters, or, more exactly, 28'. If,

instead of being exactly at the node, tliey are any given dis-

tance from it, eay 3" east or west, then, in the same period,

they will be again together within half a degree of the same

distance from the node.

The period just found was called the Saros, and may be ap-

plied in this way : Let us note the exact time of the middle

of any eclipse, either of the moon or of the sun ; then let us

count forwards 6585 days, 7 hours, 42 minutes, and we shall

find another eclipse of very nearly the same kind. Reduced

to years, the interval will be 18 years and 10 or 11 days, ac-

coiding to whether the 29th of February has intervened four

or five times during the interval. This being true of every

eclipse, if we record all the eclipses which occur during a

period of 18 years, we shall find the same series after 10 or

11 days to begin over again ; but the new series will not gen-

erally be visible at the same places with the old ones, or, at

least, will not occur at the same time of day, since the mid-

dle will be nearly eight hours later. Not till the end of three

periods will they recur near the same meridian; and then,

owing to the period not being exact, the eclipse will not be

precisely of the same magnitude, and, indeed, may fail entire-

ly. Every successive recurrence of an eclipse at the end of

the period being 28' farther back relatively to the node, the

conjunction must, in process of time, be so far back from the

node as not to produce an eclipse at all. During nearly every

period it will be fonnd that some eclipse fails, and that some

new one enters in. A new eclipse of the moon thus entering

will be a very small one indeed. At every successive recur-

rence of its period it will be larger, until, about its thirteenth

recurrence, it will be total. It will be total for about twenty-

two or twenty-three recurrences, when it will become partial

once more, but on the opposite side of the moon from that on
4
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which it was first seen. Theic will then be about thirteen par*

tial eclipses, each smaller than the last, until they fail entirely.

The whole interval of time over which the recurrence of a

lunar eclipse thus extends will be about 48 periods, or 866^

years. The solar eclipses, oocnrring farther from the node,

will last yet longer, namely, from 66 to 70 periods, or over

1200 yean.

As a recent example of the Saroe, we may cite some total

eclipses ot the sun well known in recent times ; for instance,

1842, July 8th, 1^ 8 a.m., toul eclipM, obMnrad in Europe;

1860, July 18th, 9^ A.M., toMi eclipM Aimric* and 8pain

;

1878, July 29tb, 4^ 2 p.m., on« vUibla in Colonuio and on the Pacific Coaat.

A yet mora remarkable series of total eclipses of the sun

occurs in the years 1850, 1868, 1886, etc., the dates being

—

18S0, August 7tb, 4^ 4 p.m., in the Pacific Ocean

;

1868, Angnit 17lh, 13* p.m., in India

;

l69C, Anguit 29th, 8^ a.m., in the Central AtUntio O an and Soathern Africa;

1904, September 9th, noon, in South America.

This series is remarkable for the long duration of totality,

amounting to some six minutes.

It must be understood that the various numbers we have

given in this section are not accurate for all cases, because the

motions both of the sun and moon are subject to certain small

irregularities which may alter the times of eclipses by an hour

or more. We have given only, mean values, Tivhich are, how-

ever, alvt'ays quite near the tnith.

§ 7. The PtoUmaio Systetn.

There is still extant a work which for fourteen oenturies

was a sort of astronomical Bible, from which nothing was

taken, and to which nothing material in principle was added.

This is the ''Almagest" of Ptolemy, composed about the mid-

dle of the second century of our era. Nearly all we know of

the ancient astronomy as a science is derived from it Frag-

ments of other ancient anthon have come down to us, and

most of the ancient writers make occasional allnsions to astro-

nomical phenomena or theories, from which various ideas re-

; iS»ifiif^>s!i»ywm^^m^^^!^^?^-
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tpecting the ancient astronomy have been gleaned; but the

work of Ptolemy is the only complete compoudium which wo
possess. Although his system is in several important points

erroneous, it yet represents the salient features of the apparent

motions of the heavenly bodies with entire oconracy. Defec-

tive as it is when measured by our standard, it is a marvel of

ingenuity and rewareh when measured by the standard of the

times.

The immediate object of the prvwent chapter is to explain

the apparant movements of the planets, which can be most

easily done on the Ptolemaic system. But, on account of its

historic interest, we shall begin with a brief sketch of the

propositions on which the system rests, giving also Ptolemy's

method of proving them. His fundamental doctrines are that

the heavens are spherical in form, and all the heavenly m(H

tions spherical or in circles; that the earth is also spherical,

and situated in the centre of the heavens, or celestial sphere,

where it remains quiescent, and that it is in magnitude only a

point when compared with the sphere of the stars. We shall

give Ptolemy's views of these propositions, and his attempts

to prove them, in their regular order.

1st. The Heavenly Bodies move in Circlea.—Here Ptole-

my refers principally to the diurnal motion, whereby every

heavenly body is apparently carried around the earth, or, rath-

er, around the pole of the heavens, in a circle every day. But

all the ancient and medieaval astronomers down to the time

of Kepler had a notion that, the circle being the most perfect

plane figure, all the celestial motions must take place in cir-

cles; and as it was found that the motions were never nni-

fonn, they supposed these circles not to be centred on the

earth. Where a single circle did not sufiice to account for

the motion, they introduced a combination of circular motions

in a manner to be described presently.

2d. The Earth m a Sphere.—That the earth is rounded

from east to west Ptolemy proves by the fact that the sun,

moon, and stars do not rise and set at the same moment to all

the inhabitants of the earth. The times at which eclipses of

'^c.
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the moon are seen in different countries being compared, it is

found that the farther the observer is west, the earlier is the

hour after sunset. As the time is really the same everywhere,

this shows that the sun f>ets later the farther we go to the west.

Again, if the earth were not rounded from north to south, a

star passing the meridian in the north or south horizon would

always pass in the horizon, however far to the north or south

the observer might travel. But it is found that when an ob-

server travels towards the south, the stars in the north ap-

proach the horizon, and the circles of their diurnal motion cut

below it, while new stars rise into view above the south hori-

zon. This shows that the horizon itself changes its direction

as the observer moves. Finally, from whatever dii'ection we
approach elevated objects from the sea, we see that their bases

are first hidden from view by the curvature of the water, and

gradually rise into view as we approach them.

3d. The Earth is in the Centre of the Celestial Sphere.—
If the eaith wore displaced from the centre, there would be

various irregularities in the apparent daily motion of the ce-

lestial sphere, the stars appearing to move faster on the side

towards which the earth was situated. If it were displaced

towards the east, we should be nearer the heavenly bodies

when they are rising than when they are setting, and they

would appear to move more rapidly in the east than in the

west. The forenoons would therefore be shorter than the af-

ternoons. Towards whatever side of the turning sphere it

might be moved, the heavenly bodies would seem to move
more rapidly on that side than on the other. No such irreg-

ularity being seen, but the diurnal motion taking place with

perfect uniformity, the earth must be in the centre of mo-

tion.

4th. The Earth hoe no Motion of Translation—Because

if it had it would move away from the centre towards one

side of the celestial sphere, and the diurnal revolution of the

stars would cease to be uniform in all its parts. But the uni-

formity of motion just described being seen from year to year,

the earth must preserve its position in the centre of the sphere.

WMmstm^smimtwm^^!^^i0i^^
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THE PTOLEMAIC SYSTEM. 85

It will be interesting to analyze these propositions of Ptole-

my, to see what is true and what is false. The first proposi-

tion— that the heavenly bodies move in circles, or, as it is

more literally expressed, that the heavens move spherically

—

is quite true, so far as the apparent diurnal motion is con-

cerned. What Ptolemy did not know was that this motion is

only apparent, arising from a rotation of the earth itself on its

axis. The second proposition is perfectly correct, and Ptole-

my's proofs that the earth is round are those still found in our

school-books at the end of seventeen himdred years. Most

curious, however, is the mixture of truth and falsehood in the

third and fourth propositions, that the earth remains quies-

cent We cannot denounce it as unqualifiedly false, because,

in a certain sense, and indeed in the only sense in which there

is any celestial sphere, the earth may be said to remain in the

centre of the sphere. What Ptolemy did not see is that this

sphere is only an ideal one, which the spectator carries with

him wherever he goes. His demonstration that the centre of

revolution of the sphere is in the earth is, in a certain sense,

correct ; but what he really proves is that the earth revolves

on its own axis. He did not see that if the earth could carry

the axis of revolution with it, his demonstration of the quies-

cence of the earth would fall to the ground.

Considerable insight into Ptolemy's views is gained by his

answers to two objections against his system. Tiie firet is the

vulgar and natural one, that it is paradoxical to suppose that

a body like the earth could remain supported on nothing, and

still be at rest. These objectors, he says, reason from what

they see happen to small bodies around them, and not from

what is proper to the universe at large. There is neither up

nor down in the celestial spaces, for we cannot conceive of it

in a sphere. What we call down is simply the direction of

our feet towards the centre of the earth, the direction in

which heavy bodies tend to fall. The earth itself is but a

point in comparison with the celestial spaces, and is kept fixed

by the forces exerted upon it on all sides by the universe,

which is infinitely larger than it, and similar in all its parts.

•M^fMtllNMI
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This idea is as near an approach to that of universal gravita-

tion as the science of the times would admit of.

He then says there are others who, admitting this reason-

ing, pretend that nothing hinders us from supposing that the

heavens are immovable, and that the earth itself turns round '

its own axis once a day from west to east. It is certainly

singular that one who had risen so far above the illusions of

sense as to demonstrate to the world that the earth was round

;

that up and down were only relative ; and that heavy bodies

fell towards a centre, and not in some unchangeable direction,

should not have seen the correctness of this view.

To refute the doctrine of the earth's rotation, he proceeds

in a way the opposite of that which he took to refute those

who thought the earth could not rest on nothing. He said of

the latter that they regarded solely what was around them on

the eartH «»nd did not consider what was proper to the uni-

verse a 1 ^ To those who maintained the earth's rotation,

he says, i . consider only the movements of the stars, there

is nothit;^ . v.ppose their doctrine, which he admits has the

merit of simplicity ; but in view of what passes around us and

in the air, their doctrine is ridiculous. He then enters into a

disquisition on the relative motion of light and heavy bodies,

which is extremely obscure ; but his conclusion is that if the

earth really rotated with the enormons velocity necessary to

carry it round in a day, the air would be left behind. If they

say that the earth carries round the air with it, he replies that

this could not be true of bodies floating in the air ; and hence

concludes that the doctrine of the earth's rotation is not tena-

ble. It is clear, from this argument, that if Ptolemy and his

contemporaries had devoted to experimental physios half the

careful observation, research, and reasoning which we find in

their astronomical studies, they could not have failed to estab-

lish the doctrine of the earth's rotation.

In the Ptolemaic system, all the celestial motions are repre-

sented by a series of circular motions. We have already ex-

plained the motions of the sun and moon among the stars, the

fiist describing a complete oironit of the heavens from west to
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east in a year, and the second a similar circuit in a month.

Though not entirely uniform, these movements are always for-

ward. But it is not so with the five planets— Mercury, Ve-

nus, Mars, Jupiter, and Saturn. These move sometimes to the

east and sometimes to the west, and are sometimes stationary.*

On the whole, however, the easterly movements predominate

;

and the planets really oscillate around a certain mean point

itself in regular motion towards the east Let us take, for in-

stance, the planet Jupiter. Suppose a certain fictitious Jupi-

ter performing a circuit of the heavens among the stars every

twelve jears with a regular easterly motion, just as the sun

performs such a circuit every year ; then the real Jupiter will

be found to oscillate, like a pendulum, on each side of the fic-

titious planet, but never swinging more than 12° from it. The
time of each double oscillation is about thirteen months—that

is, if on January 1st we find it passing the fictitious planet

towards the west, it will continue its westerly swing about

three months, when it will gradually stop, and return with a

somewhat slower motion to the fictitious planet again, passing

to the east of it the middle of July. The easterly swing will

continue till about the end of October, when it will return

towards the west The westerly or backward motion is called

retrograde^ and the easterly motion direct. Between the two

is a point at which the planet appears stationary once more.

The westerly motions are called retrograde because they are

in the opposite direction both to the motion of the sun among
the stars, and to the average direction in which all the planets

move. It was seen by Hipparohus, who lived three centuries

ktefore Ptolemy, that this oscillating motion could be repre-

sented by supposing the real Jupiter to describe a circular or-

bit around the fictitious Jupiter once in a year. This orbit is

called the epicycle, and thus we have the celebrated epioyolic

theory of the planetary motions laid down in the "Almagest**

Tlie movement of the planet on this theory can be seen by

* It may not be nmiu to remind the reader once more that we here leave the

dinmal motion of the itara entirdy oat of tight, and consider only the motioni td

the planet! relative to the itara.

}
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Fig. 10. E is the earth, aronnd which the fictitions Jnpiter

moves in the dotted circle, 1, 2, 3, 4, etc. To form the epicycle

in which the real planet moves, we must suppose an arm to be

constantly tnwiing ronnd the fictitious planet once a year, on

the end of which Jnpiter is carried. This arm will then be in

the successive positions, 11', 22', 33', etc., represented by the

lij;ht dotted lines. Drawing a line through the successive po-

sitions 1', 2', 3', etc., of the real Jnpiter, we shall have a series

of loops i-epi-esenting its apparent orbit.

Pio. 10.-«iowlng the appawnt orbtt of a pUnet, reg«rdlng the earth a« at rest

It will be seen that although it requires only a year for the

arm carrying the real Jnpiter to perform a complete revolu-

tion and return to its primitive direction, it requires about

thirteen months to form a complete loop, because, owing to

the motion of the fictitious planet in its orbit, the arm must

move more than a complete revolution to finish the loop. For

instance, referring again ti Fig. 10, comparing the positions

11' and 8 8', it will be seen that the arm, being in the same

direction, has performed a complete revolution ; but, owing to

the curvature of the orbit, it does not reach the middle of the

second loop until it attains the position 9 9'.
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\

The planets of which the radius of the epicycle makes an

annual revolution in this way are Mars, Jupiter, and Saturn

The complete apparent orbits of the last two planets ai-e shown

in the next figure, taken from Arago. By the radius of the

epicvcle we mean the imaginary revolving arm which, tuny

i„.r 'round the fictitious planet, carries the real planet at its

Fm. U.-App«eiit orblU of Jupiter and Sattm, lT0e-lT8T, after CaarinL

end The law of revolution of this arm is, that whenever the

planet is opposite the sun, the arm points towa.-ds the earth,

L in the portions 11', 99', in which cases the sun will be on

the side oftiie earth opposite the planet ; while, whenever the

planet is in conjunction with the smi, the arm points from the

earth This fact was well known to the ancient astronomers

and their calculations of the motions of the planets were all

"r*!=-
iMlfLi'.iP-.-li
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founded upon it; but they do not seem to have noticed the

very important corollary from it, that the direction of the

radius of the epicycle of Mars, Jupiter, and Saturn is always

the same with that of the sun from the earth. Had they

done so, they could hardly have failed to see that the epicycles

could be abolished entirely by supposing that it was the earth

which moved round the sun, and not the sun round the earth.

The peculiarity of the planets Mercury and Venus is. "' ^

the fictitious centres around which they oscillate are always in

the direction of the sun, or, as we now know, the sun himseii

is the centre of their motions. They are never seen more than

a limited distance from that luminary, Venus oscillating about

45* on each side of the sun, and Mercury from 16" to 29°. It

is said that the ancient Egyptians really did make the sun the

centre of the motion of these two planets ; and it is difficult to

see how any one could have failed to do so after learning the

laws of their oscillation. Yet Ptolemy rejected this system,

placing their orbits between the earth and sun without assign-

ing any good reason for the course.

The arrangement of the planets on the Ptolemaic system is

shown in Fig. 12. The nearest planet is the moon, of which

the ancient astronomers actually succeeded in roughly meas-

uring th& distance. The remaining planets are arranged in

the same order with their real distance from the sun, except

that the latter takes the place assigned to the earth in the

modem system. Thus we have the following order

:

The Moon,

Mercuty,

Venus, ;

The Sun,

Mans,

Jupiter,

Saturn.

Outside of Saturn was the sphere of the fixed stars.

This order of the planets must have been a matter of opin-

ion rather than of demonstration, it being correctly judged

by the ancient astronomers that tiiose which seemed to move

"^WftfA
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Saturn

41

rm H.-Ammg«iHmt of the MTen planeto to the Ptolemaic wtttma. Th* «»M*^.J»

marked, are thoM of the HcUtloni ptaneta. the real planeu betoR aoppoeed to dworibe

a aeries of loops.

more slowly were the more distant This system made it

quite certain that the moon was the nearest planet, and Mare,

Jupiter, and Saturn, in their order, the most distant ones. But

the relative positions of the Sun, Mercury, and Venus were

more in douht, since Ihey all performed a revolution round

the celestial sphere in a year. So, while Ptolemy, as we have

just said, placed Mercury and Venus between the earth and

the sun, Plato placed them beyond the sun, the order being.

Moon, Sun, Mercury, Venus, Mare, Jupiter, Saturn.

Hipparchus and Ptolemy made a series of investigations re-

specting the times of revolution of the planets, and the inequal-

ities of their motions,of which it is worth while to give a brief

-^RSStssBSSia
JJ^RW™—'—



42 SYSTEM OF THE WORLD HISTORICALLY DEVELOPED.

Buinmary. The former was no doubt an abler astronomer tlian

Ptolemy ; bnt as he was, so far as we know, the first accuruto

observer of the celestial motions, he could not make a suf-

ficiently long series of observations to determine all the peri-

ods of the planets. Ptolemy had the advantage of being able

to combine his own observations with those of Hipparchus,

three centuries earlier. •

Imperfect though their means of observation were, these

observers found that the easterly movements of the planets

among the stare were none of them uniform. This held true

not only of the sun and moon, but of the fictitious planets

already described. Hence they

invented the eccentric, and sup-

posed the motions to be really cir-

cular and uniform, but in circles

not centred in the earth. In Fig.

13, let E bo the earth, and C the

centre around which the planet

really revolves. Then, when the

planet is passing the point P,

which is nearest the earth, its an-

gular motion would seem more

rapid than the average, because

Fi». 18.-The eccentric. Show.jiow . -g^gral the angular velocity
the ancJenU represented the Bneqoal 6*'"''

, •• . 1.4V.
apparent wIocHles of the planete of a movmg body 18 greater tnC

:nXChrS'"tb:r«rr.; nearer the observer is to it, while

iirom the centre of motion, at B. when passing A it will seom to be

more slow than the average. The angular velocity being

always greatest in one point of the orbit, and least in a point

directly opposite, changing regularly from the maximum to

the minimum, the general features of the movement are cor-

rectly represented by the eccentric. By comparing the angu-

lar velocities in different points of the orbit, Hipparehus and

Ptolemy were able to determine the supposed distance of the

earth from the centre, or rather the proportion of this distance

to the distance of the planet. The distance thus determined

is double its true amount. The point P is called the Perigee,

iiwmy>--v!iflii^-»Afei»iy«ii
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and A the Apogee. ' The distance CE from the earth to the

centre of motion is the eccentricity. Ab there was no way of

determining the absolute dimenwons of the orbit, it wasn^
sary to take the ratio of C£ to the radius of the orbit 6P or

C'iS' for the eccentricity.*

In determining the motions of the moon, Hipparchus and

Ptolemy depended almost entirely on observations of lunar

eclipses. The first of these, it is said, was observed at Babylon

in the first year of MardocemH, between the 29th and 80Ui

days of the Egyptian month Thoth. It commenced a little

more than an hour after the moon rose, and was total. Ihe

date, in our reckoning, was b.o. 720, March 19th. The series

of eclipses extended from this date to that of Ptolemy him-

self, who lived between eight and nine centnries later. If the

observations of these eclipses had been a little more precise,

they would still be of great value to us in fixing the mean

motion of the moon. As it is, we can now calc-.-lato the cir-

cumstances of an ancient eclipse from our modern tables of

the sun and moon almost as accurately as any of the ancient

astronomers could observe it
, « *u

Notwitlistanding the extremely imperfect character of the

observations, both Hipparehus and Ptolemy made discoveries

respecting the peculiarities of the moon's motions which show

a most surprising depth of research. By comparing the inter-

vals between eclipses, they found that her motion was not uni-

form, but that, like the sun, she moved faster in some parts of

her orbit than in others. To account for this, they supposed

her orbit eccentric, like that of the sun ; that is, the earth, in-

stead of being in the centre of the circular orbit of the moon,

was supposed to be displaced by about a tenth part the whole

distance of that body. So far the orbit of the moon was hke

that of the sun and the fictitious planets, except that its eccen-

tricity was greater. But a long series of observations showed

• Compared with the modem theory of the elHpHc motton, approximately treat-

ed, the dtatance CE it double the eccentricity of the ellipM. One-half the appar-

wt inequality it leaUy caused by the orbit being at miooa distancea firom the

earth or ann, bat tb« other half ia real

•^sm^M



44 SYSTEM OF THE WORLD HISTORICALLY DEVELOPED.

that the perigee and apogee did not, as in the case of the sun

and planets, remain in the same points of the orbit, but moved

forwards at such a rate as to carry them round the heavens in

nine years ; that is, supposing Fig. 18 to represent the orbit of

the moon, the centre of the circle G revolved round the earth

in nine years, and the orbit changed its position accordingly.

It was also found by Ptolemy, by measuring the apparent

angle between the moon and sun in various }v>ints of the

orbit of the former, that there was yet another inequality in

her motion. This has received the name of the eveotion. In

consequence of this inequality, the moon oscillates more than

a degi-ee on each side of her position as calculated from the

eccentric, in a period not differing much from her revolution

round the earth. To represent this motion, Ptolemy had to

introduce a small additional epicycle, as in the case of the

planets, only the radius was so small that thei-e was no looping

of the orbit. In consequence, ' s theory of the moon's motion

was quite complicated ;
yet he managed to represent this mo-

tion, within the limits of the erroro of his observations, by a

combination of circular motions, and thus saved the favorite

theory of the times, that all the celestial motions were circular

and uniform.

g 8. The Calendar.

One of the earliest pnrposes of the stndy of the celestial

motions was that of finding a convenient measnrement of

time. This application of astronomy, being of great antiqnity,

having been transmitted to us without any fundamental altera-

tion, and depending on the apparent motions of the sun and

moon, which we have studied in this chapter, is naturally con-

sidered in connection with the ancient astronomy.

The astronomical divisions of time are the day, the month,

and the year. The week is not such a division, because it does

not correspond to any astronomical cycle, although, as we shall

presently see, a certain astronomical signification was said to

have heen given to it by the ancient astrologers. Of these

divisions the day is the most well-marked and striking through

mm B^Vm^.
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out the habitable portion of the globe. Had a people lived at

or near tho poles, it would have been lets striking than the year.

But wherever man existed, there was a regular alternation of

day and night, with a corresponding alternation in his physical

condition, both occurring with such regularity and uniformity

as to furnish in all ages the most definite unit of time. For

merely chronological purposes the day would have been the

only unit of time theoretically necessary ; for if mankind liad

begun at some early age to number every day by counting

from 1 forwards without limit, and had every historical event

been recorded in connection with the number of the day on

which it happened, there would have been far less nncertain-

ty about dates than now exists. But keeping count of such

large nnml)ers as would have accumulated in the lapse of cen-

turies would have been very inconvenient, and a simple count

of time by days has never been used for the purposes of civil

life through any greater period, than a single montli.

Next to the day, the most definite and striking division of

time is the year. The natural year is that measured by the

return of the seasons. All the operations of agriculture are

so intimately defiendent on this recurrence, that man must

have begun to make use of it for measuring time long before

he had fully studied the astronomical cause on which it de-

pends. The years in the lifetime of any one generation not

being too numerous to be easily reckoned, the year was found

to answer every purpose of measuring long intervab of time.

The nnmber of days in the year is, however, too great to

be conveniently kept count of ; an intermediate measure was

therefore necessary. This was suggested by the motion and

phases of the moon. The " new moon " being seen to emerge

from the sun's rays at intervals of about 80 days, a measure

of very convenient length was found, to which a permanent

interest was attach«2 by the religious rites connected with the

reappearance of the moon.

The week is a division of time entirely disconnected with

the month and year, the employment of which dates from the

Mosaic dispensation. The old astrologers divided the seven

^^r-.
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day» of the week among the seven planetn, not in the order of

their distance from the sun, but in one shown by the follow-

ing figure. If we go round the circle in the direction of the

hands of a watch, we shall find the names of the seven plan-

ets of the ancient astronomy, in the order of their supposed

distances;* while, if we follow the linos drawn in the circle

from side to side, we shall have the days of the week in their

order.

*'v^-2^

Fio. 14.-Slhowteg the MtroUjgtcal dWrion of the mt«ii planeti •monr "i* «n» of the

week.

If the lunar month had been an exact number of days, say

80, and the year an exact number of months, as 12; there

would have been no difficulty in the nse of ^iiese cycles for

the measurement of time. But the forn-ei- is several hours

less than 30 days, while the latter is nearly 12i Innar months.

In the attempt to combine these measures, the ancient calen-

• Soe pages 40, 41.
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daiB were thrown into a confusion which made them very per-

plexinjr, and which we see to this day in the iregular lengths

of our montlis. To describe all the devices which we know to

have been used for remedying these difficulties would be very

tedious; we shall therefore coutiue ourselves to their general

nature. .

•

The lunar month, or the mean interval between successive

new moons, is very nearly 29* days. In counting months by

the moon, it was therefore common to make their length 29

and 80 days, alternately. But the period of 29* days is really

about three-quarters of an hour too short. In the course of

three years the count will therefore be a day in error, and it

will be necessary to add a day to one of the months. When

lunar months were used, the year, comprising 12 such months,

would consist of only 354 days, and would therefore be 11

days too short. Nevertheless, such a year was ubed both by

4 Greeks and Komans, and is still used by die Mahorae-

tans; the Romans, however, in the calendar of Numa, addmg

22 or 23 da^s to every alternate year by inserting the inter-

calary moi lii Mercedoniwi between the 23d and 24th of Feb-

^Se irregularity and inconvenience of reckoning by lunar

months caused them to be very generally abandoned, the only

reason for their retention being religious observances due at

the time of new moon, which, among the Jews and other an-

cient nations, were regarded as of the highest importance. Ac-

cordingly, we find the Egyptians counting by months of dO

days each, and making every year consist of 12 such months

and five additional days, making 365 days in all. As the true

length of the year wis known to be about six hours greater

than this, the equinox would occur six hours later every year,

and a month later after the lapse of 120 years. Atter the lapse

of 1460 years, according to the calculations of the time, each

season would have made a complete course through the twelve

months, and would then have returned once more at the same

time of year as in the beginning. This was termed the Sothc

Period: but the error of each year being estimat ^ a httle

6
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too great, as we now know, the true length of the period

would have been about 1500 yeare.

The confusion in the Greek year was partly remedied

through the discovery by Meton of the cycle which has since

borne his name. This cycle consists of 19 solar years, daring

which the moon changes 235 times. The error of this cycle

is very small, as may be seen from the following periods, com-

puted from modern data

:

Diijra. HoBti. MIb.

286 lunations require in the m«in 6939 16 81

19 true solar years (tropical) 6989 14 27

19 Julian years of 365i days 6939 18

Hence, if we take 235 lunar months, and divide them up as

nearly evenly as is convenient into 19 years, the mean length

of these years will be near enough right for all the purposes

of civil reckoning. The years of each cycle were numbered

from 1 to 19, and the number of the year was called the Gold-

en Nnmber, from its having been ordered to be inscribed on

tlie monuments in lettei-s of gold.

This is the only religious festival which, in Christian coun-

tries, depends directly on the motion of the moon. The rule

for determining Easter is that it is the Sunday following the

first full moon which occurs on or after the 21st or March.

The dates of the full moon correspond to the Metonic Cycle

;

that is, after the lapse of 19 yeare they i-ecur on or about the

same day of the year. Consequently, if we make a list of the

dates on which the Paschal full moon occurs, we shall find

no two dates to be the same for nineteen successive years;

but the twentieth will occur on the same day with the first,

or, at most, only one day different, and then the whole series

will be repeated. Consequently, the Golden Number for. the

year shows, with suflScient exactness for ecclesiastical purposes,

on what day, or how many days after the equinox, the Paschal

*

full moon occurs. The church calculations of Easter Sunday

are, however, founded upon very old tables of the moon, so

that if we fixed it by the actual moon, we should often find

the calendar feast a week in error.
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The basis of the calendars now employed thronghont Chris

tendom was laid by Julius CiBsar. Previous to his time, the

Roman calendar was in a state of great confusion, the nomi-

nal length of the year depending very largely on the capri<»

of the ruler for the time being. It was, however, very well

known that the real length of the solar year was about 366i

days ; and, in order that the calendar year might have the same

mean length, it was pi-escribed that the ordinary year should

consist of 365 days, but that one day should be added to every

fourth year. The lengths of the months, as we now have them,

were finally arranged by the immediate successors of Csesar.

The Julian calendar continued unaltered for about sixteen

centuries ; and if the true length of the tropical year had been

865i days, it would have been in use still. But, as we have

seen, this period is about Hi minutes longer than the solar

year, a quantity which, repeated every year, amounts to an en-

tire day in 128 yeare. Consequently, in the sixteenth century,

the equinoxes occurred 11 or 12 days sooner than they should

have occurred according to the calendar, or on the 10th in-

stead of the 21st of March. To restore them to their original

position in the year, or, more exactly, to their position at the

time of the Council of Nice, was the object of the Gregorian

reformation of the calendar, so called after Pope Gregory

XIII., by whom it was directed. The change consisted of

two parts

:

.-

1. The 5th of October, 1582, according to the Julian calen-

dar, was called the 15th, the count being thus advanced 10

days, and the equinoxes made once more to occur about March

21st and September 21st.
,

2. The closing year of each century, 1600,1700, etc., in-

stead of being each a leap-year, as in the Julian calendar,

should be such only when the number of the century was di-

visible by 4. While 1600, 2000, 2400, etc., were to be leap-

years, as before, 1700, 1800, 1900, 2100, etc., were to be re-

duced to 365 days'each.
.^ . j u ^u r. *i

This change in the calendar was soon adopted by the Catho-

lic countries, and, more slowly, by Pi-otestant ones-England,
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among the latter, holding out for more than a century, but

finally entering into the change in 1762. In RuBaia it was

never adopted at all, the Julian calendar being still continued

in that country. Consequently, the Russian reckoning is now

12 days behind ours, the 10 days' difference during the six-

teenth and seventeenth centuries being increased by the days

dropped from the years 1700 and 1800 in the new reckoning.

The length of the mean Gregorian year is 3650 sh 49m 12-

;

while that of the tropical year, accordmg to the best astronom-

ical determination, is 8660 51. 48- 46'. The former is, there-

fore, still 26 seconds too long, an error which will not amount

to an entire day for more than 3000 years. If there were

any object in having the calendar and the astronomical years

in exact coincidence, the Gregorian year would be accurate

enough for all practical purposes during many centuries. In

fact, however, it is difficult to show what practical object is to

be attained by seeking for any such coincidence. It is ina-

portant that summer and wiiiler. ceed-time and harvest, shall

occur at the same time of the year through several successive

generations; but it is not of the slightest importance that

they should occur at the same time now that they did 5000

yeare ago, nor would it cause any difficulty to our descendants

of 5000 years hence if the equinox should occur in the middle

of February, as would be the case should the Julian calendar

have been continued.

The change of calendar mot with much popular opposition,

and it may hereafter be conceded that in this instance the

common sense of the people was more nearly right than the

wisdom of the learned. An additional complication was in-

troduced into the reckoning of time without any other real

object than that of making Easter come at tiie nght tame.

As the end of tiie century approaches, the question of making

1900 a leap-year, as usual, will no doubt be discussed, and it is

possible that some concerted action may be taken on th? part of

leading nations looking tx) a return to the old mode of reckoning.

-msmmm
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CHAPTER II.

THE OOPEENIOAN SYSTEM, OB THE TEUB MOTIONS OF THE HBAV-

ENLT BODIES.

§1. Copemicua.

In the first section of the preceding chapter we described

the apparent diurnal motion of the heavens, whereby all tiie

heavenly bodies appear to be carried round in circles, thus

performing a revolution every day. Any observer of this mo-

tion who should suppose the earth to be flat, and the direction

we call downward everywhere the same, would necessarily re-

gard it as real. A very little knowledge of geometry would,

however, show him that the appearance might be accounted

for by supposing the earth to revolve. The seemingly fatal

objection against this view would be that, if such were the

case, the surface of the earth could not remain level, and ev-

ery thing would slide away from its position. But it was im-

p(isible for men to navigate the ocean without perceiving the

rotundity of its surface, and we have no record of a time when

it was not known that the earth was round We have" seen

that Ptolemy not only was acquainted with the true figure of

the earth, but knew that in magnitude it was so much smaller

than the celestial spaces, or sphere of the heavens, as to be only

a point ii. comparison. He had, therefore, all the knowledge

necessary to enable him to see that the moving body was much

more likely to be the earth than to be the sphere of the heav-

ens. Nevertheless, he rejected the theory on obBcuxe physij^

grounds, as shown in the last chapter, the untenability of which

tould have been proved him by a few very simple physical ex-

periments. And although it is known that the doctnne of the

Srth's motion was sustained by others m his age, notably by

Timocharis, yet the weight of his authority was so great as

'*
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not only to override all their argnments, bnt to cany his views

through fourteen centuries of the intellectual history of man.

The history of astronomy during these centuries offers hard-

ly anything of interest to the general reader. There was no

telescope to explore the heavens, and no genius arose of suffi-

cient force to unravel the maze of their mechanism. It was

mainly through the Arabs that any systematic knowledge of

the science was preserved for the nse of posterity. The as-

tronomers of this people invented improved methods of ob-

serving the positions of the heavenly bodies, and were thus

able to make improved tables of their motions. They meas-

ured the obliquity of the ecliptic, and calculated eclipses of

the sun and moon with greater precision than the ancient

Greeks could do. The predictions of the science thus gradu-

ally increased in accuracy, but no positive step was taken in

the direction of discovering the true nature of the apparent

movements of the heavens.

The honor of first proving to the world what the true theory

of the celestial motions is belongs almost exclusively to Coper-

nicus. It is true that we have some reason to believe that

Pythagoras taught that the sun, and not the earth, was the

centre of motion, and that he was, -therefore, the first to solve

the great problem. But he did not teach this doctrine public-

ly, and the very vague statonients of his private teachings on

this "point which have been handed down to us are so mixed

np with the speculations which the Greek pliilosophers. com-

bined with their views of nature, that it is hard to say with

precision whether Pythagoras had or had not fully seized the

truth. It is certain that no modem would receive the credit

of any discovery without giving more convincing proofs of the

correctness of his views than we have any reason to suppose

that Pythagoras gave to his disciples.

The great merit of Copernicus, and the basis of his claim to

the discovery in question, is that he was not satisfied with a

mere statement of his views, but devoted a large part of the

labor of a life to their demonstration, and thus placed them in

such a light as to render their ultimate acceptance inevitable.



E5e*«^SBRir^?JS.; s

OPED.

lis views

»f man.

jre hard-

I was no

of snfii-

It was

ledge of

The as-

is of ob-

'ere tbns

ley meas-

jlipses of

) ancient

as gradn-

taken in

apparent

lie theory

to Coper-

iieve that

, was the

t to solve

ae public^

chings on

BO mixed

iie» corn-

say with

seized the

the credit

lofs of the

a suppose

s claim to

ed with a

art of the

id them in

inevitable.

COPERNICUS. 58

Apart from all questions of the trnth or falsity of his theory,

the great work in which it was developed, «/>« Revolutwmbm

Orbium Codestium" would deservedly rank as the most im-

portant compendium of astronomy which had appeared since

Ptolemy. Few books have been more completely the labor of

a lifetime than this. Copernicus was bom at Tliorn, in Prus-

sia in 14^3, twenty yeare befoi-e the discovery of America,

but studied at the University of Cracow. He became an ec-

clesiastical dignitary, holding the rank of canon during a large

portion of his life, and finding ample leisure in this position

to pursue his favorite studies. He is said to have conceived of

the true system of the world as early as 1507. He devoted the

years of his middle life to the observations and computations

necessary to the perfection of his system, and communicated

his views to a few friends, but long refused to publish them,

fearing the popular prejudice which might thus be excited.

In 1540, a brief statement of them was published by his friend

Rheticus; and, as this was favorably received, he soon con-

sented to the publication of his great work. The first printed

copy was placed in his hands only a few hours before his

death, which occurred in May, 1543.

The fundamental principles ox the Copemican system are

embodied in two distinct propositions, which have to be proved

separately, and one of which might have been true without

the other being BO. They are as follows

:

1 The diurnal revolution of the heavens is only an appar-

ent motion, caused by a diurnal revolution .f the earth on an

axis passing through its centre.
„ , , . , i

2 The earth is one of the planets, all of which revolve

round the snn as the centre of motion. Tlie true centre of

the celestial motions is therefore not the earth, but the sun.

For thia reason the Copemican system is frequently spoken of

in historical discussions as the "heliocentric theory.'

The first proposition is the one with the proof of which Uh

pemicus begii He explains how an apparent motion may

result from a real motion of the person seeing, as well a« from

a motion of the object seen, and thus shows that the diurnal

(-';
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motion may be accounted for jnst as well by a revolution of

the eai'th as by one of the heavens. To sailors on a ship sail-

ing on a smooth sea, the ship, and every thing in it, seems to be

at rest and the shore to be in motion. Which, then, is more

likely to be in motion, the earth or the whole universe outside

of it ? In whatever proportion the heavens are greater than

the earth, in the same proportion must their motion be more
rapid to carry them round in twenty -four hours. Ptolemy

himself shows that the heavens were so immense that the

earth was but a point in comparison, and, for any thing that

is known, they may extend into infinity.. Then we should re-

quire an infinite velocity of revolution. Therefore, it is far

more likely that it is this comparative point that turns, and

that the universe is fixed, than the reverse.

The second principle of the Oopemican system—^that the

apparent annual motion of the sun among the stars, described

in § 3 of the preceding chapter, is really due to an annual revo-

lution of the earth around the sun—rests upon a very beautiful

result of the laMrs of relative motion. This movement of the

earth explains not only this apparent revolution of the sun,

but the apparent epicyclic motion of the planets described in

treating of the Ptolemaic system.

In Fig. 16, let 8 represent the %\m,ABCD the orbit of the

earth around it, and the figures 1, 2, 3, 4, 6, 6, six sucoesBive

positions of the earth. These positions would be about two

weeks apart. Also, let EFOH represent the apparent sphere

of the fixed stars. Then, an observer at 1, viewing the sun in

the direction \8, will see him as if he wera in the celestial

sphere at the point 1', because, having no conception of the

actual distance, the sun will appear to him as if actually among
the stars at V which lie in die same straight line wiUi liim.

When the earth, with the observer on it, reaches 2, he will see

the sun in the direction 2<S'2', that is, as if among the stars in

2'. That is, during the two weeks' interval, the sun will ap-

parently have moved among the stars by an angle equal to the

actual angular motion of the earth around the sun. So, as the

earth passes through the successive positions 3, 4, 5, 6, the sun

T

"^ir
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<r

will appear in the positions 3', 4', 5', 6', and the motion of the

earth cLinning all the way round jt^'-b;*'
^y^^JJJ^ ^

pear to move through the entire circle EFGR. Ihns we

have, as a result of the annual motion of the earth around the

Bun, the annual motion of the sun around the celestial sphei^a

already described in the third section of the preceding chapter.

Fi* Ifc-AppMMt iiiimid motton of Uie iua expired.

Let US now see how this same motion abolishes the compli-

cated system of epicycles by which the ancient ««t«>J»o™e"

represented the planetary motions. A theorem on which Ais

explanation reste is this: If an observer tn unc<mscwu» mo-

2nZs m object at reet, that object^ seem tohvn to be

moving in a direction opposite to his oum, and u>zth an equal

Sy A familiar i^tance of this is the apparent motion
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of objects on shore to passengors on a steamer. In Fig. 16,

let us suppose an observer on the earth carried around the

sun S in the orbit ABCDEF,
"^^ but imagining himself at rest

in the centre of motion 8. Snjv

pose that he observes the ai>

parent motion of the planet jP,

which is really at rest. How
will the planet appear to move ?

To show this, we represent ap-

parent directions and motions

by dotted lines. Let us begin

with' the observer at A^ from

which position he really sees

the planet in the direction and

distance AP. But, imagining

himself at 8^ he thinks he sees

the planet at the point a, the

distance and direction of which

Sa is the same with AP. As

\p he passes unconsciously fromA
to jff, the planet seems to him to

move past from a to i in the op-

posite direction ; and, still think-

ing himself at rest in 8^ he sees

the planet in i, the line 8h be-

Fio. iR.-8howing how the apparant epj- j|,» equal and parallel to BP.
cyclic motion ofthe planeU it aceonnted . ° ,

^
, - ,, i

for hy the moUon of Uie earth ronnd the As he recedes irom the plau-

•»«>• et through the arc BCD, the

planet seems to recede from him through bed. While he

moves from left to right through DJF, the planet seems to

move from right to left through de. Finally, as he approaches

the planet through the arc EFA, the planet will seem to ap-

proach him through <?/«, and when he gets back to J. he

will locate the planet at a, as in the beginning. Thus, in

consequence of tfie motion of the observer around the circle

ABCDEFy the planet, though really at rest, will seem to him
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Fig. 16,

nnd the

VDKF,
at rest

8. Sni>-

the ai>

>lanet /*,

:. How
o move ?

Bsent ap-

mutions

us begin

A, from

ally sees

stion and

nagining

s he sees

nt a, the

of which

AP. As
y fromA
to him to

in the op-

till think-

S',he sees

\eSh be-

toBP.
:he plau-

•C/>, the

Hiile he

Beems to

proaches

m to ap-

to J. he

Thus, in

lie circle

a to him

to move throngh a corresponding oirclo, abode/. If there are

a number of planets, they will all seem to describe correspond-

ing circles of the same magnitude.

If the planet /*, instead of being at rest, is in motion, the

apparent circular motion will be combined with the forward

motion of the planet, and the latter will now describe a circle

around a centre which is in motion. Thus we have the appar-

ent motion of the planets around .. moving centre, as already

described in the Ptolemaic system. We have said, in § 7 of

the preceding chapter, that by this system the motions of the

planets are represented by supposing a fictitious planet to re-

volve around the heavens with a regular motion, while the

real planet revolves around this fictitious one as a centre once

a year. Here, the progrMsive motion of the fictitious planet

i» {in the case of the outer planets Mare, Jupiter, and Sat-

urn) the motion of the realplanet around the sun, while the

circle which the realplanet describes around this moving cen-

tre is only an apparent motion due to the observer being car-

ried around the sun on the earth. If the reader will com-

pare the epicyclic motion of Ptolemy, represented in Figs. 10

and 11 with the motion explained in Fig. 16, he will find that

they correspond in every particular. In the case of the inner

planets. Mercury and Venus, which never recede far from the

sun, the epicyclic motion by which they seem to vibrato from

one side of the sun to the other is due to their orbital motion

around the sun, while the progressive motion with which they

follow the sun is due to the revolution of the earth around

the sun.

We may now see clearly how the retrograde motion and
stationary phases of the planets are explained on the Coper-

nican system. The earth and all the planets are really mov-

ing round the sun in a direction which we call east on the

celestial sphere. When the eartli and an outer planet are

on the same side of the sun, they are moving in the same

direction; but the earth is moving faster than the planet

Hence, to an observer on the earth, the planet seems to be

moving westy though its real motion is east As the earth
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pusses to the opposite side of the snn from the planet, it

clianges its motion to a direction tlie opposite of that of tiio

planet, and thus the westerly motion of the latter appears to

be increased by the whole motion of the earth.* Between

these two motions there is a point at which the planet does

not seem to move at all. This is called the stationary point.

If the planet we consider is not an outer, but an inm. one.

Mercury or Venus, and we view it when between us and the

snn, its motion to us is reversed, because we see it from the

side opposite the sun. Hence it seems to move west to us,

and it is retrograde. The earth is indeed moving in the same

real «lirection; but since the planet moves faster than the

earth, its retrograde motion seems to predominate. As the

planet passes round in its orbit, it first appeara stationary,

and then, passing to the opposite side of the sun, it seems

direct.

Let us now dwell for a moment on some considerations

which will enable ns to do justice to the Ptolemaic system, as

it is called, by seeing how necessary a step it was in the evo-

lution of the true theory of the universe. The great merit of

that system consisted in the analysis of the seemingly compli-

cated motions of the planets into a combination of two circular

motions, the one that of a fictitious planet around the celestial

sphere, the other that of the real planet around the fictitious

one. Without that separation, the constant oscillations of the

planets back and forth could not have suggested any idea

whatever, except that of a motion too complicated to be ex-

plained on mechanical principles. But when, leaving out of

sight the regular forward motion of the mean or fictitious

planet, the attention was directed to the epioyclio motion

alone, one could not fail to see the remarkable correspon'dence

between this latter motion and the apparent annual motion

of the snn. Seeing this, it took a very small step to see that

* It must not be forgotten that the direction ««( in the hi«vens is m carved di>

rection, as it were, and is opposite on opposite sides of the sun or celestial sphere.

For instance, the motions of the stars u they rise and as they set are opposite,

bat both are considered west.

KvHgSJP'.*
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t}ie snn, and not the earth, was the centre of planetary motion.

Then nothing but the illusions of sense remained to prevent

the acceptance of the theory that the earth was itself a planet

moving round the sun, and that both the annual motion of the

sun and the epicyolic motion of the planets were not real, bnt

apparent motions, due to the motion of the earth itself ; and

in no other way than this could the heliocentric theory have

been developed.

The Copemican system affords the means of determining

the proportions of the solar system, or the relative distances of

the several planets, with great accuracy. That is, if we take

as our measuring -rod the distance of the earth from the sun,

we can determine how many lengths of this rod, or what frac-

tional parts of its length, will give the distance of each planet,

although the length of the rod itself may remain unknown.

This determination restct on the principle that the apparent

circle or epicycle described by the planet in Fig. 16 is of the

same magnitude with the actual orbit described by the earth

around the sun. Hence, the nearer the observer is to this cir-

cle, the larger it will appear. The apparent epicycle described

by Neptune is rather less than two degrees in radius ; that is,

the true planet Neptune is seen to swing a little less than two

degrees on each side of its mean position in consequence of

the annual motion of the earth round the sun. This shows

that the orbit of the earth, as seen from Neptune, subtends an

angle of only two degrees. On the other hand, the planet

Mars generally swings more than 40° on each side; sometimes,

indeed, more than 45°. From this a trigonometrical oalonla<

tion shows that its mean distance is only about half as much
again as that of the earth; and the fact that the apparent

swing is variable shows the distance to be different at different

times.

As it will be of interest to see how nearly Copernicus was

able to determine the distances of the planets, we present his

results in the following table, together with what we now
know to be the true numbers. The numbers given are deci-

mal fractions, expressing the least and greatest distance of

V'^S^ii 'iBJig mer'
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each planet from the snii, the distance of the earth being taken

as unity.*

PImmU.
IJIAIT DHTAMOI. Ob>ATUT DltTAROB.

Copamlen*. llodtrD. Coptmlcm. Modam.

Mercary
Venui

0.836
0.709
1.878

4.980
8.66

0.808
0.718
1.8M3

4.9A3
9.00

0.406
0.780
1.666
8.458
9.76

0.467
0.738
1.666
6.4M
10.07

Mara
Jupiter

Sntnrn

Considering the extremely imperfect means of observation

which the times afforded, these results of Co^iernicus come
very near the truth. The greatest proportional deviation is in

the case of Mercury, the most difficult of all the planets to

observe, even to the pi-esent day. It is said that Copernicus

died without ever seeing this planet

The eccentricities of the orbits were represented by Coper-

nicus in a way which agrees exactly with the modern formulu)

when only a rough approximation is sought for. Like Ptole-

my, he supposed the orbits of the planets not to be centred on

the sun, but to be displaced by a small quantity termed the

eooentricity. But it had long been known that the theory of

uniform motion ip an eccentric circle, though it might make
the irregularities in the planet's angular motion come out all

right, would make the changes of distance double their true

value. He therefore took for the eccentricity a mean between

that which would satisfy the motion in longitude, and that

which would give the changes of distance, and added a small

epicycle of one-third this eccentricity ; and, by supposing the

planet to make two revolutions in this epicycle for dvery

revolution around the sun, he represented both irregnlari-

tie8.t

* I haTe dednced these namben from the tables giren in Book V. of "De
Revolationibus Orbium Coslestium." Thejr are probably the most accurate that

Coperoicus was able to obtain.

t The mathematical form of this theoiy of Copemicos is as follows : Patting
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Tlie work of Copemicns wm the greatest step ever taken in

astronomy. But he still took little more than the single Bt«p

of sliowing what apparent motions in the heavens were real,

and what were due to the motion of the observer. Not only

was his work in other respects founded on that of Ptolemy,

hut he had many of the notions of the ancient philosophy re-

si)ecting the fitness of things. Like Ptolemy, he thought the

heavens as well as the earth to be spherical, and all the celes-

tial motions to be circular, or composed of circles. He argues

against Ptolemy's objections to the theory of the earths mo-

tion, that that philosopher treats of it as if it were an enforced

or violent motion, entirely forgetting that if it exists it must

be a natural motion, the laws of which are altogether different

from those of violent motion. Thus, part of his argument was

really without scientific foundation, though his conclusion was

correct. Still, Copernicus did about all that could have been

done under the circumstances, His hypothesis of a small epi-

cycle one-third the eccentricity represented the motions of the

planets around the sun with all the exactness that observation

then admitted of, while, in the absence of t.ny knowledge of

the laws of motion, it was impossible to frame any dynamical

basis for the motions of the planets.

§ 2. Obliquity of the Ecliptic; Seatons, cto. ; on the Coper-

nican System.

We have next to explain the relations of the ecliptic and

equator on the new system. Since, on this system, the ce-

lestial sphere does not revolve at all, what is the flignificanoe

of the pole and axis around which it seems to revolve! The

« for his eccentricity, and g for the mean anomaly of the planet, lie repteeented iu

rectangular coordinate* in the form

x = a (cos. g-e+i«co». 2g\

g:=a(»in.g + ieno.2g)i

while the approximate modem formoln of the elliptic motion ate—

x = a (cos. g-%e + ^»coa. 2g),

y = a (sin. g + ie sin. 2g),

which agree exactly when we put • = |«.

Ttm-
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answer is, that the celestial poles are the points among the stars

towards which the axis of the earth is directed. Here the

stars are supposed to be infinitely distant, and the axis of the

earth to be continued in ar infinite straight line to meet them.

Since this point appears to the unassisted sight to be the same

during the entire year, it follows that as the earth moves round

the sun, its axis keeps pointing in the same absolute direction,

as will be shown in Fig. 18. But in the preceding chapter we
showed that there is a slow but constant change in the position

of the pole among the stars, called precession, which the an-

cient astronomers discovered by studying observations extend-

Tio. IT.—Relation of the teiceitrlal nnd celestial poles and equators.

ing through several centuries, and this shows that on the C!o-

pemican system the direction of the earth's axis is slowly

changing.

To conceive of the celestial equator on the Oopemican sys-

tem, we must imagine the globular earth to be divided into

two hemispheres by a plane intersecting the earth aronnd its

eqnator, and continued out on all sides till it reaches the ce-

lestial sphere. This may, perhaps, be better understood by
referring to Fig. 17, representing the earth in the centre of the
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imaginary celestial sphere. The dotted lines passing from the

poles of the earth to the points P and S mark the poles of that

sphere. It is evident that as the earth turns on this axis, the

celestial sphere, no matter how great it may seem to be, will

appear to turn on the same axis in the opposite diraction.

Again, ep being the earth's equator, dividing it into two equal

parts, we have only to imagine it to be extended to E and Q,
all round the celestial sphere, to cut the latter into two equal

parts.

Let us next examine more closely the relation of the earth

to the sun. We have already shown that as the earth moves

around the sun, the latter seems to move around the celestial

sphere, and the circle in which he seems to move is called the

e<;liptic. But the ecliptic and the celestial equator ara in-

clined to each other by an angle of about 23^°. This shows

that the axis of the earth is not perpendicular to its orbit, but

Vn. IS.—Camm of changei ofmmom on tha CopernlMn syttem.

is inclined 23^° to that perpendicular, as shown in Fig. 18,

which represents the annual course of the earth round the

sun. It is of necessity drawn on a veiy incongruous scale,

because the distance of the sun from the earth being near-

ly 12,000 diameters of the latter and 110 that of the sun, both

bodies would be almost invisible if they were not greatly mag-

nified in the figure. A difficulty which may suggest itself is,

that the present fignre represents the earth as moving away

6

•.«>

» 4»-
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from its position in the centre of the sphere. There are two

v^ys pt avoiding this difficulty. One is to suppose that the

observer carries the imaginary celestial sphere with him as he

is carried around the sun ; the other is to consider the sphere

as nearly infinite in diameter. The latter is probably the

easiest mode of conception for the general reader. He must,

tlierefore, in the last figure suppose the sphere to extend out

to the fixed stars, which are so distant tliat the whole orbit of

the earth is but a point in comparison ; and the different }K>int8

of the sphere towards which the poles and the equator of the

earth point, as the latter moves round the sun, are so far as to

appear always the same. It now requires but an elementary

idea of the geometry of the sphere to see that these two great

circles of the celestial sphere—the ecliptic, around which the

sun seems to move, and the equator, which is cverywhei*e

equally distant from the points in which the earth's axis in-

tersects the sphere—will appear inclined to each other by the

same angle by which the earth's axis deviates from the per-

pendicular to the ecliptic.

Next, we have to see how the changes of the seasons, the

equinoxes, etc., are explained on the Copemican theory. In

the last figure the earth is represented in four differeitt posi-

tions of its annual orbit around the sun. In the position A,

the south pole is inclined 23^° towards the sun, while the

north pole, and the whole region within the arctic c'n le, is

enveloped in darkness. Hence, in this position, the sot nei-

ther rises to the inhabitants of the arctic zone, nor Sv-n ^.o

those of the antarctic zone. Outside of these zoi^h, he v< oe

and sets, and the relative lengths of day and nigbt Z'X aviy

place can be estimated by studying the circles ait < i u ivhivsh

that place is carried by the diurnal turning of thft ruion its

axis. To facilitate this, we present on the followmg page a

magnified picture of the earth at A, showing more fully the

hemisphere in which it is day and that in which it is night.

The seven nearly horizontal lines on the globe are examples

of the circles in question. We see that a point on the arctic

circle jnst grazes the dividing-line between light and darkness
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once in its revolution, or once a day; that is, the snn just

shows himself in the horizon once a day. Of the next circle

towards the south about two-

thirds is in the dark, and one-

third in the light hemisphere.

This shows that the nights are

aboui, twice as loiisr as the

days. This circle is near that

around which London is carried

by the diurnal revolution of the

earth on its axis. As we go

south, we see that the propor-

tion of light on the diurnal cir-

cles constantly increases, while B^o-W.— Bnlnfeed vluw of the earth in

, r J 1 J • • 1
"•* position A of the precediug fl|pire,

that 01 darkness dimmislies, un- howing winter in the northern hemi-

til we reach the equator, where •p''*"' '"* •»«»'«»«' ^ ">« •on«>«ni.

they are equal. When we pass into the southern hemisphere,

we see the light covering more than half of each circle, the

proportion of light to darkness constantly increasing, at the

same rate that the opposite proportion would increase in going

to the north. When we reach the antarctic circle, the whole

circle is in the light hemisphere, the observer just grazing the

dividing-line at midnight. Inside of that circle the observer

is in sunlight all the time, so that the sun does not set at all.

We sec, then, that at the equator the days and nights are al-

ways of the same length, and that the inequality increases as

we approach either pole.

We now go on three months to the position B, which the

earth occupies in March. Here the plane of the terrestrial

equator being continued, passes directly through the snn ; the

latter, therefore, seems to be in the celestial equator. All the

diurnal circles are here one-half in the illuminated, and one-

half in the unilluminated hemisphere, the latter being invisi-

ble in the figure, through its being behind t'^e earth. The
days and nights are, therefore, of equal length all over the

globe, if we call it night whenever the sun is geometrically

below the horizon. In the position C> which the earth takes

"Ssr
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in June, everything is the same as in position A, except that

effects are reversed in tiie two hemispheres. The nortlieni

hemisphere now has the longest days, and the southern one

the longest nights. At D, which the eartli reaches in Sep-

tember, the days and nights ara equal once more, for the same

reason as in B. Thus, all the seemingly complicated phenom-

ena which we have described in the preceding chapter are

completely explained in the simplest way on the new system.

We have next to see how the details of the system were filled

ill by the immediate sucecssors of Copernicus.

§ 3. Tycho Brake.

We have said that no great advance could be made upon

the Copernican system, without either a better knowledge of

the laws of motion or more exact observations of the positions

of the heavenly bodies. It was in the latter direction that

the advance was first made. The leader was Tycho Brahe,

who was bom in 1546, three years after the death of Coperni-

cus. His attention was first directe(' to the study of astron-

omy by an eclipse of the sun on August 2lBt, 1560, which was

total in some parts of Europe. Astonished that such a phe-

nomenon could be predicted, he devoted himself to a study of

the methods of observation and calculation by wiiich the pre-

diction was made. In 1576 the King of Denmark founded

the celebrated Observatory of Uraniberg, at which Tycho

spent twenty years, assidiioiiely engaged in ooservations of the

positions of the heavenly bodies with the best iiibtrumcnts tliat

could then hi- inade. This was just before the invention of

the telescope, so that the astronomer could not ava^l himself

of that powerful instrument. Consequently, his observations

were superseded by the improved ones of the centuries fol-

lowing, and their celebrity and importance are principally due

to their having afforded Kepler the means of discovering his

celebrated laws of planetary motion.

As a theoretical astronomer, Tycho was nnfortunate. He
rejected the Copernican system, for a reason which, in his day,

had some force, namely, the incredible distance at which it
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M'as necessary to suppose the fixed stars to be situated if that

system were accepted. We have shov^n haw, on the Coperni-

can system, the outer planets seem to desci'ibe an annual revo-

lution in an epicycle, in consequence of the annual revolution

of the earth around the sun. The fixed stars, which are sit-

uated outside the solar system, must appear to move in the

same way, if the system be correct. But no observations,

whether of Tycho or his pi-edecessors, had shown any such

motion. To this the friends of Copernicus could only reply

that the distance of the fixed stars must be so great that the

motion could not be seen. Since a vibration of three or four

minutes of arc might have been detected by Tycho, it would

be necessary to suppose the stellar sphere at least a thousand

times the distance of the sun, and a hundred times that of Sat-

urn, then the outermost known planet. That a space so vast

should intervene between the orbit of Saturn and the fixed

stars seemed entirely incredible : to the philosophers of the

day it was an axiom that nature would not permit the waste of

space here implied. At tlie same time, the proofs given by

Copernicus that the sun was the centre of the planetary mo-

tions were too strong to be overthrown. Tycho, therefore,

adopted a system which was a compound of the Ptolemaic

and the Copernican; he supposed the five planets to move
around the sun as the centre of their motions, while the sun

was itself in motion, describing an annual orbit around the

earth, which remained at I'est in the centre of the universe.

Perhaps it is fortunate for the reception of the Copernican

eystem that the astronomical instruments of Tycho were not

equal to those of the beginning of the present century. Had
he found that there was no annual parallax among the stars

amonnti'.g to a second of arc, and therefore that, if Coperni-

cus was right, tlie stars must be at least 200,000 timef> the dis-

tance of the sun, the astronomical world might have stood

aghast at the idea, and concluded that, after all, Ptolemy must

be right, and Copernicus wrong.

Tycho never elaborated his system, and it is hard to say

how he would have answered the numerous objections to ''t.
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He never had any disciples of eminence, except among the

ecclesiastics ; in fact, the invention of the telescope did away

with the last remaining doubts of the correctness of the Co-

periiican system before a now one would have had time to

gain a foothold.

§ 4. Kepler.—His Laios of Planetary Motion.

Kepler was bom in 1571, in Wiirtemberg. He was for a

while the assistant of Tycho Bralie in his calculations, but was

too clear-sighted to adopt the curious system of his master.

Seeing the truth of the Copemican system, he set himself to

determine the true laws of the motion of the planets around

the sun. We have seen that even Coi)ei'nicuB had adopted the

ancient theory, that all the celestial motions are compounded

of uniform circular motions, and had thus been obliged to in-

troduce a small epicycle to account for the irregularities of

the motion. The observations of Tycho wnre so much more

accurate than those of his predecessors, that they showed Kep-

ler the insufliciency of this theory to represent the true mo-

tions of the planets around the sun. The planet most &vora-

ble for this investigation was Mars, being at the same time

one of the nearest to the earth, and one of which the orbit

was most eccentric. The only way in which Kepler could

proceed in his investigation was to make various hypotheses

I'especting the orbit in which the planet moved, land its velocity

in various points of its orbit, and from these hypotheses to oal-

onlate the positions and motions of the planet as seen from

the earth, and then comparo with observations, to see whether

the observed and calculated p«.)sitionB agreed. As our modem
tables of logarithms by which such calculations we^ immensely

abridged were not then in existence, each trial of an hypothe-

sis cost Kepler an immense anioiuit u£ labor. Finding that

the form of the orbit was certainly not circular, but elliptical,

he was led to try the effect of placing the sun in the focus of

the ellipse. Then, the motion of the planet would be satisfied

if its velocity were made variable, being greater the nearer

it was to the sun. Thus he was at length led to the first two

A'»-. '!^,.
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of his three celebrated laws of planetary motion, which are as

follows

:

1. The orbit of each planet is an ellipse, having the aun in

onefocus.

2. As theplanet moves round the sun, its radius-vector (or

the line Joining it to the sun) passes over equal areas in

equal times.

To explain these laws, let PA (Fig. 20) be the ellipse in

which the planet moves. Then the sun will not be in the cen-

Fio. M;—ninitrattug Kepler'i first two laws of planetary motion.

tre of the ellipse, bnt in one focus, say at S, the other focus

being empty. When the planet is at P, it is at the point near-

est the sun; this point is therefore called theperihelion. As
it passes round to the other side of the sun, it continues to re-

cede from him till it reaches the point A, when it attains its

greatest distance. This point is the aphelion. Then it begins

to approach the sun again, and continues to do so till it reaches

P once more, when it again begins to repeat the same orbit.

It thus describes the same ellipse over and over.

Now, suppose that, starting from P, we mark the position

of the planet in its orbit at the end of any equal intervals of

time, say 30 days, 60 days, 90 days, 120 days, and so on. Let

a, bfC,d he the first four of these positions between each of

which the planet has required 30 days to move. Draw lines

from each of the five positions of the planet, beginning at P,
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to the mil at S, We shall thus have four triangular spaces,

over each uf which the radius-vector of the planet has swept

iu 30 days. The first of Kepler's laws means that the areas

of all of these spaces will be equal.

The old theory that the motions of the heavenly bodies must

be circular and uniform, or, at least, composed of circular and

uniform motions, was thus done away with forever. The el-

lipse took the place of the circle, and a variable motion the

place of a uniform one.

Another law of planetary motion, not less important than

these two, was afterwards discovered by Kepler. Copernicus

knew, what had been surmised by the ancient astronomers,

that the more distant the planet, the longer it took it to per-

form its course around the sun, and this not merely because it

had farther to go, but because its motion was really slower.

For instance, Saturn is about 9^ times as far as the earth, and

if it moved as fast as the earth, it would perform its revolu-

tion' in 9\ years; but it actually requires between 29 and 30

years. It does not, therefore, move one-third so fast as the

earth, although it has nine times as far to go. Copernicus,

however, never detected any relation between the distances

and the periods of revolution. Kepler found it to be as fol-

lows:

Third law of planetary motion. The square of the time

of revolution of each planet i« proportional to the cube of
its mean distancefrom the sun.

This law is shown in the follovring table, which gives (1)

the mean distance of each planet known to Kepler, expi-essed

in astronomical units, each unit being die mean distance of

Plaiicti.

(1)

Distance.

(«)

Cube of Dl»-
tAUce.

(8)

Period
(Ye«r»).

(4)

Square or
Period.

Mercury 0.887
0.728
1.000
1.624
6.208
».639

0.068
0.378
1.000
3.640

140.8
808.0

0.241
0.«I6
1.000
1.881

11.86

29.46

0.068

0.378
1.001
3.588

140.66
8G7.9

VenuH
Earth
Mars
Jupiter

Saturn
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Bpaces,

swept

te areas

the eaith from the snn
; (2) the cube of tliis quantity

; (3) the

time of revolution in years; and (4) the square of this time.

The remarkable agreement between the second and fourih

columns will be noticed.

§ 5. From Kepler to Neioton.

So far as the determination of the laws of planetary motion

from observation was concerned, we might almost say that

Kepler left nothing to be done. Given the position and

magnitude of the elliptic orbit in which any planet moved,

and the point of the orbit in which it wpa found at any

date, and it became possible to calculate the position of the

planet in all future time. More than that science could not

do. It is true that the places of the planet thus predicted

were not found to agree exactly with observation ; and had

Kepler had at his command observations as accurate as those

of the present day, he would have found that his laws could

not be made to perfectly represent the motion of the plai'» ts.

Not only would the elliptic orbit have been found to vary iis

position from century to century, but the planets would have

been found to deviate from it, first in one direction and then

in the other, while tlie areas described by the radius-vector

would have been sometimes lai^r and sometimes smaller.

Why should a planet move in an elliptic orbit ? Why should

its radius- vector describe areas proportional to the time?

Why should there be that exact relation between their dis-

tances and times of revolnt'ons) Until these questions were

answered, it would have been impossible to say why the plan-

ets deviated from Kepler's laws; and they were questions

which it was imix)esible to answer until the general laws of

motion, unknown in Kepler's time, wdre fully understood.

The first important step in the discovery of these laws was

taken by Galileo, the great contemporary of Kepler, one of

the inventors of the telescope, and the first who ever pointed

that instrument at the heavens. From a sc'ontific point of

view, as inventor of the telescope, founder of the science of

dynamics, teacher and upholder of the Gopernican system, and
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sufferer at tlie hands of the Inquisition, for promulgating what

he knew to be the truth, Galileo is perhaps the most interest-

ing character of his time. If tmy serious doubt cc ^ild remain

of the correctness of the Copeniican system, it wab removed

by the discoveries made by the telescope. The phases of

Venus showed that she was. a dark globular body, like the

earth, and that she really revolved around the sun. In Jupi-

ter and his satellites, the solar system, as described '

>y Coperni-

cus, was relocated on a small scale with a fidelity v '

-b could

not fail to strike the thinking observer. There wn 'onger

any opposition to the new doctrines from any sou untitled

to refl))eot. Tlie Inquisition forbade their promnliration as

absolute truths, but were perfectly willing that they should be

used as hypotheses^ and rather encouraged men of science in

the idea of investigating the interesting mathematical prob-

lems to which the explanation of the celestial motions by the

Copernican system might give rise. The only restriction was

that they must stop short of asserting or arguing the hypothe-

ses to be a reality. As this assertion was implicitly contained

in several places in the great work of Copernicus, they con-

demned this work in its original form, and ordered its revi-

sion.* Probably the decree of the Inquisition was entirely

without effect in stopping the reception of the Copernican

system ontside of Italy and Spain.

It will be seen, from what has been said, that the next step

to be taken in the direction of explaining the celestial motions

must be the discovery of some general cause of those motions,

or, at least, their reduction to some general law. The first

attempt to do this was made by Descartes in his celebrated

theory of vortices, which for some time disputed the field Mrith

Newton's theory of gravitation. This philosopher supposed

the sun to be immersed in a vast mass of fluid, extending in-

definitely in every direction. The sun, by its rotation, set the

* The order for this revision was made at the time of condemning Galileo'i

work, but I am not aware that it was ever executed. An edition of Copemicns,

nriied to satisfy the Inqnisition, wonid certainly be an interesting work to the

astronomical bibliopole at the present time.

'mum
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parts of the fluid next to it in rotation ; these communicated

their motions lo the ^larts Btill farther out, and so on, until

the whole mass was set in rotatiun like a whirlpool. The
planets were carried around in this ethereal whirli)ool. The
more distant planets moved more slowly because the ether

was loss affected i\v the rotation of the sun the more distant

it was from hiui. In tlie great vortex of the solar system

were smnlltvt' t,Pi«, GHt h planet being the centre of one ; and

thus the RL.toUites, floating in tlie ether, wore carried round

their primaries. Hud Descartes been able to show that the

parts of his vortex must move in elli])ses having the sun in

one focus, that they must describe equul areas in equal times,

and that the velocity must diminish as we recede from the

sun, according to Kepler's thiru la-.v, his theory would so far

have been satisfactory. Failing in this, it cannot bo regarded

as an advance in science, but rather as a step backwards. Yet,

the great eminence of the philosopher and the number of his

dii^ciples secured a wide currenoy for his theory, and we find

it supported by no less an authority than John T^ernoulli.

After Galileo, the miin who, perhaps, did most to prepare

the way for gravitation was Iluyghens. As a mathematician,

a mechanician, and an observer, he stc k'1 in liie first rank.

He discovered le laws of centrifugal force, and if he had

simply applied tliese laws to the solar system, he would have

been led to the result that the planets are held in their orbits

by a force varying as the inverse sqnara of their distance from

the sun. Having found this, the road to the theory of gravita-

tion could hardly have been missed. But the great discovery

seemed to require a mind freshly formed for the occasion.
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OHAPTER III.

tTMIVEBSAI. OBAVITATION.

§ 1. Newttyn.—Discovery of Oravitation.

TiiR real significance of Newton's great diRcovery of nniver*

sai gravitation is fully appreciated by but few. Oravitation

is generally thonght of as a niysterions force, acting only be-

tween thu lieaveuly bodies, and first dis$:overed by Newton.

Had gra'imtjon itself been discover«3d by Newton as some

ne.v principle to account for the motions of the planets, it

would not have been so admirable a discovery as that which

he actually made. Gravitation, in a somewhat limited sphere,

is known to all men. It is simply the force wliich causes

all heavy bodies to fall, or to tend towards the centre of the

earth. Every one who had ever seen a stone fall, or felt it to

be heavy, knew of the existence of giiivitation. What New-
ton did was to show that the motions of the planets were

determined by a universal force, of which the force which

caused the apple to fall was one of the manifestations, and

thus to deprive the celestial motions of all the mystery in

which they had formerly been enshrouded. To his predeces-

sors, the continuous motion of the planets in circles or ellipses

was something so completely unlike any motion seen on the

surface of the earth, that they could not imagine it to be gov-

erned by the same laws ; and, knowing of no law to limit the

planetary motions, the idea of the heavenly bodies moving in

a manner which set all the laws of terrestrial motion at de-

fiance was to them in no way incredible.

The idea of a cosmical force emanating from the sun or the

earth, and causing the celestial motions, did not originate with

Newton. We have seen that even Ptolemy had an idea of a

force which, always directed towards the centre of the earth,
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or, which was to bini the same thing, towards the centre of

the universe, not only oansed licavy bodies to fall, bnt bound

the whole universe together. Kepler also maintained that the

force which moved the planets i-esided in, and emanated from,

the snn. Bnt neither Ptolemy nor Kepler could give any ade-

quate explanation of the force on the basis of lavrs seen in ac-

tion around us; nor was it possible to form any conception of its

true natnra without a knowledge of the general laws of nxotion

and force, to which neither of these philosophers ever attained.

The great misapprehension which possessed the minds of

nearly all mankind till the time of Galileo was, that the con-

tinuous action of some force was necessary to keep a moving

body in motion. That Ki)pler himself was fully possessed of

this notion is shown by the fact that he conceived a force act-

ing only in the direction of the sun to be insufficient for keep-

ing up the planetary motions, and to requira to be supplement-

ed by some force which sliould constantly push the planet

ahead. The latter force, he conceived, might arise from the

rotation of the sun on his axis. It is hard to say who was the

first clearly to see and announce that this notion was entiraly

incorrect, and that a body once set in motion, and acted on by

no force, would move forwards forever— so gradually did the

great truth dawn on the minds of men. It must have been

obvious to Leonardo da Vinci ; it was implicitly contained in

Oalileo's law of falling bodies, and in Huyghens's theory of

central forces; yet neither of these philosophers seems to have

clearly and completely expressed it. We can hardly be far

wrong in saying that Newton was the firat who dearly laid

down this law in connection with the correlated laws which

cluster around it The basis of Newton's discovery were these

three laws of motion

:

First law. A body once set in motwn and acted on by no force

will move forwards in a straight line and tvith a uniform velocity

forever.

Second law. Ifa moving body be acted on by any force, its de-

viationfrom the motion defined in the first law toUl be in the dir^c-

Hvn of theforce, and proportional to tK.
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Third law. Action and reaction are equal, and in opposite di-

rections; that is, whenever any one body exerts afwce on a second

one, the latter exerts a similarforce on the first, only ia the opposite

direction.

The first of these laws is the fundamental one. The cir-

cumstance which impeded its discovery, and set man astray

for many centuries, was that there was no body on the earth's

surface acted on by no force, and therefore no example of a

body moving in a continuous straight line. Every body on

which an experiment could be made was at least acted on by

the gravitation of the earth—that is, by its own weight—and,

in consequence, soon fell to the earth. Other forces which im-

peded its motion were friction and the resistance of the air.

It needed research of a ditferent kind from what the prede-

cessors of Galileo had given to physical problems to show that,

but for these forces, the body would move in a straight line

without hinderance.

We are now prepared to understand the very straightfor-

ward and simple way in.which Newton ascended from what

he saw on the earth to the great principle with which his

name is associated. We see that there is a force acting all

over the earth by which all bodies are drawn towards the

earth's centre. This force extends without sensible diminu-

tion, not only to the tops of the highest buildings, but of the

highest mountains. How much higher does it extend ? Why
should it not extend to the moon ? If it does, the moon would

tend to drop to the earth, just as a stone thrown from the

hand does- Such being the case, why should not this simple

force of gravity be the force which keeps the moon in her

orbit, and prevents her from flying off in a straight line under

the first law of motion 1 To answer this question, it was nec-

essary to calculate what force was requisite to retain the moon

in her orbit, and to compare it with gravity. It was at that

time well known to astronomers that the distance of the moon

was sixty semidiameters of the earth. Newtop at first sup-

posed the earth to be less than 7000 miles in diameter, and

consequently his calculations failed to lead him to the right
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result. This was in 1665, when he was only twenty - three

years of age. He laid aside his calculations fur nearly twenty

yearb, when, learning that the measures of Ficard, in France,

showed the earth to be one-sixth larger than he had supposed,

he again took up the subject. He now found that the deflec-

tion of the orbit of the moon from a straight liue was such as

to amount to a fall of sixteen feet in one minute, the same dis-

tance which a body falls at the sui'face of the earth in one

second. The distance fallen being as the square of the time,

it followed that the force of gravity at the surface of the earth

was 3600 times as great as the force which held the moon in

her orbit. This number was the square of 60, which expresses

the number of times the moon is more distant than we are

from the centre of the earth. Hence, the force which holds the

moon in her orbit is the same as that which makes a stone fall, only

diminished in the inverse square of the distance from the centre of

the earth.

To the mathematician the passage from the gravitation of an

apple to that of the moon is quite simple ; but the non-mathe-

matical reader may not, at first sight, see how the moon can be

constantly falling towards the earth without ever becoming any

nearer. The following illustration will make the matter clear

:

any one can understand the law of falling bodies, by which a

body falls sixteen feet the first second, three times that distance

the next, five times the'third, and so on. If, in place of falling,

the body bo projected horizontally, like a cannon-ball, for ex-

ample, it will fall sixteen feet out of the straight line in which

it is projected during the first second, three times that distance

the next, and so on, the same as if dropped from a state of

rest In the annexed figure, let AB represent a portion of

the curved surface of the earth, and AD a straight line hori-

zontal at Ay or the line along which an observer at A wonld
sight if he set a small telescope in a horizontal position.

Then, owing to the curvature of the earth, the surface will

fall away from this line of sight at the rate of about eight

inches in the fint mile, twenty-four inches more in the second

mile, and so on. In five miles the &11 will amount to sixteen

Mimmmmmmmmimm mm ' -"^MM^
(^^^
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feet. In ten miles, in addition to this sixteen feet, three times

tliat amount will be added, and so on, the law being the same

c

Fio. SI.—Illuittrating the fkll of the moon towards the earth.

with that of a falling body. Now, let .<1(7 be a high steep

monntain, from the summit of which a cannon-ball is fired in

the horizontal direction CE. The greater the velocity with

which the shot is fired, the farther it will go before it reaches

the ground. Suppose, at length, that we should fire it with

ft velocity of five miles a second, and that it should meet with

no resistance from the air. Suppose « to be the point on the

line five miles from C. Since it would reach this ix)int in one

second, it follows, from the law of falling bodies just cited,

that it will have dropped sixteen feet below e. But we have

just seen that the earth itself curves aw:ay sixteen feet at this

distance. Hence, the shot is no nearer the earth than when it

was fired. During the next second, while the ball would go to

E, it would fall forty-eight feet more, or sixty-four feet in all.

But here, again, the earth has still been rounding off, so the

distance DB is sixty-four feet. Hence, the ball is still no near-

er the earth than when it was fired, although it has been drop-

ping away from the line in which it was fired exactly like a

falling body. Moreover, meeting with no resistance, it is still

going on with undiminished velocity ; and, just as it has been

falling for two seconds without getting any nearer the earth,

fo it can get no nearer in the third second^ nor in the fourth,

nor in any subsequent second ; but the earth will constantly

curve away as fast as the ball can drop. Thus the latter will

pass clear round the earth, and come back to the first point C,
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from which it started, in the direction of the arrow, without

any loss of velocity. The time of revolution will be about an

hour and twenty-four minutes, and the ball will thus keep on

revolving round the earth in this space of time. In other

words, the ball will be a satellite of the earth, just like the

moon, only much nearer, and revolving much faster.

Oar next step is to extend gravitation to other bodies than

the earth. The planets move around the sun as the moon
does around the eai-th, and must, therefore, be acted on by a

force directed towards the sun. This forotf can be no other

than the gravitation of the sun itself. A very simple calcula-

tion from Kepler's third law shows that the force with which

each planet thus gravitates towards the sun is inversely as the

square of the mean distance of the planet.

Only one more step is necessary. What sort of an orbit

will a planet describe if acted on by a force directed towards

the sun, and inversely as the square of the distance ? A very

simple demonstration will show that, no matter what the law

of force, if it be constantly directed towards the sun, the radi-

us-vector of the planet will sweep over equal areas in equal

times. And, conversely, it cannot sweep over equal areas in

equal times if the force acts in any other direction than that

of the sun. Hence it follows, from Kepler's second law, that

the force is directed towards the sun itself.

The problem of determining what form of orbit woald be

described was one with which very few mathematicians of

that day were able to grapple. Newton succeeded in proving,

by a rigorous demonstration, that the orbit would be an el-

lipse, a parabola, or a hyperbola, according to circumstances,

having the sun in one of its foci, which, in t^e case of the

ellipse, was Kepler's first law. Thus, all mystery disappeared

from the celestial motions, and the planets were shown to be

simply heavy bodies moving according to the same laws we
see acting all around us, only nnder entirely different circum-

stances. All three of Kepler's laws were expressed in the sin-

gle law of gravitation towards the sun, with a force acting in-

ersely as tlie square of the distance.

E 7
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Very beautiful is the explanation which gravity gives of

Kepler's third law. We have seen that if we take the cubes

of the mean distances of the several planets, and divide them

by the square of the times of revolution, the quotient will be

the same for each planet of the system. If we proceed in the

same way with the satellites of Jupiter, <;ubing the distance

of each satellite from Jupiter, and dividing the cube by the

square of the time of revolution, the quotient will be the same

for each satellite, but will not bo the same as for the planets.

This quotient, in Tact, is proportional to the mass or weight of

the central body. In the case of the planets it is 1050 times

at) great as in the case of the satellites of Jupiter. This shows

that the sun is 1050 times as heavy as Jupiter. We thus have

a very convenient way of "weighing" such of the planets a^

have satellites, by measuring the orbits of the satellites, and

determining the times of their revolution. But the weight is

not thus expressed in tons, but only in fractions of the mass

of the sun.

The law, however, is not yet complete. The attraction be-

tween the sun and planets must, by the third law of motion,

be mutual. If the earth attracts the moon, she must, if the

law be a general one, attract the planets also, and the planets

must attract each other, and thus alter their motions around

the sun. Now, it is known from observation that tlie planets

do not move in exact accordance with Kepler's laws. The
iinal question, then, arises whether the attraction of the plan-

ets on each other fully and exactly accounts for the deviations.

This question Newton could answer only in an imperfect way,

the problem being too intricate for his matliematics. He was

able to show that the attraction of the sun would cause ine-

qualities in the motion of the moon of the same nature as

those observed, but he could not calculate their exact amount.

Still, the general correspondence of his theory witk the mo-

tions of the heavens was so striking that there ought not to

be any doubt of its truth. Very remarkable, therefore, is it

to see the French Academy of Sciences, as late as 1732—more
than forty years later—awarding a prize to John Bernoulli, the
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ORAVITATION OF SMALL MASSES.

celebrated luatheniatician, for a paper in which tlie motions

of the planets were explained on the theory of vortices. It

shonld not be inferred from this that that justly celebrated

liody still considered that theory to be correct ; but we may
infer that they still considered it an open question whether

the tlieory of gravitation was correct.

To express Newton's theory with completeness, it is not suf-

iicient to say simply that the sun, earth, and planets attract

each otiier. Divide matter as finely as we may, we find it

still possessing the power of attraction, because it has weight.

Since the earth attracts the smallest particles, they must, by
the third law of motion, attract the earth with equal force.

Hence we conclude that the power of attraction resides, not

in the earth as a whole, but in each individual particle of the

matter composing it ; that is, the attraction of the earth upon

a stone is simply the sum total of the attractions between the

stone and all the particles composing the earth.

There is no known limit to the distance to which the at-

traction of gravitation extends. The attraction of the sun

upon the most distant known planets, Uranus and Neptune,

shows not the slightest variation from the law of Newton.

But, owing to the rapid diminution with the distance to which

the law of the inverse square gives rise when we take distances

so immense as those which separate us from the fixed stars,

the gravitation even of the sun is so small that a million

years would be required for it to produce any important ef-

fect. We are thus led to the law of universal gravitation, ex-

pressed as f'^Hows

:

Every pa !<:". of matter in the universe attracts every other par-

ticle with a jvrce directly as their masses, and inversely as the

square of the distance which separates them.

% 2. Gravitation of Small Masses.—Density of the Earth.

To make perfect the proof that gravity does really reside

in each particle of matter, it was desirable to show, by -actual

experiment, that isolated masses did really attract each other,

as required by Newton's law. This experiment has been

nam
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made iu Tarious ways with entira success, the object, howev>

er, being not to prove the existence of the attraction, but to

measure the mean density of the earth, which admits of be-

ing thus determined. The attraction of a sphere upon a point

at its surface is shown, mathematically, to be the same as if

the entire mass of the sphere were concentrated in its centre.

It is, therefore, directly as the total amount of matter in the

sphere, that is, its weight, and inversely as the square of its

radius. Let us, then, compare the attraction of two spheres of

the same material, of which the diameter of the one is double

that of the other. The larger will have eight times the bulk,

and therefore eight times the mass, of the smaller. But

against this is the disadvantage that a particle on its surface

is twice as far from its centre as in the case of the smaller

sphere, which causes a diminution of one -fourth. Conse-

quently, it will attract such a particle with double the force

tiiat the smaller sphere will ; that is, the attractions are direct-

ly as the diameters of the spheres, if the densities are equal.

If the densities are not equal, the attraction is proportional to

the product of the density into the diameter.

The diameter of the earth is, in round numbers, forty millions

of feet. Consequently, the attraction of a sphere of the same

mean density as the earth, but one foot in diameter, will be

«p 000 goT part the attraction of the earth; that is, 40 oio ono

tiie weight of the body attracted. Consequently, if we should

measure the attraction of such a sphere of lead, and find that

it was just 40 oio 000 ^^^ of the weight of the body attracted,

we would conclude that the mean density of the earth was

equal to that of lead. But the attraction is actually found

to be nearly twice as great as this ; consequently, a leaden

sphere is nearly twice as dense as the average of the mat-

ter composing tlie earth. Such a determination of the density

of the earth is known as the Cavendish experiment, from the

name of the physicist who first executed it

The method in which a task seemingly so hopeless as meas-

uring a minute force like this is accomplished is shown in the

following figures. It consists primarily of a torsion balance

;
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ORAVITATION OF SMALL MASSES. 89

that is, a very light rod, e, with a weight at each cud, suspend-

ed horizontally by a fine fibre of silk. In order to protect it

against currents of air, it must be completely enclosed in a

case. In Fig. 22, the balance eb is suspended from the end

Flo. n.—Ball;*! appuratna for determinlnt; the denaitjr of the earth by the OaTendbh n-
periment The left-hand ball 6 U bidder behind the weight W.

of the arm KF by the fine fibre of silk, FE. The weights to

be attracted are at the two ends, hb. When thus suspend-

ed, the balance will swing round in a horizontal direction,

twisting the silk fibre, by a very small force. The attracting

masses consist of a pair of leaden balls, TTIF, as large as the

experimenter can procure and manage, which are supported

on the turn-table, T. In Fig. 23, a view of the apparatus from

above is given, showing the relative positions of the leaden

balls, and the suspended weights which they are to attract

It will be seen that in the position in which the weights are

represented in the figure their attraction tends to make the

torsion balance turn in the direction opposite that of the hands

of a watch. The effect of placing the leaden balls in this posi-

tion is, that the balance begins to turn as described, and, being

carried by its momentum beyond the position of equilibrium,

at length comes to rest by the twisting of the silk thread by

which it is suspended, and then is carried part of the way
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%•-

back to its original position. It makes several vibrations,

each requiring some minutes, and at length comes to rest in a

position different from its original one. The attracting ballu

are then placed iu the reverse position, corresponding to thv

/^^^L.

:\

•-... ••-.. vv

-V-, J'

, Fio. n.—View of Btlly'i tpparatnt hom abOTe.

dotted lines, so that they tend to make the balance swing in

the opposite direction, and the motions of the balance are

again detennined. These motions are noted by a small mi-

croscope, viewed through the enclosnra in which the whole

apparatus is placed, and from these motions the attractions of

the balls can be computed.

Since this experiment was first made by Cavendish, it has

been repeated by several other physicists; first by Professor

Reich, of Freiberg, in 1888, and again by Francis Baily, Esq.,

of London. The latter repetition forms one of the most elab-

orate and exhanstive series of experiments ever made; we
have therefore chosen Baily's apparatus for the purpose of

illustration. The results for the mean density of the earth

obtained by these several experiments are

:

Cavendiah (Ms own rMoIt) S.48

" (Uutton'g reviBion) 6.82

Reich B.44

Baily 8.66*

* Memoin of the Royal Attrpnomical Society, vol. xix.
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Tbe Baine problotn has been attacked by attempting to de-

termine tlie attraction of mountains, or portions of the crust

of the eartli. In fact, tlie first attempt

of the sort ever made was by Masko-

lyne. Astronomer lioyal of England

from 1760 to 1811, who determined

the attraction of the mountain Sche-

hallien, in Scotland, by observing its

effect on the plumb-line. The princi-

ple of this is very clear : on whichever

side of a steep isolated mountain we
hang a plumb-line, the attraction of

the mountain will cause it to incline towards it, the direction

of gravity, or the apparent vertical, being changed from AB
(Fig. 24) to AE, and from CD to CO. The density of the

earth thus obtained was 4.71, a quantity much smaller than

that afterwards given by the .leadon balls. But this method

is necessarily extremely uncertain, owing to the fact that the

earth immediately beneath the mountain will probably not be

of the same density as at a distance from it, and it is impos-

sible to determine and allow for this difference.

A third method is to find the change in the force of gravity

as we descend into the earth. We have said that the attrac-

tion of the earth upon a point outside of it is the same as if

the whole mass of the earth were, concentrated in its centi-e.

Hence, as we rise above the surface of the earth, thus reced-

ing from the centre, the force of gravity diminishes. If this

force all resided in the centre of the earth, it would continue

to increase as we went below the sui-face, varying as the iiv-

verse square of our distance from the centre. But such is not

the case; because, once inside the earth,we have matter around

and above us, the attraction of which "lessens the gravity to-

wards the centre. At the centre the attraction is nothing, be-

cause a point is there equally attracted in every direction. If

the density of the earth were uniform, gravity would diminish

with perfect uniformity from the surface to the centre. But

in fact the density of the interior is so much greater than that
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of the Bui'face, that the force is found to increase as we go be-

low, instead of diminishing. Professor Airy, in 1855, made
an elaborate series of experiments at the Harton Colliery, in

Wales, in order to observe the rate of increase. He found

that a pendulum at the bottom of the mine went faster than

at the top by abont 2.3 seconds per day. From this he con-

cluded that the mean density of the earth was 6.66.

§ 8. Figure of ike Earih.

If the earth did not revolve, the mutual attraction of all its

parts would tend £o make it assume a spherical form. If the

cohesion of the solid parts prevented the spherical form from

being accurately assumed, nevertheless the surface of the

ocean, or of any fluid covering the earth, would assume that

form. If, now, we set such a spherical earth in rotation

around an axis, a centrifugal force will be generate towards

the equatorial regions, which will cause the ocean to move
from the poles towards the equator, so that the surface will

tend to assume the form of an oblate spheroid, the longest di-

ameter passing through the equator^ and the shortest through

the poles. A computation of the centrifugal force at the

equator shows it to be ^vv the force of gravity itself. Conse-

quently, the oblateness ought to be easily measurable in geo-

detic operations. Tet another result was that, in consequence

of the centrifugal force at the equator, bodies would be light-

er, and a clock regulated to northern latitudes would lose

time when taken thither.

This last result accorded with the experience of Richer,

sent by the French Academy to Cayenne, in 1672, to make ob-

servations on Mars. After that, to deny the oblate figure of

the earth was not so much to deny Newton's theory of gravity

* The ganeral law which regnlatw* the force of gravity within the earth is this

:

The total attraction of the shdl of earth, which is outside the attracted point ex-

tending all around the globe, is nothing, while the remainder of the globe, being

a sphere with the point on its snrfflce, attracts as if it were all concentrated at

the centre. But this presupposes that the whole earth is composed of spherical

Ujren, each of uniform dend^, which is not strictly the case.
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FIGURE OF THE EARTH. »Y

as to deny that mechanical forces produced their natural effect

in changing the form of the surface of the ocean. Neverthe-

less, the French astronomers long refused their assent, because

the geodetic operations they had undertaken in France seemed

to indicate that the earth was elongated rather than flattened

in the direction of the poles. The real cause of this result

was, that the distance measured in France was so short that

the effect of the earth's ellipticity was entirely masked by the

unavoidable errors of the measures, yet it long delayed the en-

tire acceptance of the Newtonian theoiy by the French astron-

omers. We must, however, give the latter, or, speaking of

them individually, their successors of the next generation, the

credit of taking the most thorough measures to settle the ques-

tion. Their government sent one expedition to Pern, to meas-

ure the length of a degree of latitude at the equator, and an-

other to Lapland, to measure one as near as possible to the

pole. The result was entirely in accord with the theory of

Newton, and gave it a confirmation which had in the mean
time become entirely unnecessary.

Newton was unable to determine the exact figure which the

earth ought to assume under the influence of its own attrac-

tion and the centrifugal force of rotation, though he could see

that its meridian lines would be curves not very different from

an ellipse. The complication of the problem arises from the

fact that, as the earth changes its form in consequence of the

rotation, the direction and force of attraction at the various

points of its surface change also ; and this, in it» turn, leads

to a different figure. It was not until the middle of the last

century that the problem of the form of a rotating fluid mass

was solved, and the answer found to be an ellipsoid.

The figure of the earth is, however, not an exact ellipsoid,

there being two causes of deviation. (When we speak of the

figure or dimensions of the earth, we mean those of the ocean

as they would be if the ocean covered the entire earth.) One
cause of deviation is that the density of the earth increases

•8 we approach its centre. The other cause is that there are

great irregularities in the density of its superficial portions.

^A^,
S^^S^^S;
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In consequence of this, the real figure of the water-line is full

of small deviations, which are rendered very evident by the

refined determinations of modem times, and which are very

troublesome to all who are engaged in exact geodetic opera-

tions.

§ 4. Precession of the Eqninoaxs.

Yet another mysterious phenomenon which gravity com-

pletely explained was that of the precession of the equinoxes.

We have already described this as a slow change in the posi-

tion of the pole of the celestial sphera among the stars, lead-

ing to a corresponding change in the position of the celestial

equator. But the Copernican theory shows the celestial pole

to be purely fictitious, because the heavens do not revolve at

all, but the earth. The pole of the celestial sphere is only

that point of the heavens towards which the axis of the earth

points. Hence, when we come to the Copernican system, we
see that precession must be in the earth, and not in the heav-

ens, and must consist 'simply in a change in the direction of

the earth's axis, in virtue of which it describes a circle in the

heavens in about 25,800 years. This effect was traced by

Newton to the attraction of the ^un and moon on the protu-

berance produced, as just described, by the centrifugal force

at the earth's equator. In the present ease the effect is much
the same as if the earth, being itself spherical, were enveloped

by a huge ring extending round its equator. In Fig. 26 let

r=^^^-:=*Qs

rM.16.

AB represent t1 ring revolving around the sun, 8; the cen-

trifugal force ol i\Q earth, due to its motion around the sun,

will then balance the mean attraction of the sun upon it But
the pointA being near the sun, the attraction of the latter upon
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it will be more powerful than upon C, and consequently great-

er than the centrifugal force. So there will be a surplus force

drawing A towards the sun. At B the attractive force of the

sun is less tlian the mean, so that there is a surplus force tend-

ing to draw B from the sun. The ring being oblique towards

the sun, the effect of these surplus forces would be to make
the ring turn round on c until the line AB pointed towards the

sun. The spherical earth being fastened in the ring, as just

supposed, would very slowly be turned round with the ring, so

that its equator would be directed towards the sun. But this

effect is prevented by the earth's rotation on its axis, which

makes it act like a gyroscope, or like a spinning-top. Instead

of being brought down towal^ds the sun, a very slow motion, at

right angles to this direction, is produced, and thus we have

the motion of precession. The nature of this motion may be

best seen by Fig. 18, where the north pole of the earth is rep-

resented as constantly inclined to the right of the observer as

the earth moves round the sun, so that the solstices are at A
and C, and the equinoxes at B and D. The effect of the a^
traction of the sun and moon on the protuberance at the

equator is, that in 6600 years the axis of Uie earth will incline

towards the observer of the picture, with nearly the inclina-

tion of 28° ; so ihat the solstices will be at ^ and Z>, and the

equinoxes at A and C. In 6500 years more the north pole

will be pointed towards the left instead of the right, as in the

figure; in 6500 more it will be directed from the observer;

and, finally, at the end of a fourth period it will be once mora

near its present position.

The effects we have described would not occur if the plane

of the ring, AB, passed through the sun, because then the

forces which draw A towards the sun and B from it, would act

directly against each other, and so destroy each other's effect.

Now, tliis is the case twice a year, namely, when the sun is on

the equator. Therefore, die motion of precession is not nni-

form, but is much greater than the average in June and De-

cember, when the sun's declination is greatest ; and is less in

March and September, when the sun is on the plane of the

irr mrniMrtl^'ll ifl'ltJJinilliMiMfcWimWM
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equator. Moreover, in December the earth is nearer the sun

than in June, and the force greater, bo that we have still an-

other inequality from this canee.

Precession is not produced by the sun alone. The moon is

a yet more powerful agent in producing it, its smaller mass

being more than compensated by its greater proximity to us.*

The same causes which make the action of tlie sun variable

make that of the moon variable also, and we have the addi-

tional cause that, owing to the revolution of the moon's node,

the inclination of the moon's orbit to the plane of the earth's

equator is subject to an oscillation having a period of 18.6

years, producing an inequality of this same period in the pre-

cession. The several inequalities in the precession which we
have described are known as nutation of the earlKa axis, and

are all accurately computed and laid down in astronomical

tables.

§ 5. The Tides.

It has been known to seafaring nations from a remote an-

tiquity that there was a singular connection between the ebb

and flow of the tides, and the diurnal motion of the moon.

Csesar^s description of his passages across the English Channel

shows that he was acquainted with the law. In describing

the motion of the moon, it was shown that, owing to her revo-

lution in a monthly orbit, she rises, passes the meridian, and

sets about fifty minutes later every day. The tides ebb and
flow twice a day, but the corresponding tide is always later

than the day before, by the same amount, on the average, that

the moon is later. Hence, at any one place, the tides always

occur wh6n the moon is near the same point of her apparent

dinmal course.

* This may need lome explanation, as the attractive f9rce of the sun npon the

earth ia mora tlum a hundred times tliat of the moon. The force which produces

precession is proportional to the d^fftrtmet of the attractions on the two sides of

the earth, or on A and B in ]<1g. 25, and this diflbrence is greater in the case of

the moon's attracUoa. In bet, it varies inversely as the cube of the distance of

the attracting body.
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The canse of this ebb and flow of the sea, and its relation

to the moon, was a mystery until gravitation showed it to be

due to the attraction of the moon on the waters of the ocean.

The reason why there are two tides a day will appear by

studying the case of the moon's revolution around the earth.

LetM be the moun, ^the earth, and ^JTthe line joining their

centres. Now, strictly speaking, the moon does not revolve

around the earth, any more than the earth around the moon

;

but by the principle of action and reaction the centre of each

body moves around the common centre of gravity of the two

bodies. The earth being eighty times as heavy as the moon,

this centre is situated within the former, about three-quarters

of the way from its centre to its surface, at the point O in the

Vi9. ac^Attraction of the mo<m tending to prodace tideii

flgnre. The body of the earth Itself being solid, every pail; of

it, in consequence of the moon's attraction, may be considered

as describing a circle once in a month, having a itulius equal

to EO. The centrifugal force caused by this rotation is just

balanced by the mean attraction of the moon upon the earth.

If this attraction were the same on every part of the earth,

there wonld be everywhere an exact balance between it and

the centrifugal force. But as we pass from E\a D the at-

traction of the moon diminishes, owing to the increased dis-

tance. Hence at D the centrifugal force predominates, and

the water therefore tends to move away from the centre E.

As we pass from E towards C the attraction of the moon in-

creases, and therefore exceeds the centrifugal force. Gonse-

qaently, at C there is a tendency to draw the water towards

tiie moon, bnt still away from the centre E. At A and B the

attraction of the mooB increases the gravity of the water, 01^
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ing to the convergence of the lines ^Jfand AM, along which

it acta ; hence the action of the moon tends to make the waters

rise at Z> and C, and to fall at A and B; there are therefore

two tides to each apparent diurnal revolution of the moon.

If the waters everywhere yielded immediately to the at-

tractive force of the moon, it would always be high -water

when the moon was on the meridian, low-water when she was

rising oi* setting, and high-water again when she was in the

middle of that portio \ of her coarse which is under the hori-

zon. But, owing to the inertia of the water, some time is

necessary for so slight a force to set it in motion, and, once in

motion, it continues so after the force has ceased, and until it

has acted some time in the opposite direction. Therefore, if

tiiQ motion of the water were unimpeded, it would not be

high-water until some hours after the moon had passed the

meridian. Yet another circumstance interferes with the free

motion of the water— namely, the islands and continents.

These deflect the tidal wave from its course in such a way that

it may, in some cases, be many hours behind its time, or even

a whole day. Sometimes two waves may meet each other,

and raise an extraordinarily high tide. At other times the

tides may have to run up a long bay, where the motion of a

long mass of water will cause an enormous tide to be raised.

In the Bay of Fundy both of these causes are combined. A
tidal wave coming up the Atlantic coast meets the ocean

wave from the east, and, entering the bay with their com-

bined force, the water at the head of it is forced up to the

height of sixty or seventy feet, on the principle seen in the

hydraulic ram.

The sun produces a tide as well as the moon, the force

which it exerts on the two sides of the earth being the same,

which, acting on the equatorial protuberance of the earth,

produces precession. The tide-producing force of the sun is

about -^ of that of the moon. At new and full moon the two
bodies unite tlieir forces, and the result is that the ebb and

flow arc greater than the average, and we have the " spring-

tides." When the moon is in her first or third quarter, the
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two forces act against eacli other ; the tide-producing fonte is

the difference of the two, the ebb and flow are less than the

average, and we have the " neap-tides."

§ 6. Inequcdities in the MotCons of the Planets prodxiced by their

Mutual Attraction.

The profonndest question growing out of the theory of

gravitation is whether all the inequalities in the motion of the

moon and planets admit of being calculated from their mut-

ual attraction. This question can be completely answered

only by actually making the calculation, and seeing whether

the resulting motion of each planet agrees exactly with that

observed. The problem of computing the motion of each

planet under the influence of the attraction of all the othei-s

is, however, one of such complexity that no complete and per-

fect solution has ever been found. Stated in its most general

form, it is as follows : Any number of planets of which the

masses are known are projected into space, their positione, ve-

locities, and directions of motion all being given at some one

moment. They are then left to their mutual attractions, ac-

cording to the law of gravitation. It is required to find gen-

eral algebraic formulee by which their position at any time

whatever shall be determined. In this general form, no ap-

proximation to an entire solution has"ever been found. But

the orbits described by the planets around the sun, and by the

satellites around their primaries, are nearly circular ; and this

circumstance affords the means of computing the theoretical

place of the planet as accurately as we please, provided the

necessary labor can be bestowed upon the work.

What makes the problem so complex is that the forces

which act upon the planets are dependent on their motions,

and these again are determined by the forces which act on

them. If the planets did not attract each other at all, the

problem could bo perfectly solved, because they would then

all move in ellipses, in exact accordance with Kepler^s laws.

Supposing them to mo/e in ellipses, their positions and dis-

tances at any time conld be expressed in algebraic formulsB,

lAa skta
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and their attractions on each other could be expressed in the

satne way. But, owing to these very attractions, they do not

move in ellipses, and therefore the formulsB thus found will

not be strictly correct. To put the difficulty into a nut-shell,

the geometer cannot strictly determine the motion of the plan-

et until he knows the attractionb of all the other planets on it,

and he cannot determine these without first knowing the posi-

tion of the planet, that is, without having solved his problem.

The question how to surmount these difficulties has, to a

greater or less extent, occupied the attention of all great math-

ematicians from the time of Newton till now ; and although

complete success has not attended their efforts, yet the mar-

vellous accuracy with which sun, moon, and planets move in

their prescribed orbits, and the certainty with which the laws

of variation of those orbits through countless ages past and to

come have been laid down, show that their labor has not been

in vain. Newton could attack the problem only in a geomet-

rical way ; he laid down diagrams, and showed in what way
the forces acted in various parts of the orbits of the two plan-

ets, or in various positions of the sun and moon. He was thus

enabled to show how the attraction of the sun upon the moon
changes the orbit of the latter around the earth, and causes its

nodes to revolve from east to west, as observations had shown

them to do, and to calculate roughly one or two of the inequal-

ities in the motion of the moon in her orbit

When the Continental mathematicians were fully convinced

of the correctness of Newton's theory, they immediately at-

tacked the problem of planetary motion with an energy and
talent which placed them ahead of the rest of the world.

They saw the entire insufficiency of Newton's geometrical

method, and the necessity of having the forces which moved
the planets expressed by the algebraic method, and, by adopt-

ing this system, were enabled to go far ahead both <;^ New-
ton and his countrymen. The last half of the last century

was the Golden Age of mathematical astronomy. Five il-

lustrious names of this period outshine all others : Olairaut,

D'Alembert, Euler, Lagrange, and Laplace, all, except Enler,
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French by birth or adoption. Tlie great works wliich closed

it were the " Mdcaniqiio Cdleste " of Laplace, and the " Md-

caniqiie Analytique" of Lagrange, which embody the sub-

stance of all that was then known of the subject, and form the

basis of nearly everything tliat has since been achieved. We
shall briefly mention some of the results of these works, and

those of their successors which may interest the non- mathe-

matical reader.

Perhaps the most striking of these results is that of the sec-

ular variations of the planetary orbits. Copernicus and Kep-

ler had found, by comparing the planetary orbits as observed

by themselves with those of Ptolemy, that the forms and posi-

tions of those orbits were subject to a slow change from cen-

tury to century. The immediate successors of Newton were

able to trace ti\\B change to the mutual action of the planets,

and thus arose the important question, Will it continue for-

ever! For, should it do so, it would end in the ultimate sub-

version of the solar system, and the destrnction of all life on

our globe. The orbit of the earth, as well as of the otiier plan-

ets,would become so eccentric that, approaching near the sun at

one time, and receding far from it at another, the vicissitudes

of temperature would be insupportable. Lagrange, however,

was enabled to show by a mathematical demonstration that

these changes were due to a r^ular system of oscillations ex-

tending throughout the whole planetary system, the periods of

which were so immensely long that only a pn^ressive motion

oould be perceived during all the time that men had observed

the planets. The number of these combined oscillations is

equal to that of the planets, and their periods range from

60,000 years all tlin way up to 2,000,000—<< Qreat clocks of

eternity, which bettl ages as ours beat seconds." In conse-

quence of these oscillations, the perihelia of the planets will

turn in every direction, and the ori>itB will vary in eccentricity,

but will never become so eccentric as to disturb the regularity

of the system. About 18,000 years ago, the eccentricity of the

earth's orbit was about .019; it has been diminishing ever

since, and will continue to diminish for 25,000 years to come,
8
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when it will be more nearly a circle than any orbit of our ays-

tern now is.

Some of the questions growing out of the moon's motion

are not completely settled yet. Early in the last century it

was found by Uulley, from a comparison of ancient eclipses

with modern observations of the moon, that our satellite was

accelerating her motion around the earth. She was, in fact,

about a degree ahead of where she ought to have been had

her motion been uniform from the time of Ilipparchus and

Ptolemy. The existence of this acceleration was fully estab-

lished in the time of Lagrange and Laplace, and was to them

a source of great perplexity, because tliey had conceived them-

selves to have shown mathematically that the mutual attrac-

tions of the planets or satellites could never accelerate or re-

tard their mean motions in their orbits, and thus the motion

of the moon seemed to be affected by some other force than

gravitation. After several vain attempts to account for the

motion, it was found by Laplace that, in consequence of the

secular diminution of the eccentricity of the earth's orbit, the

action of the sun on the moon was progressively changing in

ach a manner as to accelerate its motion. Computing the

amount of the acceleration, he found it to be about 10 sec-

onds in a century, and its action on the moon being like that

of gravity on a falling body, the total effect would increase as

the square of the time ; that is, while in one century the moun
would be 10 seconds ahead, in two centuries she would be 40

seconds ahead, in three centuries 90 seconds, and so on.

This result agreed so well with the observed acceleration,

as determined by a comparison of ancient eclipses with mud-

em data, that no one doubted its correctness till long after the

time of Laplace. But, in 1863, Mr. J. G. Adams, of England,

celebrated as one of the two mathematicians who had calcu-

lated the position of Neptune from the motions of Uranus, un-

dertook to recompute the effect of the variation of the earth's

eccentricity on the mean motion of the moon. He was sur-

prised to find that, carrying hia process farther than Laplace

had done, the effect in question was reduced from 10 seconds.
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[ur sys- the reBiilt of Laplace, to 6 seconds. On the other hand, the

further examination of ancient and modem observations

seemed to sliow that the acceleration as given by them was

even greater than that found by Laplace, being more nearly

12 seconds than 10 seconds ; that is, it was twice as great as

that computed by Mr. Adams from the theory of gravitation.

The announcement of this i^ult by Mr. Adams was at first

received with Kiirprise and incredulity, and led to one of the

roost remarkable of scientific discussions. Three of the great

astronomical mathematicians of the day—Hansen, Plana, and

Do Pont^coulant— disputed the correctness of Mr. Adams's

result, and maintained that that of Laplace was not affected

with any such error as Mr. Adams had found. Iq fact, Hansen,

.

by a method entirely different from- that of his predecessors,

had found a result of 12 seconds, which was yet larger than

that of Laplace. On the other hand, Delaunay, of Paris, by a

new and ingenious method of his own, found a result agreeing

exactly with Mr. Adams's. Xhus, the five leading experts of

the day were divided into two parties on a purely mathemat-

ical question, and several years were required to settle the dis-

pute. The majority had on their side not only the facts of

observation, so far as they went, but the authority of Laplace

;

and, if the question could have been settled either by observa-

tion or by authority, they must have carried the day. But the

problem was altogether one of pure mathematics, depending

on the computation of the effect which the gravitation of the

sun ought to produce on the motion of the moon. Both par-

ties were agreed as to the data, and but one correct result was

possible, so that an ultimate decision could be reached only by

calculation.

The decision of such a question could not long be delayed.

There was really no agreement among the majority as to what

the supposed error of Mr. Adams consisted in, or what the ex-

act mathematical expression for the moon's acceleration was.

On the other hand, Mr. Adams showed conclusively that the

methods of De Pont^coulant and Plana were fallacious; and the

more profotmdly the question was examined, the more evident
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it bocftine that ho was right. Mr. Cayley made a computation

of the result by a new method, and Delaunay by yet another

method, and both agreed with Mr. Adams's. Although their

anta<;onists never formally surrendered, they tacitly abandon-

ed the field, leaving Delaunay and Adams in its undisturbed

possession.'*^

It was thus conclusively settled that the true value of the

acceleration wati about 6", the last value found by Delaunay

being 6".18. This result was only about half of tliat which

had been derived from the observations of ancient eclipses, so

that there appeared to be a discrepancy between the observed

and the theoretical acceleration, the cause of which was to

be investigated. A possible cause happened to be already

known : the friction of the tidal wave must constantly retard

the diurnal motion of the earth on its axis, though it is impos-

sible to say liow mucli this retardation n)ay amount to. The
consequence would be that the day would gradually, but un-

ceasingly, increase in length, and our count of time, depend-

ing on the day, would be always getting too slow. The moon
would, therefore, appea> to be going faster, when really it was

only the earth which was moving more slowly. 80 long as

theory had agreed with the observed acceleration of the moon,

there had been no need to invoke this cause ; but, now that

there was a difference, it afforded the most plausible explana-

tion.

Thus the theory of the subject is that there is an undoubted

real acceleration of 6".18, and an additional apparent accel-

eration of a few seconds, due to the tidal retardation of the

earth's rotation, the amount of which can be found only by

comparing the motions of the moon in different centuries.

The absence of precise observations in ancient times renders

this determination difficult and uncertain. The ancient rec-

ords which have been most relied on are the narratives of sup-

* The writer hu reiuon to beliere it lui biitoricnl fact that Hiinsen, on revUing

hii own calcnlationi, and including terms he at firat inppoeed to be inieniible,

found tliat he would be led substantially to the result of Adams, although he

neyer made any formal publication of this &et.



?ED. INEQUALITIES IN THE MOTION OF THE MOON. 99

Mutation

inotlier

their

sandon-

tsturbed

posed total eclipses of the snii, wliich have boeii handed down
to us by the Greek and Roman classical writers. The most

ancient and celebrated of these eclipses is associated with the

lianie of Thules, the Ionian philosopher, our knowledge of

which k derived from the following account by Herodotus:
" Now after this (for Alyattes did not by any means sur-

render the Scythians at the demand of Cyaxares) there was

war between tlie Lydians and the Modes for the space of five

years, in which [period] the Modes often conquered the Lydi-

ans, and the Lydians, in turn, the Modes. And, in this time,

they also had a night engagement ; for as they were protract-

ing the war with equal success on each side, in a battle that

occurred in the sixth year, it happened, as the armies en>

gaged, that the day was suddenly turned into night. Now
this change of the day [into night] Thales, the Milesian, had

predicted to the lonians, placing as the limit of the period

[within which it would take place] this very year in which

it did actually occur. Now, both the Lydians and the Medee,

when they saw night coming on instead of day, ceased from

battle, and both parties wera more eager to make peace with

each other."

If, in this case, we knew when and where the battle wait

fought, and if we knew that the darkness referred to was

really that of a total eclipse of the sun, it would be easy to

compute very nearly what must have been the course of the

moon in order that the dark shadow might have passed over

the field of battle. But, to the reader who reflects upon the

nncritical character of Herodotus, the vagueness of his descrip

tion of the occurrence will suggest some suspicions whether

we have really a total eclipse to deal with. Besides, the time

when the battle was fought is doubtful by twenty years or

more, and the only way in which it has been fixed is by cal-

culating from the tables of the sun and moon all the total

eclipses which passed over the region in which the battle took

place between the admissible limits of time. Thus, it is found

that the only date which will fulfil the conditions is May 28th,

B.O. 684j when there must have been a total eclipse iu Asi*

.

^aj^sdiafiJ^auij^^yaMMiiPfe
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MiDor or its neighborhood. But, unless we suppose that it

was really a total eclipse which caused the battle to cease,

nothing can be concluded respecting it; and as this point

seems uncertain, it is not likely that astronomers will lay

much stress upon it.

Another celebrated eclipse of the sun is known as the

eclipse of Agathocles. The fleet of this commander, being

blockaded in the port of Syracuse by the Carthaginians, was

enabled to escape to sea at a moment when the attention of

the enemy was diverted by a provision convoy, and sailed to

make a descent upon Carthage. ''The next day there was

such an eclipse of the sun that the day wholly put on the

appearance of night, stars being seen everywhere." There is

no reasonable doubt that this was a total eclipse of the sun,

and the date is well established, being August 14th, b.o. 309.

But, unfortunately, it is not known whether Agathocles went

to the north or the south of Sicily in his passage to Car-

thage, and hence we cannot obtain any certain result from

this eclipse.

These historical accounts of total eclipses being uncertain,

an attempt has been made to derive the moon's acceleration

from the eclipses of the moon recorded by Ptolemy in the

Almagest, and from the observations of the Arabian aEtronf>

mers in the ninth and tenth centuries. These observations

agree as fairly as could be expected in assigning to the moon
a secular acceleration of about 8".4, a little more than 2"

greater than that computed from gravitation. On the other

hand, if we accept the eclipse of Thales as total whera the

battle was fought, the total acceleration will be about 12", so

that the two results are entirely incompatible. The question

which is correct must be decided by future investigation ; but

the author believes the smaller value to be founded on the

more trustworthy data.

The secular acceleration is not the only variation in the

moon's mean motion which has perplexed the mathematicians.

About the close of the last century, it was found by Laplace

that the moon had, for a number of years, been falling behind
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her calculated place, a result which seemed to show that there

was some oscillation of long period which had been overlooked,

lie made two conjectural explanations of this inequality, but

both were disproved by subsequent investigators. The ques-

tion, therefore, remained without any satisfactory solution till

1846, when Hansen announced that the attraction of Yenns
produced two inequalities of long period in the moon's mo-

tion, which had been previously overlooked, and that these

fully accounted for the observed deviations of the moon's po-

sition. These terms were recomputed by Delaunay, and he

found for one of them a result agreeing very well with Han-

sen's. But the second came out so small that it could never be

detected from -observations, so that here was another mathe-

matical discrepancy. There was not room, however, for much
discussion this time. Hansen himself admitted that he had

been unable to determine the amount of this inequality in a

satisfactory manner from the theory of gravitation, and had

therefore made it agree with observation, an empirical process

which a mathematician would never adopt if he could avoid

it Even if observations were thus satisfied, doubt would still

remain. But it has lately been found that this empirical

term of Hansen's no longer agrees with observation, and that

it does not satisfactorily agree with observations before 1700.

In consequence, there are still slow changes in the motion of

oar satellite which gravitation has not yet acconnted for. We
are, apparently, forced to the conclusion either that the motion

of the moon is influenced by some other cause than the gravi-

tation of the other heavenly bodies, or that these inequalities

are only apparent, being really due to small changes in the

earth's axial rotation, and in the consequent length of the day.

If we admit the latter explanation, it will follow that the

earth's rotation is influenced by some other canse than the

tidal friction ; and that, instead of decreasing uniformly, it va-

ries from time to time in an irregular manner. The obseicved

inequalities in the motion of the moon may be fully accounted

for by changes in the earth's rotation, amounting in the ag^

gregate to half a minute or so of time—changes which could
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be detected by a perfect clock kept going for a number of

years. But, as it takes many yeare for these changes to occur,

no clock yet made will detect them.

Yet another change not entirely accounted for on the the-

ory of gravitation occurs in the motion of the planet Mercury.

From a discussion of all tiie observed transits of this planet

across the disk of the sun, Leverrier has found that the mo-

tion of the perihelion of Mercury is about 40 seconds in a

century greater than that computed from the gravitation of

the other planets. This he attributes to the action of a group,

uf small planets between Mercury and the sun. In this form,

however, the explanation is not entirely satisfactory. In the

tirst place, it seems hardly possible that such a group of plan-

ets could exist without being detected during total eclipses of

the sun, if not at other times. In the next place, granting

them to exist, they must produce a secular variation in the

position of the orbit of Mercury, whereas this variation seems

to agree exactly with theory. Leverrier explains this by sup-

posing the group of asteroids to be in the same plane with the

orbit of Mercury, but it is exceedingly improbable th^t such

a group would be found in this plane. There is, however, an

allied explanation which is at least worthy of consideration.

The phenomenon of the zodiacal light, to be described here-

after, shows that there is an immense disk of matter of some

kind surrounding the sun, and extending out to the orbit of

the earth, where it gradually fades away. The naturo of this

matter is entirely unknown, but it may consist of a swarm of

minute particles, revolving round the sun, and reflecting its

light, like planets. If the total mass of these particles is equal

to that of a very small planet, say a tenth the mass of the

earth, it would cause the observed motion of the perihelion of

Mercury. The evidence on this subject will be considered

more fully in treating of Mercury.

With the exceptions just described, all the motions in the

aolar system, so far as known, agree perfectly with the results

of the theory of gravitation. The little imperfections which

•till exist in the astronomical tables seem to proceed mainly

jiMiMJl >ii««'*iliW»i, -
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from errors in the data from which the mathematician must

start ill computing the motion of any planet. The time of

revolution of a planet, the eccentricity of its orbit, the position

of its perihelion, and its place in the orbit at a given time, can

none of them be computed from the theory of gravitation, but

must be derived from observations alone. If the observations

were absolutely perfect, results of any degree of accuracy

could be obtained from them; but the imperfections of all

instruments, and even of the human sight itself, prevent ob-

servations from attaming the degree of precision sought after

by the theoretical astronomer, and make the considerations of

''errors of observation" as well as of "errore of the tables"

constantly necessary.

§ 7. Relation of the Planets to the Stars.

In Chapter I., § 3, it was stated that the heayenly bodies

.belong to two classes, the one comprising a vast multitude of

stars, which always preserved their relative positions, as if they

were sot in a sphere of crystal, while the others moved, each

in its own orbit, according to laws which have been described.

We now know that these moving bodies, or planets, form a

soil; of family by themselves, known as the Solar System.

This system consists of the sun as its centre, with a number of

primary planets revolving around it, and satellites, or second-

ary planets, revolving around them. Before the invention of

the telescope bu\ six primary planets were known, including

the earth, and one satellite, the moon. By the aid of that in-

strument, two great primary planets, outside the orbit of Sat-

urn, and an immense swarm of smaller ones between the or-

bits of Mars and Jupiter, have been discovered ; while the

'

four outer planets— Jupiter, Saturn, UraTms, and Neptune

—

are each the centre of motion of one or more satellites. The
sun is distinguished from the planets, not only by his immense

mass, which is several hundred times that of all the other bod-

ies of his system combined, but by the fact that he shines by

his own light, while the planets and satellites are dark bodies,

shining only by reflecting the light of the snn.

F .

i«feV,
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A remarkable symmetry of Btmctare is seen in this system,

in that all the large planets and all the satellites revolve in

orbits which are nearly circular, and, the satellites of the two

outer planets excepted, nearly in the same plane. This family

of planets are all bound together, and kept each in its respec-

tive orbit, by the law of gravitation, the action of which is of

such a nature that each planet may make countless revolutions

without the structure of the system undergoing any change.

Turning our attention from this system to the thousands of

fixed stars which stud the heavens, the first thing to be consid-

ered is their enormous distance asunder, compared with the

dimensions of the solar system, though the latter are them-

selves inconceivably great. To give an idea of the relative

distances, suppose a voyager through the celestial spaces could

travel from the sun to the outermost planet of our system in

twenty-four hours. So enormous would be his velocity, that it

would carry him across the Atlantic Ocean, from New York
to Liverpool, in less than a tenth of a second of the clock.

Starting from the sun with this velocity, he would cross the

orbits of the inner planets in rapid succession, and the outer

ones more slowly, until, at the end of a single day, he would

reach he confines of our system, crossing the orbit of Neptune.

But, though he passed eight planets the first day, he would

pass none the next, for he would have to journey eighteen or

twenty years, without diminution of speed, before he would

reach the nearest star, and would then have* to continue his

journey as far again before he conld reach another. All the

planets of our system would have vanished in the distance, in

the course of the first tliree days, and the sun would be but an
' insignificant star in the firmament. The cciclusion is, that

our sun is one of an enormous number of self-luminous bodies

scattered at such distances that years would be required to

traverse the space between them, even when the voyager went

at the rate we have supposed. The solar and the stellar sys-

tems thus offer us two distinct fields of inquiry, into which we
shall enter after describing the instruments and methods by

which they are investigated.

"
<JW».'.;M«nim'j.iHi"
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PART IL—PRACTICAL ASTRONOMY.

INTRODUCTORY REMARKS.

Shottld the reader ask what Practical Astronomy is, the

best answer might be given him by a statement (^ one of its

operations, showing how eminently practical our science is.

'< Place an astronomer on board a ship ; blindfold him ; carry

him by any route to any ocean on the globe, whether under

the tropics or in one of the frigid zones; land him on the

wildest rock that can be found; remove his bandage,and give

him a chronometer regulated to Greenwich or Washington

time, a transit instrument with the proper appliances, and the

necessary bvtoks and tables, and in a single clear night he can

tell his position within a hundred yards by observations of the

stars." This, from a utilitarian point of view, is one of the

most important operations of Practical Astronomy. When we
travel into regions little known, whether on the ocean or on

the Western plains, or when we wish to make a map of a

country, we have no way of finding our position by reference

to terrestrial objects. Our only course is to observe the heav-

ens, and find in what point the zenith of our place intersects

the celestial sphere at some moment of Greenwich or Wash-
ington time, and then the problem is at once solved. The in-

struments and methods by which this is done may also be ap-

plied to celestial measurements, and thus we have the art and

science of Practical Astronomy. To speak more generally,

Practical Astronomy consists in the description and investiga-

tion of the instruments and methods employed by astronomers

in the work of exploring and measuring the heavens, and of

W:ai»mmm&ixttim^̂MJ^ 't^wfejWiftflfr^RWft^** j'



106 PRACTICAL ASTRONOMT.

determining positions on the earth by observations of the heav-

enly bodies. The general conetrnution of these instruments,

and the leading principles which underlie their use and em-

ployment, can be explained with the aid of a few technical

terms which we shall define as we have occasion for them.

The instruments employed by the ancients in celestial ob-

servations were so few and simple that we may dispose of

them very briefly. The only ones we need mention at pres-

ent ai-e the gnomon and the astrolabe, or armillary sphere.

The former was little more than a large sun-dial of the sim-

plest construction, by which the altitude and position of the

sun were deterrained from the length and direction of the

shadow of an upright pillar. If the sun' wore a point to the

sight, this method would admit of considerable accuracy, be-

cause the shadow would then be sharply defined. In fact,

however, owing to the apparent size of the solar disk, the shad-

ow of any object at the distance of a few feet becomes ill-de-

fined, shading off so gradually that it is hard to say where it

ends. No approach to accuracy can therefore be attained by

the gnomon.

Notwithstanding the rudeness of this instrument, it seems

to have been the one universally employed by the ancients

for the determination of the times when the sun reached

the equinoxes and solstices. The day when the shadow was

nhortcBt marked the summer solstice, and a comparison of

the length of the shadow with the height of the style gave,

by a trigonometric calculation, the altitude of the sun. The
day when the shadow was longest marked the winter solstice

;

and the day when the altitude of the sun was midway between

the altitudes at the two solstices marked the equinoxes. Thus

this rude instrument served the purpose of determining the

'length of the year with an accuracy sufficient for thd purposes

of daily life. But so immensely superior are cur modem
methods in accuracy, that the astronomer can to-diy compute

tlie position of the sun at any hour of any day 2000 years ago

with iax greater accuracy than it could have been observed

with a >^uo!A.?n.
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The armillary sphere consisted of a combination of three

circles, one of which could be set in the plane of the equator

or the ecliptic; that is, an arm moving around this circle

would always point towards some part of the equator or the

ecliptic, according to the way the instrument was set. The

circle in question, being divided into degrees, served the pur-

pose of measuring the angular distance of any two bodies in

or near the ecliptic, as the sun and moon, or a star and planet.

It was by such measures that Ilipparchus and Ptolemy were

able to determine the larger inequalities in the motions of the

BUD, moon, and planets.

K A

Fia. 9T.—ArarinMry iphcre,u deterilwd by Ptotomjr, and med by Mm and by Hipparehni.

The drcle EI li Mt in the plane of the ecUptle, the line PP being directed toward* ita

pnle. The ctrete ApMp paiaea tbmngh the polea of both the ecUpilo and the equator.

The inner pair of drcle* tarn on the azi* PP, and are (tarniabed with light* which may
be directed on ttie object to \» obaarrad. The latitade and longitade of tba object ai«

then read off by the potlUon of the etrclw.
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CHAPTER I.

THE TBLB800FB.

§ 1. The First Telescopes.

The telescope is so essential a part of every instrnment in-

tended for astronomical measurement, that, apart from its own
importance, it must claim the first place in any description of

astronomical instruments. The question, Who made the first

telescope ? was long discussed, and, perhaps, will never be con-

clusively settled. If the question were merely, Who is entitled

to the credit of the invention under the rules according to

which scientific credit is now awarded ? we conceive that the

answer must be, Galileo. The firet publisher of a result or

discovery, supposing such result or discovery to be honestly

his own, now takes the place of the first inventor ; and there

is little doubt that Oalileo was the first one to show the world

how to make a telescope. But Galileo himself says that it

was through hearing that some one in France or Holland had

made an instrument which magnified distant objects, and

brought them nearer to the view, that he was led to inquire

how such a result could be reached. He seems to have ob-

tained from others the idea that the instrument was possible,

but no hint as to how it was made.

As a historic fact, however, there is no serious question that

the telescope originated in Holland ; but the desire of the in-

ventors, or of the authorities, or both, to profit by the posses-

sion of an instrnment of such extraordinary powers, prevented

the knowledge of its construction from spreading abroad. The

honor of being the originator has been claimed for three men,

each of whom has had his partisans. Their names are Metins,
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in tlie town of Middleburg, and the first a professor of mathe-

matics.

The claims of Jansen were sustained by Peter Borelli, au-

thor of a small book^ on the subject, and on the strength of

his authority Jansen was long hold to be the true inventor.

His story was that Jansen had shown a telescope sixteen inches

long to Prince Maurice and the Archduke Albert, who, per-

ceiving the importance of the invention in war, offered him
money to keep it a secret. If this story be true, it would be

interesting to know on what terms Jansen was induced to sell

out his right to immortality. But Borelli's case rests on the

testimony of two or three old men who had known Jansen in

their youth, taken forty-five or fifty years after the occurrence

of the events, when Jansen had long been dead, and has there-

fore never been considered as fully proved.

About 1880, documentary evidence was discovered which

showed that Uans Lipperhey, whom Borelli claims to have

been a second inventor of the telescope, made application tu

the States-general of Holland, on November 2d, 1608, for a

patent for an instrument to see with at a distance. About
the same time a similar application was made by James Me-
tius. The Oovemment refused a patent to Lipperhey, on the

ground that the invention was already known elsewhere, but

ordered several instruments from him, and enjoined him to

keep their construction a secret

It will be seen from this that the historic qnestion. Who
made the first telescope? does not admit of being easily an-

swered; but that the powers of tlie instrument were well

known in Holland in 1608 seems to be shown by the refusal

of a patent to Lipperhey. The efforts made in that country

to keep the knowledge of the construction a secret were so

far successful that we must go from Holland to Italy to find

how that knowledge first became public property. About six

months after the petitions of Lipperhey and Metius, Galileo

• " De Vera TeleAsopU InTantora," The Hague, 1665.
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was in Yenice on a visit, and there received a letter from

Paris, in which the invention was mentioned. lie at once set

himself to the reinvention of the instrument, and was so suc-

cessful that in a few days he exhibited a telescope ma^iify-

ing three times, to the astonished authorities of the city. Re-

tnniing to his home in Florence, he made other and larger

ones, which revealed to him the s))ots on the sun, the phases

of Venus, the mountains on the moon, the satellites of Jupiter,

the seeming handles of Saturn, and some of the myriads of

stars, separately invisible to the naked eye, whose combined

light forms the milky-way. But the largest of these instru-

ments magniiied only about thirty times, and was so imper-

fect in construction as to be far from showing as much as

could be E >nn with a modem telescope of that power. The
Galilean ielfscope was, in fact, of the simplest construction,

consisting of the combination of a pair of lenses, of which the

larger was convex and the smaller concave, as shown in the

following tigure

:

in*

Via. W.—The OtUleM toleicope. The dotted line* ehow the eonne of the rays thraagh

theleuMte.

The distance of the lenses was such that the rays of light

from a star passing through the large convex lens, or object-

glass, OBf met the concave lens, A, before reaching the focus.

The position of this concave lens was such that the rays

should emerge from it nearly parallel. This form of tele-

scope is still used in opera-glasses, because it can be made
shorter than any other.

The improvements in the telescope since Galileo can be

best understood if we give a brief statement of the princi-

ples on which all modem telescopes are constructed. The
properties of every such instrument depend on the power pos-

sessed by a lens or by a concave mirror of forming an im-

age of any distant object in its focos. This is done in the

vmimMOmiimmimMmwiiiiiiiiitMiiriMHiiMtii iiiDrtriiii iWim'MaiiiwttfjtatiMBMllibc



ter from

onco set

BO BIIC-

magiiify-

ity. Re-

lid larger

he phases

>f Jupiter,

nyriads of

combhied

ese instm-

80 imper-

i much a8

wer. The
HBtructioD,

which the

>wn in the

^t

M njM tbroogh

lys of light

I, or object-

; the focus,

bt the rays

rm of tele-

in be made

leo can be

the princi-

cted. The
power pos-

ing an im-

lone in the

*Ji^r

THE FIB8T TRLEfii til

ease of the lens by refracting the ii^ rhioli psk fii through

it, and in the case of the mirror hy r*-A^'^'in^ IxM-k the rays

which strike it. In order to form an image ut a point, it is

necessary that a portion of the rays of light which emanate

from the point shall be collected and made to converge to

some other point. For instance, in the following figure, the

L

Vm. (•.—Formation of an Image by a tana.

nearly parallel rays emanating from a distant point in the di-

rection from which the arrow is coming strike the lens, Z,

and as they pass through it are bent out of their course, and

made to converge to a point, F. Continuing their course,

they diverge from F exactly aa ifF ilaelf were a lumxrwua pointy

a cone of light being formed with its apex at F. An observer

placing his eye within this cone of rays, and looking at JP,

will there seem to see a shining point, although really there

is nothing there. This apparent shining point is, in the lan-

guage of astronomy, called the image of the real point. The dis-

tance, OFy is called thefocal length of the Una.

If, instead of a simple point, we have an object of some

apparent magnitude, as the moon, a house, or a tree, then the

%ht from each point of the object will be brought to a cor>

responding point near F. To find where this corresponding

point is, we have only to draw a line from each point of an

object through the centre of the lens, and continue it as far as

the focus. Each point of the object will then have its own
point in the image. These points, or images, will be spread

out over the snrfiice, EFE, which is called the focal plane, and

will make np a representation, or image, of the entire object

on a small scale, bnt in a reversed position, exactly as in the

camera of a photographer. An eye at B within the cone of

rays will then see all or a part of the object reversed in the

focal plane. The image thus formed may be viewed by the

9
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eye as if it were a real object; and as a minnte object may be

viewed by a magnifying leuB, bo siioh a lens may be used to

view and magnify the imago formed in the focal piano. In

the largo lens of long fooiis to form the image in the focal

plane, and tlie small lens to view and magnify this i mage, we
have the two essential parts of a refracting telescope. The
former lens is called the objective, or object-glass, and the latter

the eye-piece, eye-lens, or ocular.

The magnifying power of a telescope depends npon the rel*

ative focal lengths of the objective and ocular. The greater

the focal length of the former—that is, the greater the distance

OF—the larger the image will be ; and the less the focal length

of the eye-lens, the nearer the eye can be brought to the im-

age, and the more the latter will be magnified. The magnify-

ing power is found by dividing the focal length of the objec-

tivto by that of the eye-lens. For instance, if the focal length

of an objective were 36 inches, and that of the eye-lens were

three-quarters of an inch, the quotient of these numbers would

be 48, which would be the magnifying power. If the focal

lengths of these lenses were equal, the telescope would not

magnify at all. By simply turning a telescope end for end,

and looking in at the objective, we have a reversed telescope,

which diminishes objects in the same proportion that it mag-

nifies them when not reversed.

From the foregoing rule it follows that we can, theoretical-

ly, make any telescope magnify as much as we please, by sim«

ply using a sufliciently small eye -lens. If, for instance, we
wish our telescope of 36 inches focal length to magnify 3600

times, we have only to apply to it an eye-lens of y^-j^ of an inch

focal length. But, in attempting to do this, a difficulty arises

with which astronomers have always had to contend, and

which has its origin in the impei*fection of the image formed

by the object-glass. No lens will bring all the rays of light

to absolutely the same focus. When light passes through a

prism, the various colors are refracted unequally, red being

refracted the least, and violet the most It is the same

when light is refracted by a lens, and the consequence is that
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the red rays will be brought to the farthest focus, and the vio-

let to the nearest, while the intermediate colors will be scat-

tered between. As all the light is not brought to the same

focns, it is impossible to get any accurate image of a star or

other object at which the telescope is pointed, the eye seeing

only a confased mixture of images of various colo|«. When
a sufficiently low magnifying power is used, the confusion wilf

be slight, the edges of the object being indistinct, and made
up of colored fringes. When the magnifying power is in-

creased, the object will indeed look larger, but these confused

fringes will look larger in the same proportion ; so that the

observer will see no more than before. This separation of the

light in a telescope is termed chromcUic aberraMon.

Such was the difficulty which the successors of Oalileo en-

countered in attempting to improve the telescope, and which

they found it impossible to obviate. They found, however,

that they could diminish it by increasing the length of the tel-

escope, and the consequent size of the confused image. If

they made an object-glass of any fixed diameter, say six inches,

they found that the image was no more confused when the

focal length was sixty feet than when it was six, and the same

eye-lens could therefore be used in both cases. But the im-

age in the focus of the first was ten times as large as in the

second, and thus using the same eye-lens would give ten times

the magnifying power. Huyghens, Cassini, Hevelias, and oth-

er astronomers of the latter part of the seventeenth century,

made telescopes a hundred feet or upwards in length. Some
astronomers then had to dispense with a tube entirely ; the ob-

jective being mounted by Cassini on the top of a long pole,

while the ocular was moved along near the ground. Hevelins

kept his objective and ocular connected by a long rod which

replaced the tube. Very complicated and ingenious arrange-

ments were sometimes used in managing these huge instru-

ments, of which we give one specimen, taken from the work

of Blanchini, "Heaperi et Phosphori Nova Phcenonuna,^ in which

that astronomer describes his celebrated observations on the

rotation of Venus.
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% 2. Tlie Achromatic Telescope.

A century and a half elapsed from the time when Galileo

showed his first tele8co^)e to the authorities of Venice before

any method of destroying the chromatic aberration of a lens

was discovered. It is to Dollond, an English optician, that the

practical construction of the achromatic telescope is due, al-

though the principle on which it depends was first published

by Euler, the German mathematician. The invention of Dol-

lond consists in the combination of a convex and concave lens

of two kinds of glass in such a way that their aberrations

dhall counteract each other. How this is effected will be best

seen by taking the case of refraction by a prism, where the

same principle comes into play. The separation of the light

into its prismatic colors is here termed dispersion. Suppose,

now, that we take two prisms of glass, iljSC and ACD, (Fig.

81), and join them in tlie manner shown in the figure. li a

^

Via. 81.—Itofractian tbronxh a compound print.

ray, RS, pass through the two, their actions on it will tend

to counteract each other, owing to the opposite directions in

which their angles are turned, and the ray will be refracted

only by the difference of the refractive powers, and dispersed

by die difference of the dispersive powers. If the dispersive

powers are equal, there will be no dispersion at all, die ray

passing through without any separation of its colors. If the

two prisms are made of the same kind of glass, their dispersive

powers can be made equal only by making them of the same
angle, and then their refractive powers will be equal also, and

the ray will pass through without any refraction. As our ob-

%m»mma«m im»imami
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As our ob-

ject is to have refraction without dispersion, a combination of

prisms of the same kind of glass cannot effect it.

The problem which is now presented to us is. Can we make
two prisms of different kinds of glass such that their disper-

sive powers shall be equal, but their refractive powers un-

equal? The researches of Euler and DoUond answerad this

question in the affirmative by showing that the disperaive

power of dense flint-glass is double that of crown-glass, while

its rofractive power is nearly the same. Consequently, if we
make the prism ABC of crown glass, and the prism ACD of

flint, tlie angle of the flint at being half that of the crown

at A, the two opposite dispersions will neutralize each other,

and the rays will pass through without being broken up into

the separate colors. But the crown prism, with double the an-

gle, will have a mora powerful refractive power than the flint

;

so that, by combining the two, we shall have refraction without

dispersion, which solves the problem.

The manner in which this principle is applied to the con-

struction of an object-glass is this : a convex lens of crown is

combined with a concave lens of flint of about half the cur-

vature. No exact rule respecting the ratio of the two cnrvar

tures can be given, because the refractive powers of different

specimens of glass differ greatly, and the proper ratio must,

therefore, be found by trial in each case. Having found it,

the two lenses will then have equal aberrations, but in oppo-

site directions, while the crown refracting more powerfnlly

than the flint, the rays will be brought to a focus at a dis-

tance a little more than double the focal distance of the former.

A combination of this sort is called an achromatic ohjecHve.

Some of the earlier achromatic objectives were made of three

lenses, a double concave lens of flint glass being fitted be-

tween two double convex ones of crown. At present, how-

ever, but two lenses are used, the forms of

which, as need in the smaller European tele-

scopes, and in all the telescopes of Mr.Alvan

Clark, are shown in Fig. 82. The crown-

glass is here a double convex lens, and the

Flint

OWM
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carvatiiros of the two faces are eqnal. The enrvatnre of the

iiiBide face of the flint is the same as that of the crown, so

that the two faces fit accurately together, while the outer face

is nearly flat If the dispersive power of the flint were just

double that of the crown, this face would have to be flat

to produce achromatism ; but this is not generally the case.

The fact is that, as no two specimens of glass made at dif-

ferent meltings have exactly the same refractive and disper-

sive powers, the optician, in making a telescope, must find the

ratios of dispersion of his two glasses, and then give the outer

face of his flint such a degree of curvature as to neutralize

the dispersion of his crown glass. Usually*, this face will have

to be slightly concave.

When the inner faces of the glasses are thus made to fit, it

is not uncommon to join the glasses together with a transpar-

ent balsam, in order to diminish the loss of light in passing

through the glass. Whenever light falls upon transparent

glass, between three and four per cent of it is reflected back,

and when, after passing through, it leaves again, about the

same amount is reflected back into the glass. Gonsequently,

about seven per cent, of the light is lost in passing through

each lens. But when the two lenses are joined with balsam

or castor-oil, the reflection from the second surface of the flint

and the first surface of the crown is greatly diminished, and a

loss of perhaps six per cent of the light is avoided.*

As larger and more perfect achromatic telescopes were

made, a new source of aberration was discovered, no practical

method of correcting which is yet known. It arises from the

fact that fiint glass, as compared with crown, disperses the blue

end of the spectrum more than the red end. If we make

* When there is no beliara, another ineonrenience lonietiines ariaee flmm a

dnnble reflection of light from the inner nrfiues of the ^aw. Of the light re-

flected back fh>m the fint Hrlkoe of the crown, fonr per eent. ii again reflected

flrom the lecond sarface of the flint, and wnt down to the focus of the telescope

with the direct raTS. If there Ite the slightest misplacement of ona of the lenses,

the reflected rays will come to a dilTeient focns from the direct ones, and every

bright star will seem to iuTe a small companion star along-side of it.
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lenses of flint and crown having equal dispersive power, we
shall find that the red end is longest in the crown-glass spec-

trum, and the blue end in the flint-glass spectrum. The con-

sequence is that when we join a pair of prisms in reversed

positions, as shown in Fig. 31, the two dispersions cannot be

made to destroy each other entirely. Instead of the refracted

light being all joined in one white ray, the spectrum will be

folded over, as it were, the red and indigo ends being joined

together, the faint violet light extending out by itself, while

the yellow and green are joined at the opposite end. This

end will, therefore, be of a yellowish green, while the other

end is purple.

The spectrum thus formed by the combination of a flint

and crown prism is termed the secondary spectrum. It is very

much shorter than the ordinary spectra formed by either the

crown or the flint glass, and a large portion of the light is con-

densed near the yellowish-green end. The effect of it is that

the refracting telescope is not perfectly achromatic, though

very nearly so. In a small telescope the defect is hardly no-

ticeable, the only drawback being that a bright star or other

object is seen surrounded by a blue or violet areole, formed by

the indigo rays thrown out by the flint-glass. If the eye-piece

is pushed in, so that the star is seen, not as a point, but as a

small disk, the centre of this disk will be gi'een or yellow,

while the border will be reddish purple. But, in the immense

refractors of two-feet aperture or upwards, of whioii a number
have been produced of late years, the secondary aberration

constitutes tJie most serious optical defect; and it is a defect

which, arising from the properties of glass itself, no art can

diminish. The difiicnlty may be lessened in the same way
that the chromatic aberration was lessened in the older tele-

scopes, namely, by increasing the leng^V of the instrument

In doing this, however, with glasses Oa. ,.tich large size, engi-

neering difficulties are encountered which soon become insur-

mountable. We must, therefore, consider that, in tlie great

refractors of recent times, the limit of optical power for such

instruments has been very nearly attained.
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The eye-piece of a telescope, as well as its objective, con-

gists of two glasses. A single lens will, indeed, answer all

the purposes of seeing an object in the .centre of the field

of view, but the field itself will be narrow and indistinct at

tlie edges. An additional lens, term-

ed the field -lens, is therefore placed

jjjfc l g very near the image, for the purpose

^^. * ^m oi refracting the outer rays into the

proper direction to form a distinct

iriiiige with the aid of the eye -lens.

"••
"•TfTSl^U"':'"" I" ^'S- 38 «»«h »n eye-piece is rep-

resented, in which the field -lens is

between the image and the eye. This is called a positive

eye-piece. In the negative eye -piece the rays pass through

the field-lens jnst before coming to a focus, so that the image

is formed just within that lens. The positive eye -piece is

used when it is required to use a micrometer in the focal

plane ; but for mere looking the negative ocular is best All

telescopes are supplied with a number of eye -pieces, by

changing which the magnifyinr^ power may be altered to suit

the observer.

The astronomical telescope used with these eye-pieces al-

ways shows objects upside down and right side left. This

causes no inconvenience in celestial ol)servations. But for

viewing terrestrial objects the eye-piece must have two pairs

of lenses, the first of which forms a new image of the object

restored to its proper position, which image is viewed by the

eye -piece formed of the second pair. This combination is

called an erecting or terrestrial eye-piece.

§ 8. The Mounting of tfie Telescope.

If the earth did not revolve, so that each heavenly body

would be seen hour after hour and day after day in nearly

the same direction, the problem of usinp great telescopes

would be much simplified. The objective and thu eye-piece

oould be fixed so as to point at the object, and the observer

could scrutinize it at his leisure. But actually, when we use
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a telescope, the diurnal revolution of the earth is apparent!/

increased in proportion to the magnifying power of the in-

strument ; and if the latter is fixed, and a high power is used,

the olject passes by with such rapidity that it is impossible to

scrutinize it. Merely to point a telescope at an object needs

many special contrivances, because, unless the pointing is ac-

curate, the object cannot be found at all. With a telescope,

and nothing mora, an observer might spend half an hour in

vain efforts to point it at Sirius so accurately that the image

of the star should be brought into the field of view; and then,

before he got one good look, it might flit away and be lost

again. If tliis is the case with a bright star, how much harder

must it be to point at the planet Neptune, an object invisible

to the naked eye, which is not iu the same direction two min-

utes in succession I It will readily be understood that, to make
any astronomical use of a large telescope, two things are abso-

lutely necessary : first, the means of pointing the telescope at

any object, visible or invisible ; and, second, tibe means of mov-

ing the telescope so that

it shall follow the object

in its diurnal motion,

and thus keep its image

in the field of view. The
following are the me-

chanical contrivances by

which these objects are

effected

:

The object-glass is

placed in one end of a

tube, OE, the length of

the tube being nearly

equal to the focal length

of the objective. The
dye-piece is fitted into a

projection at the lower

end of the tube, i?. The
1 • . * . 1 . , . . Fio. 84.—Mode of monnttng a tel«acope lo m to fuU

Object Of the tube is to lowaiUrlnluaiurnalmoUon.
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keep the glaaeee in their proper relative positions, and to pro-

tect the eye of the observer fi-om stray light.

The tube has an axis, AB, firmly fastened to it at A near its

middle, whioh axis passes through a cylindrical case, (7, into

which it neatly fits, and in which it can turn. By turning the

telescope on this axis, the end E can be brought towards the

reader, and from him, or vice versa. This axis is called the

declination axis. The case, C, is firmly fastened to a sectond

axis, DE, supported at D and E called the polar axis. This

axis points to the pole of the heavens, and, by taming it, the

whole telescope, with the part,A C, of the case, may be brought

towards the observer, while the end B will recede from him,

or vice versa. In order that tlie weight of the telescope may
not make it turn on the polar axis, it is balanced by a weight

at B, on the other end of the declination axis. This weight

is commonly divided, a part being carried by the axis, and a

part by the case, C. The polar axis is carried by a frame, F,

well fastened on top of a pier of masonry.

Such is the general nature of the mechanism by which an

astronomical telescope is mounted. The essential point is

that there shall be two axes—one fixed, and pointing at the

pole, and one at right angles to it, and turning with it In

the arrangement of these axes there are great dififerences in

the telescopes of different makers; but Fig. 34 shows what

is essential in the plan of mounting now very generally

adopted.

In the figure the telescope is represented as east of the spec-

tator, and as pointed at the pole, and therefore parallel to the

polar axis. Suppose now that the telescope be turned on the

declination axis, AB, through an arc of 90<', the eye-piece, Ey

being brought towards the spectator ; the object end will then

point towards the east horizon, and therefore towards the celes-

tial eqnator, the eye end pointing directly towards the spec-

tator. Then let the whole instrument be turned on the polar

axis, the eye-piece being brought downwards. The telescope

will then move along the celestial equator, or the path of a

Btai', 90" from the pole. And at whatever distance from the

mmmmmmmmmm jflrnrr,-, i, .»



THE BEFLEVTINO TELESCOPE. 1S8

I

to pro-

lear its

C, into

ling the

.rds the

the

sectond

t. ThiB

g it, the

brought

ova him,

ope may
a weight

8 weight

is, and a

;e,^,

nrhioh an

point is

F)g at the

h it In

rences in

>ws what

generally

the epeo-

lel to the

9d on the

piece, E,

will then

the oeles-

the speo-

the polar

telescope

Mth of a
from the

pole we set it by taming it on the declination axis, if we
turn it on the polar axis it will describe a circle having the

pole at its centre ; that is, the same circle which a star follows

by ito diurnal motion. So, to observe a star with the telescope,

we have first to turn it on the declination axis to the polar dis-

tance of the star, and then on ';he polar axis till it points at

the star. This pointing is effected by circles divided into de-

grees and minutes, not shown in the figure, by which the dis-

tance which the telescope points from the pole and from the

meridian may be found at any time.

In order that the star, when once found, may be kept in the

field of view, the telescope is furnished with a system of clock-

work, by which the polar axis is slowly turned at the rate of

one revolution a day. By starting this clock-work, the tele-

scope is made to follow the star in its diurnal motion ; or, to

speak with greater astronomical precision, as the earth turns

on its axis from west to east,'the telescope turns from east to

west with the same angular velocity, so that the direction in

which it points in the heavens remains unaltered.

In order to facilitate the finding or recognition of an object,

the telescope is furnished with a " finder," T, consisting of a

small telescope of low power pointing in the same direction

with the larger one. An object can be seen in the small tel-

escope without the pointing being so accurate as is necessary

in the case of the large one ; and, when once seen, the tele-

scope is moved until the object is in the middle of the field

of view, when it is also in the field of view of the large one.

§ 4. The Beflecling Telescope.

Two radically different kinds of telescopes- are made : the

one just described, known as the refracting telescope, because

dependent on the refraction of light throngh glass lenses ; and

the other, the refiecting telescope, so called because it acts by

reflecting the light from a concave mirror. The name of the

first inventor of this instrument is disputed; but Sir Isaac

Newton was among the first to introduce it. It was designed

by him to avoid tlie difficulty growing out of the chromatic

PSPbK^Sw'^ -''>r=«i
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1^

aberration of the refracting telescopes of his time, which, it

will be remembered, were not achromatic. If parallel rays of

light from a distant object fall upon a concave mirror, as shown

in Fig. 35, they will all be reflected back to a focns, F, half-

way between tiie centre of curvature, O, and the surface of

!ke::::jk.

Tut. Wk—Specolam bringliiK nj* to • ilugle focot by nflectlon.

the mirror. In order that the rays may be all reflected to

absolutely the same focus, the section of the mirror must be

a parabola, and the point where the rays meet will be the

focus of the parabola. If the rays emanate from the various

points of an object, an image of this object will be formed

in and near the focus, as in the case of a lens. This image

is to be viewed with a magnifying eye-piece like that of a

refracting telescope. Such a mirror is called a speculum.

Here, however, a difl9culty arises. The ik>iage is formed on

the same side of the mirror on which the object lies; and in or-

der that it may be seen directly, the eye of the observer and

the eyg-piece must be between F and 0, directly in the rays

of light emanating from the object By placing the eye here,

not only would a great deal of the light be cut off by the body

of the observer, but the definition of the image would be great-

ly injured by the interposition of so large an object. Three

plans have been devised for evading ibis difficulty, which are

due, respectively, to Gregory, Newton, and Herschel.

ITie Hersehelian Telescope.— In this form of telescope the

mirror is slightly tipped, so that the image, instead of being

formed in the centre of the tube, is formed near one side of

it, as in Fig. 36. The observer can then view it without put-

ting his head inside the tube, and, therefore, without cutting

off any material portion of the light. In observation, he must

stand at the upper, or outer, end of the tube, and Icbk into it,

liis back being turned towMtls the object. From his looking

^. ... ..iiiiiwiii am J
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the rays cannot be brought to an exact focus when they aro

thrown so far to one side of the axis, and the injury to the

definition is so great that the front-view plan is new entirely

abandoned.

The Newtonian Telescope.—The plan proposed by Sir Isaac

Newton was to place a small plane mirror just inside the fo-

cus, inclined to the telescope at an angle of 45°, so as to throw

the rays to the side of the tube, where they come to a focus,

and form the image. An opening is made in the side of the

tube, just below where the image is formed in which the eye-

piece is inserted. This mirror cuts oft some of the light, but

not enough to be serious defect An improvement which

lessens this defect has been made by Professor Henry Draper.

Via. ST.—Horiiontal teeUon of • Newtoniaa telMCopo. Thli MCtlOB ihows how th« laml-

Bom ntyt reflected from the parabolic mirror If meet a small leetangnlar priem m *,

which replaoea the Inclined plane mirror naed In the old form of Newtonian taleaeopa.

After nndeigoing a total reflection Arom m n, the raya form at • 6 a'Tery amall iataga

of the heavenly body.

The inclined mirror is replaced by a small rectangular prism,

by reflection from which the image is formed very near the

prism. A pair of lenses are then inserted in the course of
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the rays, by which a aecond image is formed p' the opening

in the side of the tube, and this second image is viewed by

an ordinary oye- piece. Tlie four lenses together form an

erecting eye-piece.

The Oreyiman Telescope.—This is a form proposed by James
Gregory, who probably preceded Newton as an inventor of the

reflecting telescope. Behind the fooits, F, a small concave

mirror, R, is placed, by which the liglit is reflected back again

Fm. 88.—Saetion of the Oregurlan talatcope.

down the tnbe. The larger mirror, M, has an opening through

its centre, and the small mirror, Ji, is so adjusted as to form a

second image of the object in this opening. This image is

then viewed by an eye-piece which is screwed into the opening.

The Casaegrainian Telescope—In principle the same with the

Gregorian, differs from it only in that the small mirror, R, is

convex, and is placed inside the focus, F, so that the rays are

reflected from it before reaching the focus, and no image is

formed until they reach the opening in the large mirror.

This form has an advantage over the Gr^^rian in that the

telescope may be made shorter, and the small mirror can be

more easily shaped to the required figure. It has therefore

entirely superseded the original Gregorian form.

Optically, these forms of telescope are inferior to the New-
tonian. But the latter is subject to the inconvenience that the

observer mast be stationed at the uppet end of the telescope,

where he looks into an eye-piece screwed into the side of die

tube. If the telescope is a small one, this inoonvenience is

not felt ; but with large telescopes, twenty feet long or up-

wards, the case is entirely different. Means must then be pro-

vided by which the observer may be carried in the air at a

height equal to the length of the instrument, and this requires

considerable mechanism, the management of which is often

•'ill iMiu'iLji iiiiiiiliMii..ii
, jiniuiiuuij •ifwiwiiiiiiiiifc^^
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very tronblesome. On the other hand, the Cassograinian tele-

scope is pointed directly at the object to be viewed, lilce a re-

fractor, and the observer stands at the lower end, and looks in

at the opening throngh the large mirror. This is, therefore,

the most convenient form of all in management. One draw-

back is, that there are two mirrors to be looked after, and, un-

less the figure of both is perfect, the image will he distorted.

Another is the great size of the imago, which forces the ob-

server to use either a high magnifying power, or an eye-piece

of corresponding size.* But these defects are of little impor-

tance oompai-ed with the great advantage of convenient use.

§ 5. The Principal Cheat Reflecting TelcKopes of Modem Times.

The reflecting telescope* made by Newton and his contem-

poraries were very small indeed, none being more than a few

inches in diameter. Though vastly more manageable than the

immensely long refractors of- Huyghens, they do not seem to

have exceeded them in effectiveness. We might, therefore,

have expected the achromatic telescope to supersede the re-

flector entirely, if it could be made of large size. But in the

time of DoUond it was impossible to produce disks of flint-glass

of sufilcient uniformity for a telescope more than a very few

inches in diameter. An achromatic of four inches aperture

was then considered of extraordinary size, and good ones of

more than two or three inches were rare. Consequently, for

the pnrpose of seeing the mosf. faint and difilcnit objects, the

earlier achromatics were little, if any, better than the lohg

telescopes of Hnyghens and Cabsini. As there were no such

obstacles to the polishing of large mirrors, it was clear that it

was to the reflecting telescope that recourse must be had for

any great increase in optical power. Before the middle of

the last century the reflectors were little larger than the re-

fractors, and had not exceeded them in their optical perform-

ance. But a genius now arose who was to make a wonderful

improvement in their construction.

* The Melbonrne telescope has on eye-lens six inches in diameter.

G 10
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William Herachel, in 1766,was a chnrch-organist and teach-

er of music of very high repute in Bath, who spent what little

leisure he had in the study of mathematics, astronomy, and

optics. By accident a Gregorian reflector two feet long fell

into his hands, and, turning it to the heavens,he was so enrapt-

ured with the views presented to him that he sent to London

to see if he could not purchase one of greater power. The
price named being far above his means, he resolved to make
one for himself. After many experiments with metallic al-

loys, to learn which would reflect most light, and many efforts

to find the best way of polishing his mirror, and giving it a

parabolic form, he produced a five-foot Newtonian reflector,

which revealed to him a number of interesting celestial phe-

nomena, though, of course, nothing that was not already known.

Determined to aim at nothing less than the largest telescope

that could be made, he attempted vast numbers of mirrors of

constantly increasing size. The large majority of the individ-

ual attempts were failures ; but among the results of the suc-

cessful attempts wera telescopes of constantly increasing size,

until he attained the hitherto unthought-of aperture of two feet,

with a length of twenty feet. Witli one of these he discov-

ered tlie planet Uranus. The fame of the mnsician-astrono*

mer reaching the ears of King Oeorge III., that monarch gave

him a pension of £200 per annum, to enable him to devote

his life to a caree:* of astronomical discovery. He now made
the greatest stride of all by completing a reflector four feet

in'diam Jter and forty feet long, with which he discovered two

new satellites of Saturn.

Herschel now found that he had attained the limit of man-

ageable size. The observer had to be suspended perhaps thir-

ty or forty feet in the air, in a room large enough to hold, not

only himself, but all the means necessary for recording his

observations ; and this room had to follow the telescope as it

moved, to keep a star in the field. To this was added the

diflSculty of keeping the mirror in proper figure, the mere

change of temperature in the night operating injuriously in

this re^)ect. We need not, therefore, be surprised to leani

--mm^ iir!^m:iS^-'^~~'^^''^T;^:imo^ri^-,mT ": ;t-
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*l,«t Hereohel made verj little me of this inrtroment, andpte-

fe^X t«».yJoot ..en in «n,tinizing U.e meet difflontt

objects.* __^ •—

THB OLD TELK8COPB.

«^ ,w»-«* ismt-m by Papa. MafKma, Madam* Oerlath, «t«l oJJ tht UUk

Id the old TeleMope'B tnbe we tit.

And the shades of the past aronnd iw Bit

;

His reqnlem .li.s we with shont and din.

WMteihe old year joee ont, aud the new comes in.

C»ortM.-Merrily, merrily let OS all sing,

And make the old telescope rattle and ring 1

,!HMH,lUiM!l'i.. '
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The only immediate successor of Sir William Herschel in

the constraction of great telescopes was his son, Sir John Her-

schel. But the latter made none to equal the largest of his

fitther's in size, and it is doubtful whether tliey exceeded them

in optical power.

The first decided advance on the great telescope was the

celebrated reflector of the Earl of Rosse,* at Farsonstown, Ire-

Fnll fifty yMtn did he Uagh ftt the storm,

od the blast could not shake his m^lestic tatm ;

Now prone he lies, when he once stood high,

And seuebed the deep hearen with his bcuad, bright eye.

CAorM*.—Merrily, aerrily, etc., etc.

Then are wonden no living sight has seen,

Which within this hollow have pictured been

;

Which mortal record can never recall,

And are known to Him only who made them alL

OAsriM.—Merrily, merrily, etc, etc

Here watched oar tether the wintry . ii^hi.

And hiagane has been IM with preak.t'n)!' "tit

His labors were lightened by sisteriy lo

And, nnited, they strulnad their vision a: ve.

Okema.—Merrily, merrily, etc, etc

He has stretched trim qoletly down, at length.

To bask In the starlight his giant strength;

And Time shall here a tongh morsel And
For his steel-devonring teeth to grind.

OkeriML—Merrily, merrily, etc, etc

He win grind it at last, as grind it he most.

And its brasa and tta Iron shall bo clay and nst i

Bnt seathless agea shall roll away.
And nnrtnre Ita flrame^ and Ita form'a decay.

Cksrwa.—Merrily, merrily, etc, etc

A new year dawns, and the old year's past

:

God send It, a happy one like the last

(A little more sun and a little less rain

To save na fhim cough and rheamatie pain).

CAems.—Merrily, merrily, etc, etc *

Ood grant that its end this group may flnd

In love and In harmony ftwdly Joined

!

And that some of na, flfty yean hence, oncemon
May make the old Tslaaeope's echoee roar.

CKoriM;—Merrily, merrily, etc, etc

* WHHam Parsoni, third Earl nf Bosse, the original conatrnctor of this telo-

wope, di«d in 1867. The work of tha instminent is oontinmd by his son, the pree>

apt aerL

""^
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Innd. The epecnliim of this telescope is six feet in diameter,

and about fifty-four feet focal length, and was cast in 1842.

One of the great improvements made by the Earl of Roeae

was the introduction of steam machinery for grinding and

polishing the great mirror, an instrumentality of which Her-

schel could not avail himself. The mounting of this telescope

is decidedly different from that adopted by Plerflchel. The
telescope is placed between two walls of masonry, which only

allow it to move about 10° on each side of the meridian, and

it turns on a pivot at the lower end of the tube. It is moved
north and south in the meridian by an ingenious combination

of chains, and may thus be set at the polar distance of any

star which it is required to observe. It is then moved slowly

towards the west, so as to follow the star, by a long screw

driven by an immense piece of clock-work. It is commonly

used as a Newtonian, the observer looking into the side of the

tube near the upper end. To enable him to reach the mouth

of the tube, various systems of movable platforms and staging

are employed. One of the platforms is suspended south of

the piers ; it extends east and west by the distance between

the walls, and may be raised by machinery so as to be directly

under the mouth of the telescope so long as the altitude of the

latter is less than 45**. When the altitude is greater than this,

the observer ascends a stairway to the top of one of the walls,

where he mounts one of several sliding stages, by which he

can be carried to the month of the telescope, in any position

of the latter. This instrument has been employed principal*

ly in making drawings of lunar scenery and of tho planets

and nebulae. Its great light-gathering power peculiarly fits it

for the latter object

Other Reflecting Telescopes.—Although no other reflector ap-

proaching the great one of the Earl of Bosse in size has over

been made, some others are worthy of notice, on account of

their perfection of figure and the importance of the discov-

eries made with them. Among these the first place is due to

the groat reflectors of Mr. William Lassell, of England. This

gentleman made a reactor of two feet aperture about the

fc)jWaK»(Wi»ji?iiiiBW*ttMi.<j|ii'iiw.j.
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same time that ScNue constructed his immense six-foot. The
perfection of figure of the mirror was evinced by the discov-

ery of two satellites of Uranus, which had been previously un-

known and unseen, unless, as is possible, Hersohel and Strnve

caught glimpses of them on a few occasions. He afterwards

made one of four feet aperture, which, in 1863, he took to the

island of Malta, where he made a series of observations on

satellites and uebulse.

J

Fm. 4U—Mr. LmmUIi great fbnr-foot nllectur,• mountad at Malta.
'

In 1870, a reflecting telescope four feet in diameter, on the

Gaasegrainian plan, was made by Thomas Orubb & Son, of

Dublin, for the Observatory of Melbourne, Australia. This

instrument is remarkable, not only for its perfection of figure,

but as being probably the moet easily managed huge reflector

ever made.
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The only American who has ever BnccessfuUy nndertaken

the construction of large reflecting telescopes is Professor Hen-

ry Draper, of New York, who has one of twenty-eight inches

aperture, the work of his own hands. This instrument was

mounted about 1872 in the oMrner's private observatory at

Hastings, on the Hudson. The mirror is not of speculum

metal, but of silvered glass, and is almost perfect in figure.

This telescope has been principally employed in making pho-

tographs of celestial objects, and can be used either as a New-
tonian or a Cassegrainian.

An attempt has recently been made at the Paris Observa-

tory to construct a reflecting telescope with a mirror of sil-

vered glass, as large as the great specula of Lassell and the

Melbourne Observatory. The diameter of the glass is 120

centimetres, a fraction of an inch short of four Euglish feet

It was figured, polished, and silvered at the Paris Observa-

tory by M. Martin, nsing the methods devised by Foucault.

It was mounted in 1875 ; bnt, unfortunately, the proper meas-

ures were not takjn to prevent the glass from bv^nding under

its own weight, and thus destroying the perfeciion of the

parabolic figure which M. Martin had succeeded in obtain-

ing. It was therefore taken from its tube to have this defdct

of mounting remedied. The machinery for supporting and

moving this telescope being in some respects peculiar, we pre-

sent a view of it in Fig. 42, on page 134.

§ 6. Oreat Refracting Tekscopea.

"We have already remarked that, in the early days of the

achromatic telescope, its progress was hindered by the diflS-

culty of making large disks of flint-glass. About the ban-
ning of the present century, Guinand, a Swiss mechanic, after

a long series of experiments, discovered a method by which

he could produce disks of flint-glass of a size before unheard

of. The celebrated Frannhofer was then commencing busi-

ness as an optician in Munich, and hearing of Guinand's suc-

cess induced him to come to Munich and commence the man-

ufacture of optical glass. Fraunhofer was a physicist of a
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high order, and made a more careful and exhaustive study of

tlie optical qualities of glass, and the conditions for making
the beot telescope, than any one before him had ever attempted.

With tLe aid of the large disks furnished by Guinaud, he was

able to carry the aperture of his telescopes up to ten inches.

Dying in 1826, his successors, Merz and Mahler, of Munich,

made two telescopes of fifteen inches aperture, which were

then considered most extraordinary. One of these belongs-
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to the Piilkowa Observatory, in Russia; and the other was

purchased by a subscription of citizens of Boston for the ob-

servatory of Harvard University.

No rival of the house of Fraunhofer in the construction of

great refractors arose until he had been dead thirty years, and

tiien it arose where least expected. In 1846, Mr. Alvan Clark

was a citizen of Cambridgeport, Massachusetts, unknown to

fani6, who made a modest livelihood by pursuing the self-

taught art of portrait- painting, and beguiled his leisure by

the construction of small telescopes. Though without the

advantage of a mathematical education, he had a perfect

knowledge of optical principles to just the extent necessary

to enable him to make and judge a telescope. Having been

led by accident to attempt the grinding of lenses, he soon pro-

duced objectives equal in quality to any ever made, and, if

he had been a citizen of any oUier civilized country, would

have found no difficulty in establishing a reputation. Bnt

he had to struggle ten years with that neglect and incre-

dulity which is the common lot of native genius in this coun-

try ; and, extraordinary as it may seem, it was by a foreigner

that his name and powers were first brought to the notice

of the astronomical world. Rev. W. R Dawes, one of the

leading amateur astronomers of England, and an active mem-
ber of the Royal Astronomical Society, purchased an object-

glass from Mr. Clark in 1858. He found it so excellent that

in the course of the next two or three years he ordered several

others, and, finally, an entire telescope. He also made several

commnnications to the Astronomical Society, giving lists of

diflioult double stars detected by Mr. Clark with telescopes of

his own construction, and showing that Mr. Clark's objectives

were almost perfect in definition.

The result of this was that the American artist hegva to be

appreciated in his own country ; and in 1860 he received an

order from the University of Mississippi, of which Dr. F. A.

P. Barnard* was then president, for a refractor of eighteen

* Now Pntident of ColnmbU College, Now York Citjr.

^^^
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inches aportnre, which was tliroe im;ho8 greater than the larg-

est that had then been made. Before the glass was Unished,

it was made famous by the discovery of the com^wnion of

Siriits, a siiccess for which tlie Lulando medal was awarded
by the I'rench Academy of Sciences. The University of

Mississippi was prevented from taking this taleMsope by the

civil war. It was sold to the Astronomical Society of Chi-

cago, and is now mounted at the University in that city.

This instrnment did not long retain its snpramacy. The
iirm of Thomas Cooke & Sons, of York, England, in 1870,

mounted a refractor of twenty-tive inches clear aperture for

R. S. Newall, Esq., of Gateshead, England, of which the defi-

nition is very good. In the summer of 1874 it was used by

Mr. Lockyer, in a study of Coggia's comet.

Up to 1870 the Naval Observatory of the United States

had no lai'ge telescope except a Munich refractor of nine and

a half inches, such as Fraunhofer used to make early in the

century. In that year Congress authorized the construction

of a telescope of the largest size of American manufacture.

A contract was soon after made with the firm of Alvan

Clark & Sons to construct the telescope. The aperture

agreed upon was twenty -six inches, exceeding that of Mr.

NewalPs tele8coi)e by only one inch. The rough disks were

ordered from Messra. Chance & Co., of Birmingham, Eng-

land ; but so great was the difficulty of making large masses

of glass of the necessary purity, that they did not arrive until

December, 1871. The work of figuring and polishing them

was commenced immediately. The glasses were completed

in October, 1872, and the remainder of the instrnment during

the year following. It was finally mounted and ready for ob-

servation in November, 1873. This telescope has since be-

come famous by the discovery of the satellites of Mars.

When this telescope was ordered from the Messrs. Clark

they were negotiating with Mr. L. P. McCormick, of Chicago,

for a telescope of equal size. This instrument has since been

completedi and presented by its owner to the University of

Virginia. Thus the two greatest telescopes yet made in

mmmm mm pssRsapF""
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Ainerlua aro mounted within a hundred and fifty miles of

each other.

Up to the year 1881 the Great Washington Telescope re-'

mained the largest and most snucessful refractor in the world.

But during this year an instrument of one inch greater aper-

ture was completed by Mr. Howard Grubb, of Dublin, for

the Austrian Government. It has just been mounted in the

Imperial Observatory at Vienna, but np to the time of send-

ing these pages to press no actual observations have been

.made with it.

§ 7. The Magnifying Powers of the Two Classes of Telescopes.

Qtv. itions which now very naturally arise are. Which of the

two classes of tele.s opes we have described is the more power-

ful, the reflector o>' the refractor ? and is there any limit to tlie

magnifying power of either) To these questions it is difficult

to return a deciJied answ: , because each class has its peculiar

advantages, and in each . ^ss many difficulties lie in the way
of obtaining the highe vi, aiagnifying power. The fact is, that

very exaggers < ^. -deas of the mjv aifying power of great tele-

scopes are ertert.' ined by the public. It will, therefore, be

instructive to state what the circumstances are which prevent

these ideas from being realiz^ed, and whai; I'.e conditions are

on which the seeing power of telescopes depends.

We note, firat, that when we look at a luminous point—a star,

for instance- -without a telescope, we see it by the aid of the

cone of light which enters the pupil of the eye. The diameter

of the pupil being about one-fifth of an inch, as much light

from the star as falls on a circle of this diameter is brought to

a focus on the retina, and unless this quantity of light is suffi-

cient to be perceptible, the star will not be seen. Now, we
i\\n.y liken the telescope to a *' Cyclopean eye,*' of which the

i^ject-glass is the pupil, because, by its aid, all the light which

falls on the object-glass is brought to a focus on the retina,

provided that a sufficiently small eye-piece is used. Of course,

we must except that portion of the light which is lost in pass-

ing through the glasses. Since the quantity of light which

iSy.-—^1

—
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falls on a surface is proportional to the extent of the surface,

and therefore to the square of its diameter, it follows that,

because a telescope of one -inch clear aperture has five times

the diameter of the pupil, it will admit 25 times the light; a

six-inch will admit 900 times the light which the pupil will

;

and so with any other aperture. A star viewed with the

telescope will, therefore, appear brighter than to the naked

eye in proportion to the square of the aperture of the in-

strument. But the star will not be magnified like a planet,

because a point is only a point, no matter how often we mul-

tiply it. It is true that a bright star in the telescope some-

times appears to have a perceptible disk; but this is owing to

various imperfections of the image, having their origin in the

air, the instrument, and the eye, all of which have the effect of

slightly scattering a portioii of the light which cornea from the

star. Hence, with perfect vision the apparent brilliancy of a

star will be proportional to the square of the aperture of the

telescope. It is said that Sir William Herschel, at a time when
by accident his telescope was so pointed that Sirins was about

to enter its field of view, was first apprised of what was com-

ing by the appearance of a dawn like the morning. The light

increased rapidly, until the star itself appeared with a dazzling

splendor which reminded him of the rising sun. Indeed, in

any good telescope of two feet a{)erture or upwards, Sirins is

an almost dazzling object to an eye which has rested for some
time in darkness.

But in order that all the light which falls on the object-

glass, or mirror, of a telescope may enter the pupil of the eye,

it is necessary that tlie magnifying power be at least eqnal to

the ratio which the aperture of the telescope bears to that of

the pupil. The latter is generally about one-fifth of an inch.

We must, therefore, employ a magnifying power of at least

five for every inch of aperture, or we will not get the full ad-

vantage of our object-glass. The reason of this will be appar-

ent by studying Fig. 29, p. 109, from which it will be seen that

a pencil of parallel rays falling on the object-glass, and pasa-

ing through the eye-piece, will be reduced in diameter in the
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ratio of the focal distance of the objective to that of the eye-

piece, which is the same as the magnifying power. For in-

stance, if to a twenty-fonr-inch telescope we attached an eye-

piece so large that the magnifying power was only 48, and

pointed it at a bright star, the " emergent pencil " of rays from

the eye-piece would be half an inch in diameter, and tlie whole

of them could not possibly enter the pupil. By increasing the

magnifying power, we would increase the apparent brilliancy

of the star, until we reached the power 120, after which no

further increase of brilliancy would be possible.

All this supposes that we are viewing a star or other lumi-

nous point. If the object has a sensible surface, like the moon,

or a large nebula, and we consider its apparent superficial

brilliancy, the case will be in part reversed The object will

then appear equally illuminated, with all powers below five

for each inch of aperture, but will begin to grow darker when
we pass above that limit. The reason of this is, that as we
increase the magnifying power the light is spread over a larger

surface of the retina, and is thus enfeebled. So long as our

magnifying power is below the limit, the increased quantity

of light which enters the pupil by an increase of magnifying

power just compensates for the greater surface over which it

is spread, so that the brilliancy is constant. Above the limit

of five to the inch, the surface over which the light is spread,

or the apparent magnitude of the object, still increases with

the magnifying power, but there is no increase of light ; hence,

the object looks fainter. What may at first sight seem para-

doxical is, that the degree of illumination to which we now
refer can never be increased by the use of the telescope, but,

at the beet, will be the same as to the naked eye. Indeed,

as some light is necessarily lost in passing through any tele-

scope, the illumination is always less with the telescope. With
the best reflectors of speculum metal, the illnmination will be

reduced to one-half, or less, if the polish is not perfect ; and

with refractors it will be reduced to seven or eight tenths. As
examples of these conclusions, the sky can never be made to

appear as bright through a telescope as to the naked eye ; the

11



144 PRACTICAL A8TB0N0MT.

moon or a large nebula will appear more brightly illominated

through a refracting telescope than through a reflector. If

the object is a very brilliant one, like the sun or Yenus, the

loss of brilliancy by magnifying, which we have described, will

not cause any inconvenience ; but the outer planets and many
of the nebulae are so faintly illuminated that a magnifying

power many times exceeding the limit cannot be used with

advantage.

Still another cause which places a limit to the power of

telescopes is diffraction. When the "emergent pencil" is

reduced below ^ of an inch in diameter—that is, when the

magnifying power is greater than 50 fur every inch of aper-

ture of the object-glass—the outlines of every object observed

become confused and indistinct, no matter how bright tlie il-

lumination or how perfect the glass may be. The effect is the

same as if we looked through a small pin-hole in a card, an

experiment which anyone may try. This effect is owing to

the diffraction of the light at the edge of the object-glass or

mirror, and it increases so rapidly vdth the magnifying power

that when we carry the latter above 100 to the inch, the in-

crease of indistinctness neutralizes the increase of power. If,

then, we multiply the aperture of the telescope in inches by
100, we shall have a limit beyond which there is no use in

magnifying. Indeed, it is doubtful if any real advantage is

gained beyond 60 to the inch. In a telescope of two feet (24

inches) aperture this limit would be 2400. Such a limit can-

ndt be set with entire exactness ; but, even under the most fa-

vorable circumstances, the advantage in attempting to surpass

a power of 70 to the inch will be very slight.

The foregoing remarks apply to the most perfect telescopes,

used under the most favorable circumstances. But the best

telescope has imperfections which would nearly always pre-

vent the use of the highest magnifying powers in astronomical

observations. In the refracting telescope the principal defect

arises from the secondary aberration already explained, which,

arising from an inherent quality of the glass itself, cannot be

obviated by perfection of workmanship. In the case of the re-

w-
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fleeter, the corresponding u.fficnltj is to keep the mirror in per^

feet figure in every position. As the telescope is moved abont,

the mirror is liable to bend, throngh its own weight and elas-

ticity, to such an extent as greatly to injnre or destroy the im-

age in the focus ; and, though this liability is greatly dimin-

ished by the plan now adopted, of supporting the mirror on a

system of levers or on an air-cushion, it is generally trouble-

some, owing to the difficulty of keeping the apparatus in order.

If we compare the refracting and reflecting telescopes which

have hitherto been made, it is easy to make a summary of

their relative advantages. If properly made and attended to,

the refractor is easy to manage, convenient in use, and al-

ways in order for working with its full power. If its greatest

defect, the secondary spectrum, cannot be diminished by skill,

neither can it be increased by the want of skill on the part of

the observer. So important is this certainty of operation, that

far the greater part of the astronomical observations of the

present century have been made with refractors, which have

always proved themselves the best working instruments. Still,

the defects arising from the secondary spectrum are inherent

in the latter, and increase with the aperture of the glass to

such an extent that no advantage can ever be gained by carry-

ing the diameter of the lenses beyond a limit which may be

somewhere between 30 and 36 inches. On the other hand,

when we consider mere seeing-power, calculation at least gives

the preference to the reflector. It is easy to compute that

Lord Bosse's " Leviathan," and the four-foot reflectors of Mr.

Lassell and of the Paris and Melbourne observatories, must

collect from two to four times the light of the great Washing-

ton telescope. But when, instead of calculation, we inquire

what difficult objects have actually been seen with tlie two

classes of instruments, the result seems to indicate that the

greatest refractor is equal in optical power to the great reflect-

ors. No known object seen with the latter is too faint to be

seen with the former. Why this discrepancy between the

calculated powers of the great reflectors and their actual per-

formance ? The only causes we can find for it are impei*fec-

Sm^
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tioDB in the figure and polish of the great mirrors. The great

refractors are substantially perfect in their workmanship ; the

reflectors do not appear to be perfect, though what the imper-

fections may be, it is impossible to say with entire certainty.

Whether the great telescope of the future shall belong to the

one class or the other must depend upon whether the imper-

fections of the reflecting mirror can be completely overcome.

Mr. Grubb, the maker of the great Melbourne telescope, thinks

he has completely succeeded in this, so as to insure a mirror

of six, seven, or even eight feet in diameter which shall be as

perfect as an object-glass. If he is right— and there is no

mechanician whose opinion is entitled to greater confidence

—

then he has solved the problem in favor of the reflector, so far

as optical power is concerned. But so large a telescope will

be so difficult to manipulate, that we must stiU look to the re-

fractor as the working instrument of the future as well as of

the past; though, for the discovery and examination of very

faint objects, it may be found that the advantage will all be

on the side of the future great reflector.

The great foe to astronomical observation is one which

people seldom take into account, namely, the atmosphere.

When we look at a distant object along the surface of the

ground on a hot summer day, we notice a certain waviness of

outline, accompanied by a slight trembling. If we look with

a telescope, we shall find this waving and trembling magnified

as much as the object is, so that we can see little better with

the most powerful telescope than with the naked eye. The
cause of this appearance is the mixing of the hot air near the

ground with the cooler air above, which causes an irregular

and constantly changing refraction, and the result is that as-

tronomical observatiouK. requiring high magnifying power can

very rarely be advantageously made in the daytime. By
night the air is not so much disturbed, yet there are always

currents of air of slightly different temperatures, the crossing

and mixing of which produce the same effects in a small de-

gree. To such currents is due the twinkling of the stars;

and we may lay it down as a role, that when a star twinkles
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the finest observation of it cannot be made with a telescope of

high power. Instead of presenting the appearance of a bright,

well-defined point, it will look like a blaze of light flaring

abont in every direction, or like a pot of molten boiling metal

;

and the higher the magnifying power, the more it will flare

and boil. The amount of this atmospheric disturbance varies

greatly from night to night, but it is never entirely absent.

If no continuous disturbance of the image could be seen with

a power of 400, most astronomers would regard the night as a

very good one; and nights on which a power of more than

1000 can be advantageously employed ara quite rare, at least

in this climate.

It has sometimes been said that Sir William Herschel em-

ployed a power as high as 6000 with one of his great tele-

scopes, and, on the strength of this, that the moon may have

been brought within an apparent distance ot forty miles. If

such a power was used on the moon, we must suppose, not

merely that the moon was seen as if at the distance of forty

miles, even if Herschel used his largest telescope— that of

four feet aperture—but that the vision would be the same as

if he had looked through a pin-hole tts of an inch in diam-

eter, and through several yards of rutming water, or many
miles of air. It is doubtful whether the moon has ever been

seen with any telescope so well as it could be seen with the

naked eye at a distance of 500 miles. If such has been the

case, we may be sure that the magnifying power did not ex-

ceed 1000.

If seeing depended entirely on magnifying power, we could

not hope to gain much by further improvement of the tele-

scope, unless we should mount our instrument in some place

where there is less atmospheric disturbance than in the re-

gions where observatories have hitherto been built. It is sup-

posed that, on the mountains or table-lands in the western and

south-western regions of North America, the atmosphere is

clear and steady in an extraordinary degree ; and if this sup
position is entirely correct, a great gain to astronomy might

result from establishing an observatory in that ogion.
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CHAPTER II.

AFPLIOATION OF THE TELE800FE TO CELESTIAL MEABUBEMENTB.

§ 1. Circles of the Celestial Sphere, and their BekUions to Positions

on the Earth.

In the opening chapter of this work it was shown that all

the Leaveuly bodies seem to lie and move on the surface of a

sphere, in the interior of which the earth and the observer are,

placed. The operations of Practical Astronoraj consist large-

ly in determining the apparent positions of the heavenly bod-

ies on this sphere. These positions are defined in a way anal-

ogous to that in which the position of a city or a ship is de-

fined on the earth, namely, by a system of celestial latitudes

and longitudes. That measure which, in the heavens, corre-

sponds most nearly to terrestrial longitude is called Right As-

cension, and that which corresponds to teiTOstrial latitude is

called Declination.

In Fig. 45 let the globe be the celestial sphere, represented

as if viewed from the outside by an observer situated towards

the east, though we necessarily see the actual sphere from the

centre. Pis the north pole,AB the horizon, Q the south pole

(invisible in northern latitudes because below the horizon),SF
the equator, Z the zenith. The meridian lines radiate from

the north pole in every direction, cross the equator fit right

angles, and meet again at the south pole, just like meridians

on the earth. l%e meridian from which right ascensions are

counted, corresponding in this respect to the meridian of

Greenwich on the surface of the earth, is that which passes

through the vernal equinox, or point of crossing of the equa-

tor and ecliptic. It is called the first meridian. Three bright
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stare near which tliia meridian now passes may be seen dnring

the autumn : they are a AndromedsB and y Pegasi, on Maps
II. and v., and /3 Cassiopeise, on Map I. The right ascension

of any star on this meridian is zero, and the right ascension

of any other star is measured by the angle which the merid-

ian passing through it makes with the first meridian, this angle

being always counted towards the east. For reasons which

will soon be explained, right ascension is generally reckoned,

not in degrees, but in houre, minutes, and seconds of time.

FiA. M.—CirelM of Uie oelevUal tphera.

IJ is the ecliptic, crossing the equator at its point of inter-

section with the firet meridian, and making an angle of 23^"

with it. The declination of a star is its distance from the

celestial eqnatoK, whether north or south, exactly as latitude

on the earth is distance from the earth's equator. Thus, when
the right ascension and declination of a heavenly body are

given, the astronomer knows its position in the celestial sphere,

just as we know the position of a city on the earth when its

longitude and latitude are given.

It must be observed that the declinations of the heavenly



ISO PRACTICAL AaTRONOMT.

bodies arc, in a certain sense, referred to the earth. In as-

tronomy the equator is ragai-ded as a plane passing through

the CO' wi-e of the earth, at right angles to its axis, and dividing

it into two hemispheres. Tlie line where tliis plane intersects

the surface of the earth is our terrestrial, cr geographirtal, equa-

tor. If an observer standing on the geographical equator im-

agines this plane running east and west, and cutting into and

through the earth, where he stands he will have the astro-

nomical equator, which differs from the geographical equator

only in being the plane in which the latter is situated. Now
imagine this plane continued in every direction without limit

till it cuts the infinite celestial sphere as in Fig. 17, page 62.

The circle in which it intersects this sphere will be the celes-

tial equator. It will pass directly over the head of the ob-

server at the equator.

There is a general correspondence between latitude on the

earth and declination in the heavens, which may be seen by
referring to the same figure. Here the reader must conceive

of the earth as a globe, ep, situated in the centre of the celee*

tial sphere, EPQS, which is infinitely larger than the earth.

The plane represented by EQ is the astronomical equator, di-

viding both the earth and the imaginary celestial sphere into

two equal hemispheres. Suppose, now, that the observer, in-

stead of standing under the equator, is standitig under some
other parallel, say that of 4r " N. (Being in this latitude means

that the plumb-line where ue stands makes an angle of 45"

with the plane of the equator.) The point over his head will

then he in 45° celestial declination. If we imagine a pencil

of infinite length rising vertically where the observer stands

so that its point shall meet the celestial sphere in his zenitli,

and if, as the earth performs its diurnal revolution on its axis,

we imagine this pencil to leave its mark on the celestial sphere,

this mark will be the parallel of 45° N. declination, or a cir-

cle everywhere equally distant from the equator and from the

pole. The same observer will see the celestial pole at an eleva-

tion equal to his latitude, that is, at the angle 45°. We have now
the following rules for determining the latitude of a place

:
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1. The latitude ia equal to tfie declination of the observer'a zenith.

2. It is also equal to the altitude of the pole almve hia horizon.

Hence, if the astronomer at any unknown station wishes to

determine his latitude, he has only to find what parallel of

declination passes through his zenith, the latter being marked

by the direction of the plumb-line, or by the perpendicular to

the surface of still water or quicksilver. If he finds a star

passing exactly in his zenitL, and knows its declination, he has

his latitude at once, because it is the same as the stars dec-

lination. Practically, however, an observer will never find a

known star exactly in his zenith ; he must therefore find at

what angular distance from the zenith a known star passes his

meridian, and by adding or subtracting this distance from the

star's declination he has his latitude. If he does not know
the declination of any star, he measures the altitudes above

the horizon at which any star near the pole passes the merid-

ian, both above the pole and under the pole. The mean of

the two gives the latitude.

Let us now consider the more complex problem of deter-

mining longitudes. If the earth did not revolve, the observ-

er's longitude would correspond to the right ascension of his

zenith in the same fixed manner that his latitude corresponds

to its declination. But, owing to the diurnal motion, there is

no such fixed correspondence. It is therefore necessary to

have some means of representing the constantly varying rela-

tion.

Wherever on the earth's surface an observer may stand, his

meridian, both terrestrial and celestial, is repi«sented astronom-

ically by an imaginary plane similar to the plane of the equa-

tor. This plane is vertical to the observer, and. passes through

the poles. It divides the earth into two hemispheres, and is

perpendicular to the equator. In Fig. 17, the celestial and ter-

i-estrial spheres are supposed to be cut through by this plane

;

it cuts the earth when the observer stands in a line running

north and south from pole to pole, and thus forms a terrestrial

meridian. The same plane intersects the celestial sphere in a
great circle, which, rising above the observer's horizon in the
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north, paases throngh the pole and the zenith, and disappears at

the south horizon. Two observers nortli and south of each

other have the same meridian ; but in di£Ferent longitudes they

have different meridians, which, however, all pasR through each

pole.

In consequence of the earth's diurnal motion, the meridian

of every place is constantly moving among the stars in such a

way as to make a complete revolution in 23 hours 66 minutes

4.09 seconds. The reader will find it more easy to conceive

of the celestial sphere as revolving from east to west, the ter-

restrial meridian remaining at rest ; the effect being geomet-

rically the same whether we conceive of the true or the ap-

parent motion. There are, then, two sets of meridians on

the celestial sphere. One set (that represented in Fig. 46) is

fixed among the stars, and is in constant apparent motion

from east to west with the stars, while the other set is fixed

by the ear..h, and is apparently at rest.

As differences of latitude are measured by angles in the

heavens, so differences of terrestrial longitude are measured by

the time it takes a celestial meridian to pass from one terres-

trial meridian to another ; while differences of right ascension

are measured by the time it takes a terrestrial meridian to

move from one celestial meridian to another. Ordinary solar

time would, however, be inconvenient fortius measure, because

a revolution does not take place in an exact number of hours.

A different measure, known as sidereal time, is therefore in-

troduced. The time required for one revolution of the celes-

tial meridian is divided into 24 hours, and these hours are

subdivided into minutes and seconds. Sidereal noon at any

place is the moment at which the vernal equinox passes the

meridian of that place, and sidereal time is counted round

from hour to 24 hours, when the equinox will have returned

to the meridian, and the count is commenced over again.

Since right ascensions in the heavens are counted from the

equinox, when it is sidereal noon, or hour, all celestial ob-

jects on the meridian of the place are in 0° of right ascension.

At 1 hour sidereal time, the meridians have moved 16°, and
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objects now on the meridian are in 16° of right ascunsion.

Throughout its whole diurnal course the right ascension of the

meridian constantly increases at the rate of 15° per hour, so

that the right ascension is always fouua by multiplying the

sidereal time by 15. To avoid this constant multiplication, it

is customary in astronomy to express both right ascensions and
terrestiial longitudes by hours. Thus the Pleiades are said to

be in 3 hours 40 minntes right ascension, meaning that they are

on the meridian of any place at 3 hours 40 minntes sidereal

till -. The longitude of tlie Washington Observatory from

Greenwich is 77° 3'; but in astronomical language the longi-

tnde is said to be 6 hours 8 minutes 12 seconds, meaning that

it takes 5 hours 8 minutes 12 seconds for any celestial merid-

ian to pass from the meridian of Greenwich to that of Wash-
ington. In consequence, when it is hour, sidereal time at

Washington, it is 5 honrs 8 minutes 12 seconds sidereal time

at Greenwich.

About March 22d of every year, sidereal hour occurs very

nearly at noon. On each successive day it occurs abont 8 min-

ntes 66 seconds earlier, which in the course of a year brings

it back to noon again. Since the sidereal time gives the posi-

tion of the celestial sphere relatively to the meridian of any

place, it is convenient to know it in order to find what stars

are on the meridian. The following table shows the sidereal

time of mean, or ordinary civil, noon at the beginning of each

month:
Hn. Min.

Janiuuy , 18 46

Febmarjr 20 47

Mwrch 22 87

April 40

May 2 88

Jane 4 40

Hn.Mlb
July 6 88

Angntt 8 40
September 10 48

October 12 41

November 14 48

December 16 42

The sidereal time at any honr of the year may be found

from the preceding table by the following process within a
very few minntes: To the nnmber of the preceding table

corresponding to the month add 4 minutes for each day of

the month, and the hour past noon. The sum of these num-
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bers, BiibLi acting 24 hours if the sum exceeds that quantity,

will give the sidereal time. As an example, let it be required

to find the sidereal time corresponding to November 18th at

3 A.M. This is 15 hours past noon. So we have

Hn. Mil.

November, from table 14 43

18 diiyiX4 S3

Fait noon 15

Sum, «0 8ft

Subtract
J84

Sidereul time required 6 8A

The sidereal time obtained in this way will seldom or never

be more than five minutes in error during the remainder of

this century. In every observatory the principal clock runs

by sidereal time, so that by looking at its face the astronomer

knows what stars are on or near the meridian. Having the

sidereal time, the stars which are on the meridian may be

found by reference to the star maps, where the right ascen-

sions are shown on the borders of the maps.

§ 2. The Meridian Circle, and its Use.

As a complete description u£ the various sorts of instru-

ments used in astronomical measurements, and of the modes

of using them, would interest but a small class of readers,

we shall confine ourselves for the present to one which may
be called the fundamental instrument of modern astronomy,

the application of which has direct and immediate reference

to the circles of the celestial s])here described in the preceding

section. This one is termed the Meridian Cfircle, or Transit (Xr-

cle. Its essential parts are a moderate-sized telescope balanced

on an axis passing through its centrc, with a system 'of fine

lines in the eye-piece ; one or two circles fastened on the axis,

revolving with the telescope, and having degrees and subdi-

visions cut on their outer edges; and a set of microscope mi-

crometers for measuring between the lines so cut. It is abso-

lutely necessary that every part of the instrument shall be of

the most perfect workmanship, and that the masonry piere on
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which it is mounted shall be as stable as it is possible to make

*Xere are many differences of detail in the construction

ani mourng of different meridian circles, but they -,11 tan.

:: an eastJ west horizontal axis, and therefore tl.^^^^^^^^

moves only in the plane of the meridian. Fig. 45 shows tne

Fi«. «.-Tb6 WMhtagton twnilt clrcto.

constmetion of the great circle in the ^aval Observato^

Washington. The marble piers, PP, ai-e supported on a mass

of ma^^ under the floor, the bottom of which is twelve fee^

belTX^urface of the ground. The middle of the telescoi«

is formed of a large cube, about fifteen inches on each side.

FrcTthe east and west side of this cube extend the tr^nn-

fonfl which are so large next die cube as to be nearly con cid

n shZ The outer ends terminate in finely ground steel

pivote ?^o and a half inches in diameter, which rest on brass

V'B firmly fixed to heavy castings set into the piers with hy-

as

1
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draulic cement. In order that the delicate pivots may not

be worn by the whole weight of the instrument resting on

them, the counterpoises, BB, support all the weight except 30

or 40 pounds. Near the ends of the axis are the circles, seen

edgewise, which are firmly screwed on the trunnions, and there-

fore turn with the instrument. E&v>a pier carries four arms,

and each of these arms carries a microscope, marked m, hav-

ing in its focus the face of the circle on which the lines are

cut. These lines divide the circle into 360°, and each degree

into thirty spaces of two minutes each, so that there are 10,800

lines cut on the circle. They are cut in a silver band and are

80 fine as to be invisible to the naked eye unless the light is

thrown upon them in a particular way. On each side of the

instrument, in a line with the axis, is a lamp whicl* throws

light into the telescope so as to illuminate the field of view.

Beflecting prisms inside of the pier throw some of the light

upon those points of the circle which are viewed by the mi-

croscopes, so as to illuminate the fine divisions on tihe circle.

Being thus limited in its movements, an object can be seen

with the telescope only when on, or very near, the meridian.

The sole use of the instrument is to observe the exact times

at which stars cross the meridian, and their altitudes above

the horizon, or distances from the zenith, at the time of cross-

ing. To give precision to these observations, the eye-pieco of

the instrument is supplied with a system of fine black lines,

usually made of spider's web, as

shown in Fig. 46. These lines

are set in the focus, so that the

image of a star crossing the me-
ridian passes over them.. The
middle vertical spider line marks

the meridian ; and to find the

time of meridian transit of a star

it is only necessary to note the

moment of passage of its image

F,a.4«.-sptderii,...i„«.idofview"f
over this line. But, to give great-

• meriditn circle. er precision and certainty to his
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observation, the astronomer generally notes the moments of

transit over five or more lines, and takes the average of them
all.

Formerly the astronomer had to find the times of transit by

listening to the beat of his sidereal clock, counting the sec-

onds, and estimating the tenths of a second at which the tran-

sit over a line took place. If, for instance, he should find that

the star had not reached the line when the tick of twenty-

three seconds was heard, but crossed before the twenty-fourth

second was ticked, he would know that the time was twenty-

three seconds and some fraction, and would have to estimate

what that fraction was. A skilful observer will generally

make this estimate within a tenth of a second, and will only

on rare occasions be in error by as much as two tenths.

Shortly after the introduction of the electric-telegraph, the

American astronomers of that day introduced a much easier

method of determining the time of transit of a star, by means

of the electro-chronograph. As now made, this instrument con-

sists of a revolving cylinder, having a sheet of paper wrapped

around it, and making one revolution per minute. A pen

or other marker is connected with a telegraphic apparatus in

such a way that whenever a signal is sent to the pen it makes

a mark on the moving paper. This pen moves lengthwise of

the cylinder at the rate of about an inch in ten minutes, so

that, in consequence of the turning of the cylinder on its axis,

the marks of the pen will be along a spiral, the folds of which

are one-tenth of an inch apart. The galvanic circnit which

works the pen is connected with the sidereal clock, so that the

latter causes the pen to make a signal every second. The

same pen may be worked by a telegraphic key in the hand

of 'the observer. The latter, looking into his telescope, and

watching the approach of the image of the star to each vire,

makes a signal at the moment at which the star crosses. This

signal is recorded on the chronograph in its proper place

amoug the clock signals, from which it may be distinguished

by its greater strength. The record is permanent, and the

sheet may be taken off and read at leisure, the exact tenth of

U%'-'*^T
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a second at which each signal was made being seen by its

position among the clock signals. The great advantages of

this method are, that great skill and practice are not required

to make good observations, and that the observer need not see

either the clock or his book, and can make a great number of

observations in the course of the evening which may be read

off at leisure. In the case of the most skilful observers there

is no great gain in accuracy, for the reason that they can esti-

mate the fraction of a second by the eye and ear with nearly

the same accuracy that they can give the signal.

The zenith distance of the star, from which its declination

is determined, is observed by having in the reticule a hori-

zontal spider line which is .made to bisect the image of the

star as it passes the meridian line. The observer then goes to

the microscopes, ascertains what lines cut on the circle are un-

der them, and whatnumber of seconds thenearest line is from

the proper point in the field of the microscope. The mean of

the results from the four microscopes is called the circk-reading,

and can be determined within two or three tenths of a second

of arc, or even nearer, if all the apparatus is in the best order.

The minuteness of this angle may be judged by the circum-

stance that the smallest round object a keen eye can see sub-

tends an angle of about forty seconds.

We have described only the leading operations necessary in

determinations with a meridian circle. To complete the de-

termination of the position of a star as acciirately as a prac-

tised observer can bisect it with the spider line is a much more
complicated matter, owing to the unavoidable errors and im-

pei'feotions of his instrument. It is impossible to set the lat-

ter in the meridian with mathematical precision, and, if it were

done, it would not remain so a single day. When the astron-

omer comes to tenths of seconds, he has difficulties to contend

with at every step. The effects of changes of temi)eratnre

and motions of the solid earth on the foundations of his in-

strument are such as to keep it constantly changing ; his clock

is so far from going right that he never attempts to set it per-

fectly right, but only determines its error from his observ»-
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tions. Every observation must, therefore, be corrected for a

nuoiber'of instrumental errore before the result is accurate,

an operation many times more laborious than merely making

the observation.

§ 8. Determination of Terrestrial Longitudes,

The telegraphic mode of recording observations, described

in the last section, affords a method of determining differences

of longitude between places connected by telegraph of ex-

traordinary elegance and perfection. We have already shown
that the difference of longitude between two points is meas-

ured by the time it takes a star to move from the meridian of

the easternmost point to that of the westernmost point. We
have also explained in the last section how an observer with a

meridian circle determines and records the passage of a star

over his meridian within a tenth of a second. Since the ze-

nith distance of the rtar i» not required in this observation, the

circles and microscopes may be dispensed with, and the instru-

ment is then much simpler in construction, and is termed a

TVansit Instrument. When the observer makes a telegraphic

record of the moment of transit of a star by striking a key in

the manner described, it is evident that the electro-chrono-

graph on which his taps are recorded may be at any distance

to which the electric current can carry his signal. It may,

therefore, be in a distant city. There is no diflSculty in a

A ••^hington observer '-et'ording his observations in Cincinnati.

O^^ tliis system, the mode of operation is about as follows:

tlio W'^aAhirgton and Cincinnati stations each has its transit in-

gfuiiunt, its observer, and its chronograph: but the chrono-

^rraphs r^^ connected by telegraph, so that any signal made
by either observer is recorded on both chronographs. As
tiie Washington observer sees a star previously agreed on pass

over the linp« in the focus of his instrument, he makes sig-

nals v;ith his teiographic key, which fire recorded both on his

own chronograph and on that of Cincinnati. Whoji the star

reaches the meridian of the latter city, the observer there sig-

nals the transit of the star in like manner, and the moment
12
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of passage over each line in the focus of his instrament is

recorded, both in Cincinnati and Washington. The elapsed

time is then found bj measuring off the chronograph sheets.

The reason for having all the observations recorded on both

chronographs is that the results may be corrected for the time

it takes the electric current to pass between the two cities,

which is quite perceptible at great distances. In consequence

of this " wave-time," the Washington observation will be re-

corded a little too late at Cincinnati, so that the difference of

longitude on the Cincinnati chronograph will be too small.

The Cincinnati observation, which comes last, being recorded

a little too late at Washington, the difference of time on the

Washington chronograph will be a little too great. The mean
of the results on the two chronographs will be the correct

longitude, while their difference will be twice the time it takes

the electric current to pass between the two cities. The re-

sults thus obtained for the velocity of electrioity are by no

means accordant, but the larger number do not differ very

greatly from 8000 miles per second.

A celestial meridian moves over the earth's surface at the

rate of fifteen degrees an hour, or a minute of arc in four sec-

onds of time. More precisely, this is the rate of rotation of

the earth. The length of a minute of arc in longitude de-

pends on the latitude. It is about 6000 feet, or a mile and a

sixth at the equator, but diminishes whether we go north or

south, owing to the approach of the meridians on the globular

earth, as can be seen on a globe. In the latitude of our Mid-

dle States it is about 4600 feet, so that the surface of the earth

there moves over 1150 feet a eecond. Ai the latitude of

Oreenwich it is 8800 feet, so that the motion is 950 feet per

second. Two skilful astronomers, by making a great num-

ber of observations, can determine the time it takes the stars

to pass from one meridian to another within one or two hun-

drfNlths of a second of time, and can therefore make sure of

the difference of longitude between two distant cities within

six or eight yards.

Of late the telegraphic method of determining longitudes
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has been applied in a way a little different, though resting on

the same prirciples. Instead of recording the transits of stars

on both chronographs, each observer determines the error of

his clock by transits of stars of which the right ascension has

been carefully determined. Ekch clock is then connected with

both chronographs by means of the telegraphic lines, and made
to record its beats for the space of a few minutes only. Thus

the difference between the sidereal times at the two stations

for the same moment of absolute time can be found, and this

difference is the difference of longitude in time. A few yean
ago, when the difference of longitude between points on the

Atlantic and Pacific coasts was determined by the Coast

Survey, a clock in Cambridge was made to record its beats on

a chronograph in San Francisco, and vice versa. In 1866, as

soon as the Atlantic cable had been successfully laid. Dr. B. A.

Oould went to Europe, under the auspices of the Coast Survey,

to determine the difference of longitude between Europe and

America. Owing to the astronomical importance of this de-

termination, it has since been twice repeated, once under the

direction of Mr. Dean, and, lastly, under that of Mr. Hilgard,

both of the Survey. These three campaigns gave the follow-

ing separate results for the difference of longitude between

the Royal Observatory, Qreenwich, and the Naval Observato-

ry, Washington

:

Rn-Mla. Am.

Dr. Goald, 1867 6 8 18.11

Mr. UMn,1870 5 8 12.16

Mr. HUgaird, 1872 5 8 12.09

The extreme difference, it will be seen, is less than a tenth of

a second, and would probably have been smaller but for the

numerous difficulties attendant on a determination through a

long ocean cable, which are much greater than throngh a land

line.

The use of the telegraph for the determination of longitude

is necessarily limited, and other methods must therefore gen-

erally be used. The general problem of determining a longi-

tude, whether that of a ship upon the ocean or of a station
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upon the land, depends on two reqnireraents : (1) a knowledge

of the local time at the station, and (2) a knowledge of the

corresponding time at Greenwich, Washington, or some other

standard meridian. The difference of these' two represents

the longitude. ••

The first determination, that of the local time, is not a diffi-

cult problem when the utmost accuracy is not required. We
have already shown how it is determined with a transit instru-

ment. But this instrument cannot be used at all at sea, and

is somewhat heavy to carry and troublesome to set up on the

land. For ships and travellers it is, therefore, much more con-

venient to use a sextant, by which the altitude of the sun or of

a star above the horizon can be measured with very little time

or trouble. To obtain the time, the observation is made, not

when t'iie obji!ct ia on the meridian, but when it is as nearly as

practicable e^t or woflt. Having found the altitude, the calcu-

lation of a spherical triangle from the data given in the Nau-
tical Almanac at once gives the local time, or the error of the

chronometer on local time.

The difficult problem is to determine the Greenwich time.

So necessary to navigation is some method of doing this, that

the British Government long had a standing offer of a reward

of £10,000 to any one who would find a successful method

of determining the longitude at sea. When the office of As-

tronomer Soyal was established, which was in 1675, the duty

of the ihenmbent was declared to bo " to apply himself with

the most exact care and diligence to the rectifying the Ta-

bles of the Motions of the Heavens, and the places of the

Fixed Stars, in order to find out the so much desired Longi-

tude at Sea for the perfecting the Art of Navigation." Tlie

reward above referred to was ultimately divided between an

astronomer, Tobias Mayer, who made a great improvement in

the tables of the moon, and a watch-maker who improved the

marine chronometer.

The moon, making her monthly circuit of the heavens, may
be considered a sort of standard clock from which the astron-

omer can learn the Greenwich time, in whatever part of the

mi



DETERMINATION OF TEBKESTBIAL L0N0ITVDE8. 168

|>wledge

of the

lie other

presents

a diffi-

id. We
t instru-

sea, and

p on the

lore con-

iun or of

ttle time

nade, not

nearly as

;he calcn-

the Nau-

or of the

rich time.

;
this, that

' a reward

il method

ice of Ab-

1, the dnty

nself with

g the Ta-

ses of the

ed Longi-

>n." Tlje

jtween an

vement in

iroved the

ivens, may
the astron-

>art of the

world he may find himself. This he does hy observing her po>

sitions among the stars. The Nautical Almanac gives the pre-

dieted distance of the moon from certain other bodies—snn,

planets or bright stars—for every three hours of Greenwich

time ; and if the astronomer or navigator measures this dis-

tance with a sextant, he has the means of finding at what

Greenwich time the distance was equal to that measured. Un-

fortunately, however, this operation is much like that of deter-

mining the time from a clock which has nothing but an hour-

hand. The moon moves among the stars only about 13** in

a day, and her own diameter in an hour. If the observer wants

his Greenwich time within half a minute, he must determine

the position of the moon within the hundred and twentieth of

her diameter. This is about as near as an ordinary observer

at sea can come with a sextant ; and yet the error would be 7i
miles of longitude. Even this degree of exactness can be ob-

tained only by having the mpon's place relatively to the stars

predicted with great accuracy ; and here we meet with one of

the most complex problems of astronomy, the efforts to solve

which have already been mentioned.

In addition to the uncertainty of which we have spoken,

this method is open to the objection of being difiScult, owing

to the long calculation necessary to free the measured distance

from the effects of the refraction of both bodies by the atmos-

phere, and of the parallax of tlie moon. On oixlinary voyt^es

navigators prefer to trust to their chronometers. The error of

the chronometer on Greenwich time and its daily rate are

determined at ports of which the longitude is known, and the

navigator can then calculate this error on the supposition that

the chronometer gains dr loses the same- amount every day.

On voyages between Europe and America a good chronome-

ter will not generally deviate more than ten or fifteen seeonde

from its calculated rate, so that it answers all the purposes of

navigation.

Still another observation by which Greenwich time may be

obtained to a minute in any part of the world is that of the

eclipses of Jupiter's first satellite. The Greenwich or Wash-
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iogton times at which the ech'pses are to oocnr are given in

the Nautical Almanac, so that if the traveller can snoceed in

obflerving one, he has his Greenwich t'me at once, without any

calcnlation whatever. Bnt the error ot his observation may
be half a minute, or even an entire minute, so that this meth<

od is not at all accurate.

Where an astronomer can fit up a portable observatory, the

observation of the moon affords him a much more accurate

longitude than it does the navigator, because he can use better

instruments. If he has a transit instrament, he determines

from observation the right ascension of the moon's limb as

she passes his meridian, and then, referring to the NauHcal

Almanac^ he finds at what Greenwich time the limb had this

right ascension. A single transit would, if the moon's place

were correctly predicted, give a longitude correct within six

or eight seconds of time. It is found, however, that, owing to

the errors of the moon's tables, it is necessary for the astron-

omer to wait for corresponding observations of the moon at

some standard observatory before he can be sure of this de-

gree of accuracy.

§ 4. Jfean, or Clock, Time.

We have hitherto described only sidereal time, whicli corre-

sponds to the diurnal revolution of the starry sphere, or, more
exactly yet, of the vernal equinox. Such a measure of time

would not answer the purposes of civil life, and even in astron-

omy its use is generally confined to the determination of right

ascensions. Solar time, regulated by the diurnal motion of the

sun, is almost nniversally used in astronomical observations as

well as in civil life. Formerly, solar time was made to con-

form absolutely to the motion of the sun ; that is, it wak noon

when the sun was on the meridian, and the hours were those

that would be given by a sundial. If the interval between

two consecntive transits of the sun were always the same,

this measure would have been adhered to. But there are two
sonroes of variation in the motion of the sun in right asoeo-

sion, the effect of which is to make these intervab unequal

:

S<|.i;tfs.i;rTi— 8-.T1
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1. The eccentricity of the earth's orbit. In conseqnence

of this, as already explained, the angular motion of the earth

round the sun is more rapid in December, when the earth is

nearest the sun, than in June, when it is farthest. The aver-

age, or mean, motion is such that the sun is 8 minutes 56 sec-

onds longer in returning to the meridian than a star is. But,

owing to the eccentricity, this motion is actually one-thirtieth

greater in December, and the same amount less in June ; so

that it varies from 3 minutes 48 seconds to 4 minutes 4 sec-

onds.

2. The principal source of the inequality referred to is the

obliquity of the ecliptic. When the sun is near the equinoxes,

his motion among the stars is oblique to the direction of the

diurnal motion; while the latter motion is directly to the

west, the former is 23^° north or south of east If, then, sun

and star cross the meridian together one day near the equinox,

he will not be 8 minutes 56 seconds later than the star in

crossing the next day, but about one-twelfth less, or 20 sec-

onds. Therefore, at the times of the equinoxes, the solar days

are about 20 seconds shorter than the average. At the sol-

stices, the opposite effect is produced. The sun, being 28^"

nearer the pole than before, the diurnal motion is slower, and

it takes the snn 20 seconds longer than the regular interval of

3 minutes 56 seconds for that motion to carry the snn over

the space which separates him from the star which culminat-

ed with him the day before. The days are then 20 seconds

longer than the average, from this cause.

So long as clocks could not be made to keep time within

20 seconds a day, these variations in the course of the snn

were not found to cause any serions inconvenience. But

when clocks j^an to keep time better than the snn, it be-

came necessary either to keep putting them ahead when the

sun went too fast, and behind when he went too slow, or to

give up iJie attempt to make* them correspond. The latter

course is now universally adopted, where accurate time is re-

quired ; the standard sun for time being, not the real sun, but

a " mean sun," which is sometimes ahead of the real one, and
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ington times at which the eclipses are to occur are given In

tlie Nautical AlmanaCy so that if the traveller can snoceed in

observing one, he has his Oreenwich t'me at once, without any

calculation whatever. But the error ot his observation may
be half a minute, or even an entire minute, so that this meth-

od is not at all accurate.

Where an astronomer can fit up a portable observatory, the

observation of the moon affords him a much more accurate

longitude than it does the navigator, because he can use better

instruments. If he has a transit instrument, he determines

from observation the right ascension of the moon's limb as

she passes his meridian, and then, referring to the Nautical

Almanac, he finds at what Greenwich time the limb had this

right ascension. A single transit would, if the moon's place

were correctly predicted, give a longitude correct within six

or eight seconds of time. It is found, however, that, owing to

the errors of the moon's tables, it is necessary for the astron-

omer to wait for corresponding observations of the moon at

some standard observatory before he can be sure of this de-

gree of accuracy.

§ 4. Mean, or Clock, Time.

We have hitherto described only sidereal time, wbidi oorre*

spends to the diurnal revolution of the starry sphere, or, more
exactly yet, of the vernal equinox. Such a measure ot time

would not answer the purposes of civil life, and even in astron-

omy its use is generally confined to the determination of right

ascensions. Solar time, regulated by the diurnal motion of the

sun, is almost universally used in astronomical observations as

well as in civil life. Formerly, solar time was made to con-

form absolutely to the motion of the sun ; that is, it wab noon
when the sun was on the meridian, and the hours were those

that would be given by a sundial. If the interval between

two consecutive transits of the sun were always the same,

this measure would have been adhered to. But ihere are two
Bonroes of variation in the motion of the sun in right ascen-

sion, the effect of which is to make these intervab unequal

:
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1. The eccentriuity of the earth's orbit. In conseqaence

of this, as already explained, the angular motion of the earth

round the sun is more rapid in December, when the earth is

nearest the sun, than in June, when it is farthest. The aver-

age, or mean, motion is such that the sun is S minutes 56 sec-

onds longer in returning to the meridian than a star is. But,

owing to the eccentricity, this motion is actually one-thirtieth

greater in December, and the same amount less in June ; so

that it varies from 8 minutes 48 seconds to 4 minutes 4 sec-

onds.

2. The principal source of the inequality referred to is the

obliquity of the ecliptic. When the sun is near the equinoxes,

his motion among the stars is oblique to the direction of the

diurnal motion; while the latter motion is directly to the

west, the former is 28^° north or south of east If, then, sun

and star cross the meridian togetlier one day near the equinox,

he will not be 8 minutes 66 seconds later than the star in

crossing the next day, but about one-twelfth less, or 20 sec-

onds. Therefore, at the times of the equinoxes, the solar days

are about 20 seconds shorter than the average. At the sol-

stices, the opposite effect is produced. The sun, being 23^**

nearer the pole than before, tlie diurnal motion is slower, and

it takes the sun 20 seconds longer than the regular interval of

8 minutes 56 seconds for that motion to carry the snn over

the space which separates him from the star which culminat-

ed with him the day before. The days are then 20 seconds

longer than the average, from this cause.

So long as clocks could not be made to keep time within

20 seconds a day, these variations in the course of the sun

were not found to cause any serious inconvenience. But

when clocks Mgrn to keep time better than the snn, it be-

came necessary either to keep putting them ahead when the

son went too fast, and behind when he went too slow, or to

give up die attempt to make* them correspond. The latter

course is now universally adopted, where accurate time is re-

quired ; the standard sun for time being, not the real sun, but

a " mean snn," which is sometimes ahead of the real one, and

I •'*^».
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sometimes behind it. The irregular time depending on the

motiou of the true sun, or that given by a sundial, is called

Apporcri' Time, while that given by the mean enn, or by a

clotik going at a uniform rate, is called Mean Time. The two
measures coincide four times in a year; during two interme-

diate seasons the mean time is ahead, and during two it iu

behind. The following are the dates of coincidence, and of

maximum deviation, which vary but slightly from year to

year

:

February lOth True sun 15 minute* flow.

April 15th " "correct.

May 14th •' " 4 minutoi fatt.

June 14th " " correct.

Jul7 26tli
" " 6 minutee ilow.

AngnitSltt " " correct.

November 2d " " 16 minutee fiiit.

December 24th " " correct

When the sun is slow, it passes the meridian after mean noon,

and the clock is faster than the sundial, and vice versa. These

wide deviations are the result of the gradual accumulations of

the deviations of a few seconds from day to day, the canse of

which has just been explained. Thus, during the interval be-

tween November 2d and February 12th, the sun is constantly

falling behind the clock at an avei-age rate of 18 or 19 seconds

a day, which, continued through 100 days, brings it from 16

minutes fast to 15 minutes slow.

This difference between the real and the mean sun is called

the Equaiion of Time! One of its effects, which is frequently

misunderstood, is that the interval from sunrise until noon, as

given in the almanacs, is not the same as that between noon

and sunset This often leads to the inquiry whether the fore-

noons can be longer or shorter than the afternoons. If by
" noon " we meant the passage of the real snn across the me-

ridian, they could not ; but the noon of our clocks being somr-

times 15 minntes before or after noon by the snn, the former

may be half an hour nearer to sunrise than to sunset, or vict

vtnn.
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PARALLAX IN UENERAL,

CHAPTER III.

MKABCRINO DISTAMCBS IN TliK HEAVENS.

§ 1. Parallax in General.

The determination of the distances of tho h>;av62My bodies

^lojn us is a much more complex problem than merely deter-

ling their apparent positions on the celestial <!>phere. The
liter depend entirely on the direction of the bodies from the

observer ; and two bodies which lie in the same dii'ection will

seem to occirpy the same position, no matter how much farther

one may be than the other. Notwithstanding the enormons

differences between the distances of different heavenly bodies,

there is no way of telling even which is farthest and which

nearest by mere inspection, much lees cnn the absolate dis-

tance be determined in this way.

The distances of the heavenly bodies are generally deter-

mined from their ParaUax. Parallax may be defined, in the

most general vray, as the difference between the

directions of a body as seen from two different

points. Other conditions being equal, the

more distant the body, the less this differ-

ence, or the lew the parallax. To show, in

the most elementary w«y, how difference of

direction depends on distance, suppose an

observer at ^ to see two lights, A and J?, at

night He cannot tell by mere inspection

which is the more distant Bnt suppose he pia.4T.-iHaBnni iiinf-

walks over to the point P. Both lights will t»uni! p«r«»«x.

then seem to change their direction, moving in the direction

opposite to that in which he goes. But the light A will change
more than the light B, for, being to the right of B when the
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observer was at 0, it is now to tlie left of it. The observer

can then say with entire certainty that A is nearer than B.

As a steainsliip crosses the ocean, near objects at rest

change their direction rapidly, and soon flit by, while more
distant ones change very slowly. The stars are not seen to

ohange at all. If, however, the moon did not move, the pas-

senger would see her to have changed i: r apporout position

about one and a half times her diameu*r lit conti0<|iience of

the journey. If, when the moon is ndar tiio i/u Hdia^i, an ob-

server could in a moment jump from New Yor!c to Liverpool,

keeping his eye fixed upon her, he would see hor apparently

jump in the opposite direction about this amount.

Astronomically, the direction of an object from an observer

is determined by its position un the celestial sphere ; that is,

by its right ascension and decUnation. In consequence of

parallax, the declination of a body in tot the same when seen

from different parts of the earth. A<i l!m moon passes the

meridian of the Cape of Good Hope, ).er measured declina-

tion may be a degree or more farther north than it is when
she passes the meridian of Greenwich. The determination of

the (wrallax of the moon was one of the objects of the British

Government in establishing an observatory at the Cape, and

so well has this object been attained that the best determina-

tions of the parallax have been made by comparing the Green-

wich and Cape observations of the moon's declination.

The determination of the distance of a celestial object from

the parallax depends on the solution of a ti'iangle. If, in Fig.

48, we suppose the circle to represent the earth, and imagine

an observer at A to view a celes-

tial object, M, he will see it pro-

jected on the infinite delestial

sphere in the direction ^if con-

tinued. Anotlier observer at A'

will see it in the direction A'Af.

The difference of these directions

is the angle at M. Knowing all

VM.«s.-DtagnaUutratiiigpuaiuuL the angles of the quadrilateral
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PABALLAX IN OENEBAL. ie9

ACA'M^ and the length of the earth^s radius, CA^ the dis-

tance of the object from the three points, A, A\ and C, can

be found by solving a simple problem of trigonometry.

The term parallax is frequently used in a more limited

sense than that in which we have just defined and elucidated

it Instead of the difference of directions of a celestial body

seen from any two points, the astronomer generally mei>r4S the

difference between the direction

of the body as it would appear

from the centre of the earth, and

the direction seen by an observer

at the surface. Thus, in Fig. 49,

an observer at the centre of the

earth, C, would see the object M'
in the direction CiT, while one

on the surface at P will see it in

the direction Pif. The differ-

ence of these directions is the fi«. «•.—variation or panium with tha

angle PM'C. K the observer
""""^

should be at the point where the line M'G intersects the snr-

face of the earth, there would be no parallax: in this case,

the object would be in his geocentric zenith. If, on the other

hand, the observer has the object in his horizon, so that tibe

line PM" is tangent to the surface of the earth, the angle

CM"P is called the horizontal parallax. The horizontalparal-

lax is fjual to the angle which tfte radius of the earth subtends as

seenfrom the objeeL When we say that the horizontal parallax

of the moon is 57', and that of the sun 8".86, it is the same

thing as saying that the diameter of the earth subtends twice

those angles as seen from the moon and sun respectively.

Owing to the elliptidty of the earth, all its diameters will

not subtend the same angle; the polar diameter being the

ahortest of all, and the equatorial the longwit. The equatorial

diameter isy therefore, adopted by astronomers as the standard

for parallax. The oorreqK>nding parallax, that is, the equato*

rial radips of the earth as seen from a celestial body, is called

tfie J^jvotortaJ ^brtuMmtal i\ira22(»
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To raeasnre dii'ectly the distance of the moon or any other

heavenly body, the line PC must be replaced by the line join-

ing the pofiitious of the two observers, called the base-line.

Knowing the length and direction of this base-line, and the

difference of directions, or parallax, the distance is at once ob-

tained. If the absolute length of the base-line should not be

known, the astronomer could still determine the proportion

of the distance of the object to the base-line, leaving the final

determination of the absolute distances to be made when the

base-line could be measured.

It is not always necessary for two observers actually to sta-

tion themselves in two distant parts of the earth to determine

a parallax. If the observer himself could move along the

base-line, and keep up a series of observations on the object, to

see how it seemed to move in the opposite direction, he would

still be able to determine its distance. Now, every observer is

actually carried along by two such motions, because he is on

the moving earth. He is carried round the sun every year,

and round the axis of the earth every day. We have already

shown how, in consequence of the first motion, all the planets

seem to describe a series of epicycles. This apparent motion

is an effect of parallax, and by means of it the proportions of

the solar system can be determined with extreme accuracy.

The base-line is the diameter of the earth's orbit But the

parallax in question does not help us to determine this base-

line. To find it, we must first know the distance of the earth

from the sun, abd here we have no base-line but the diameter

of the earth itsell Nor can the annual motion of the earth

round the sun enable us to determine the distance of the

mooUj because the latter is carried round by the same motion.

^ The result of the daily revolution of the observer roiind the

earth's axis is, that the apparent movement of the planet along

its course is not perfectly uniform : when the observer is east,

the planet is a little to the west, and vice versa. By observing

the small inequalities in the motion of the planet correspond-

ing to the rotation of the earth on its axis, we have the means
of observing its distance with the earth's diameter as a bsae^



I mii ,ji.i i iij i, i iiiiinipn.

PABALLAX IN OENEBAL. 171

my other

I

line join-

>a8e-line.

^, and the

once ob-

ild not be

proportion

the final

when the

Ily to sta-

determine

along the

object, to

, he woald

observer is

le he is on
jvery year,

ive already

the planets

ent motion

portions of

i accuracy.

Bnt the

I this base-

f the earth

e diameter

I the earth

Qce of the

ie motion,

roimd the

lanet along

ver is east,

observing

orrespond-

the means
as a base-

line, and this diameter is well known. Unfortunately, how-

ever, the earth is so small compared with the distances of tlie

planets, that the parallax in question almost eludes measure-

ment, except in tlie case of those planets which are nearest

the earth, and even then it is so minute that its accurate de-

termination is one of the most difficult problems of modern

astronomy.

The principal difficulty in determining a parallax from the

revolution of the observer around the earth's axis is that the

observations are not to be made in the meridian, but when the

planet is near the horizon in the east and west Hence the

most accurate and convenient instrument of all, the meridian

circle, cannot be used, and i-ecourse must be had to methods

of observation subject to many sources of error.

In measuring very minute parallaxes, it may be doubtful

whether the position of the body on the celestial sphere can

be determined with the necessary accuracy. In this case re-

sort is sometimes had to relative parallax. By this is meant

the difference between the parallaxes of two bodies lying near

ly in the same direction. The most notable example of this

is afforded by a transit of Venus over the face of the sun.

To determine the absolute direction of Venus when nearest

the earth with the accuracy required in measurements of pai^

allax has not hitherto been found practicable, because the ob-

servation most be made in the daytime, when the atmosphere

is much distnrbed by the rays of the sun, and also because

only a small part of the planet can then be seen. Bnt if the

planet is actually between us and the sun, so as to be seen pro-

jected on the snn*s face, the apparent distance of the planet

from the centre or from the limb of the sun may be found

with considerable accuracy. Moreover, this distance will be

different as seen from different parts of the earth's surface at

the same moment, owing to the effect of parallax ; that is, dif-

ferent observers will see Venns projected on different parts of

die sun's face. But the change thus observed will be only

that due to the difference of the parallaxes of the two bodies

;

while both ohaiige their directions, that nearest the observer

itwapMNMii
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changes the more, and thus seems to move past the oUier, ex*

aotly as in the diagram of the lights.

It may be asked how the parallax of the sun can be foand

from observations of the transit of Venns, if such observations

show only the difference between tlie parallax of Venns and

that of the san. We reply that the ratio of the parallaxes of

the two bodies is known with great precision from the propor-

tions of the system. We have already shown that these pro-

portions are known with great accuracy from the third law of

Kepler, and from the annual parallax prodaced by the revolu-

tion of the earth round the sun. It is thus known that at the

time of the transit of Venus, ip 1874, the sun was nearly four

times the distance of Venus, or, more exactly, that he was

3.783 times as far as that planet. Oonsequently, the parallax

of Venus was then 8.783 times that of the sun. The differ-

ence of the parallaxes, that is, the relative parallax, must then

have been 2.783 times the sun's parallax. Oonsequently, we
have only to divide the relative parallax found from the ob-

servations by 2.783 to have the parallax of the sun itself.

Still anotiier parallax, seldom applied except to the fixed

stars, is the Annual Parallax. This is the parallax already ex-

plained as due to the annnal revolution of the earth in its or-

bif It is equal to the angle subtended by the line joining the

eaiih and snn, as seen from the star or other body. When we
say that the annnal parallax of a star is one second of arc, it is

the same thing as saying that at the star the line joining the

earth and sun wonld subtend an apparent angle of one sec-

ond, or tliat die diameter of the ei^rdi's orbit would appear un-

der an angle of two seconds.

It will be seen that the measurement of the heavensinvolves

two s^Nurate operations The one consists in the determina-

tion of the distance between the earth and tiie snn, which is

made to depend on the solar parallax, or the angle which the

semidiameter of the earth subtends as seem from the sun, and

which is the unit of distance in celestial measurements. The
other consists in the determination of the distances of tlie start

and planets in terras <A. this unit, which gives what we ntigr

(
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call the proportions of the nniverse. Knowing this proportion,

we can determine all the distances of the universe when the

length of our unit or the distance of the sun is known, but not

before. The determination of tliis distance is, therefore, one

of the capital problems of astronomy, as well as one of the most

difficult, to the solution of which both ancient and modem as-

tronomers have devoted many efforts.

§ 2. Measures of the Distance of the Sun.

We have already shown, in describing the phases of the

moon, how Aristarchns attempted to determine the distanoe

of the sun by measuring the angle between the sun and the

moon, when the latter appeared half illuminated. From this

measure, the sun was supposed to be twenty times as far as

the moon ; a result which arose solely from the accidental er^

rors of the observations.

Another method of attacking the problem was applied by

Ptolemy, but is probably due to Hipparchus. It rests on a

very ingenious geometrical construction founded on the prin-

ciple that the more distant the sun, the narrower will be the

shadow of the earth at the distance of the moon. The actual

diameter was determined from an ingenious combination of

two partial eclipses of the moon, in one of which half of the

moon was south of the limit of the shadow, while in the other

three-fourths of her diameter was nprth of the limit ; that is,

one fourth of the moon's disk was eclipsed. Itwas tiins fonnd

that the moon's apparent diameter was 81^, an^ the appar-

ent diameter of the shadow 40t'. The former number was

certainly remarkably near the truth. From this it was con-

cluded that the sun's parallax was 8' 11", and hjs distanoe 1310

radii of the earth. This result was an entire mistake, arising

from the uncertainty of any measure of so small an angle.

Really, the parallax is so minnte as to elnde all measurement

with any instrnmoit in which the vision is not assisted by the

use of a telescope. Yet this result oontinned to figure in as-

tronomy throngh.the fourteen centuries during which the **Al-

magest^^ of Ptolemy was the supreme authority, without, appar-

el

I

JiEiiip



174 PRACTICAL ASTBONOMT.

ently, any astronomer being bold enongh to serionsly nnder-

take its revision.

Kepler and his contemporaries saw clearly that this distance

must be far too small ; but all their estimates fell shoit of the

truth. Wendell came nearest the truth, as he claimed that

the parallax could not exceed 15". But the best estimate of

the seventeenth century was made by Huyghens,* the reason

why it was the best being that it was not founded on any

attempt to measure the parallax itself, which was then real-

ly incapable of measurement, but on the probable magnitude

of the earth as a planet. The parallax of the suu is, as al-

ready explained, the apparent semidiameter of tlie earth as

seen from the sun. If, then, we can find what size the earth

would appear if seen from the sun, the problem would at once

be solved. The apparent magnitudes of the planets, as seen

from the earth, are found by direct measurement with the

telescope. The proportions of the solar system being known,

as alroody explained, it is very easy to determine the magni-

tudes of all the planets as seen from the sun, the earth alone

excepted. The idea of Hnyghens was that the earth, being a

planet, its magnitude would probably be somewhere near that

of the average of the two planets on each side of it, namely,

Venus and Mars. So, taking the mean of the diameters of

Venus and Mars, and supposing this to represent the diameter

of the earth, he found the angle which the semidiameter of

the supposed earth would subtend from the sun, which would

be the solar parallax.

Although* this method may look like a happy mode of

guessing, it was much more reliable than any M'hich had be-

fore been applied, for the reason that, in supposing the mag^

nitnde of the earth to be between those of Venus and Mars,

he was likely to be nearer the trutli than any measure of an

angle entirely invisible to the naked eye would be.

An attempt of the same kind made by Horrox, celebrated

in the history of astronomy as the firat observer of a transit

* At the doM of bis "Syitema SfttarnituB."
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of Venns, is also worthy of mention. He held a theory, which
we now know to be erroneous, that the diameters of the plan-

ets were proportional to their distances from the snn, so that

their angalar diameter as seen from the snn would be the

same for them all. This angular diameter he estimated at

28". The solar parallax being eqnal to the semi-diameter of

the earth, as seen from the sun, it wonld follow from this that

the solar parallax was 14". This result, though much farther

from the truth than that of Huyghens, was a great advance

on any that had preceded it.

We now come to the modem methods of measuring the

parallax of the sun. Those consist, not in measuring this par^

allax directly, because this cannot even now be done with any

accuriKjy, but in measuring the parallax of one of the planets

Venus and Mars when nearest the earth. These planets pass-

ing from time to time much nearer to us than the sun does,

have then a much larger parallax, and one which can easily

be measured. Having the parallax of the planet, that of tho

snn is determined from the known proportion between thdr

respective distances.

The first application of this method was made by the French

astronomers to the planet Mars. In 1671 they sent an ex-

pedition to the colony of Cayenne, in South America, which

made observations of the position of Mars during the opposi-

tion of 1672, while corresponding observations were made at

the Paris Observatory. The difference of the two apparent

positions, reduced to the same moment, gave the parallax <^

Mars. From a dr ' .csion of these observations, Oassini con-

oladed the parallax o die sun to be 9".5, corresponding to a

distance of the sun equal to 21,600 semidiametera of the earth.

This distance was as much too small as Huyghens's was too

great, sc that, as we now know, no real improvement was

made. Still, the data were much more certain than those on

wliich the estimate of Huyghens was made, and for a hundred

years it was generally considered that the sun's parallax was

about 10", and his distance between 80 and 90 millions of miles.

The method by observations of Man is still, in some of its

. I 18
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forms, among the most valuable which have been applied to

the determination of the solar parallax. About once in six*

teen years Mars approaches almost as near tho earth as Venus
does at the times of her transits, the favorable times being

those when Mars at oppositio;i is near his perihelion. His

distance outside the earth's orbit is then only 0.373 of the as-

tronomical unit, or 34^ millions of miles, while at his aphe-

lion the distance ib nearly twice as great. At the nearest op-

positions, his parallax is over 23", an angle which can be meas-

nred with some accuracy. The displacement of the planet

due to parallax is then found by comparing the results of ob-

servations in the two hemispheres.

An expedition of this sort was that of Oaptain James M.

GilliRs,late of tho United States Navy,who went out to Chili in

1840, and remained till 1852, for the purpose of observing the

parallaxes of both Yenns and Mars. The most recent expe-

dition was that made to the Island of Ascension, in the year

1877, by Mr. David Oill, now Astronomer Koyal at the Gape

of Good Hope. In that year the opposition of Mars occurred

within a few days of the time of his passing perihelion, so that

he approached nearer the earth than at any time within the

last thirty years. Mr. Gill took advantage of this oircnm-

stancc to determine the parallax by the- aid of the heliometer.

H« did not, however, depend upon correisponding observKtions

in other regions of tlie earth, but planned out his work so as

to measure the change in the direction of Yenns as the ob-

server WAS carried around by the rotation of the earth. In

consequence of this, when Mars was near either horizon he

would appear lower down than if he were viewed from the

centre of the earth. The Island of Ascension being, near the

equator, the direction doton when Mars was in the east would

be nearly opposite the corresponding direction when Mars

was in the west. Consequently, the motion of Mars would

not be perfectly uniform and regular, but there would be a

daily oscillation due to parallax which Mr. Gill undertook to

measure. The final result of his observations gave 8".78 for

the solar paralUix.
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The most celebrated method of determining the solar paral-

lax has been by transits of Venns over the face of the sun, by

which the differance between the parallax of the planet and

that of the sun can be found, as explained in § 1. We ^now
from our astronomical tables that this phenomenon has recur-

red in a certain regular cycle four times every 243 years for

many centudes past. This cycle is made up of four intervals,

the lengths of which are, in regular order, 105^ years, 8 years,

121^ years, 8 years, after which the intervals repeat them-

selves. The dates of occurrence for eight centuries are as

follows:

IMS June 2d.

1626 June Ui.

1681 December 7th.

1689 December 4th.

1761 June 6th.

1769 JuneSd.

1874 December 9th.

1883 December 6tb.

2004 Juno 8tb.

2012 June 6th.

2117 December I Ith.

2126 December 8th.

2247 June llth.

2266 June 9th.

It has been only in comparatively recent times that this phe-

nomenon could be predicted and observed. In the years 1518

and 1626 the idea of looking for snch a thing does not seem

to have occurred to any one. The following century gave

birth to Kepler, who so far improved the planetary tables

as to predict that a transit would occur on December 6th,

1681. But it did not commence until after sunset in En-

rope, and was over before sunrise next morning, so that it

passed entirely unobserved. Unfortunately, the tables were

so far from accurate that they failed to indicate the transit

which occurred eight years later, and led Kepler to announce

that the pheuomenon wonld not recur till 1''61. The transit

of 1639 wonld, therefore, like all former ones, have passed

entirely unobserved, had it not been for the talent and enthu-

siasm of a young Englishman. Jeremiah Horrox was then a

young curate of eighteen, residing in the North of England,

who, even at that early age, was a master of the astronomy of

-.«il(iii(ili*lB,,'
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his times. Comparing di£Ferent tables with his own observa-

tions of Venns, he foand that a transit might be expected to

oocnr on December 4th, and prepared to observe it, after the

fashion then in vogue, by letting the image of the sun passing

through his telescope fall on a screen behind it Unfortu-

nately, the day was Sunday, and his clerical duties prevented

his seeing the ingress of the planet upon the solar disk—a cir-

cumstance which science has mourned for a century past, and

will have reason to mourn for a century to come. When he

returned from church, he was overjoyed to see the planet upon

the face of the sun, but, after following it half an hour, the ap-

proach of sunset compelled him to suspend his observations.

During the interval between this and the next transit, which

occurred in 1761, exact astronomy noade very rapid progress,

through the disoovety of the law of gravitation and the ap-

plication of the telescope to celestial measurements. A great

additional interest was lent to the phenomenon by Halley's

discovery that observations of it made from distant points of

the earth could be used to determine the distance of the sun.

The principles by which the parallaxes, and therefore the

distances, of Venus and the sun are determined by Halley's

method are quite simple. In consequence of the parallax of

Venus, two observers at distant points of the earth's surface,

watching her course over the

solar disk, will see her describe

slightly different paths, as shown

in Fig. 50. It is by the distance

between these paths that the par-

allax has hitherto been deter-

mined.

The essential principle'of Hal-

ley's method consists in the mode

Vte.aa-AppaMBti»ti»orvMMuroM of determining the distance be-

um ran,M Mail from dUTtewit itetioiw tween these apparent paths. An
dnriogthetnuititofl8r4. Theopptr , ^Iil 21 -ii i.
patli to ttiat Men from • wmttaem ita- mspeotion Of tne Ilgnre Will SnOW

2S;i.S*.Xi.?!?.tjr;^ ^\ ^^ P»«» f-^hest from the

twMBdMpiUtaitoangg««ta4. sun's Centre is shorter than the
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other, Bo that Venus will pass over the sun more quickly when
watched from a Bonthern station than when watched from a

northern one. Ualley therefore proposed that the different ob-

servers should, with a tele8co|)e and a chronometer, note the

time it took Venus to pass over the disk, and the difference be-

tween these times, as seen from different stations, would give

the means of determining the difference between the parallaxes

of Venus and the sun. The ratio between the distances of

the planet and the sun is known with gre'^t exactness by Kep-

ler's third law, from which, knowing tlie differences of paral-

laxes, tlie distance of each body can be determined.

By this plan of Ilalley the observer must note with great

exactness the times both of beginning and end of the transit

There are two phaBOS which may be observed at the beginning

and two at the end, making four in all.

The first is that when the planet first touches the edge of

tlie solar disk, and begins to. make a notch in it, as at a. Fig. 60.

This is called Jirst external contact.

The second is that when the planet has just entered entirely

upon the sun, as at b. This is caXled Jirat internal contact

The third contact is that in which the planet, after crossing

the sun, first reaches the edge of the disk, and begins to go

off, as at e. This is called second internal contact.

The fourth contact is that in which the planet finally disap-

pears from the hkoe of the sun, as at d. This is called second

external contact.

Now, it WW the opinion of Halley,and a very plausible one,

too, that the internal oontaots could be observed with far great-

er accuracy than the external ones. He foanded this opinion

on his own experience in observing a transit of the planet Mer-

cury at St Helena in 1677. It will be seen by inspecting Fig.

51, which represents the position of the planet just before first

internal contact, that as the planet moves forward on the solar

disk the sharp horns of light on each side of it approach each

other, and that the moment of internal contact w marked by

these horns meeting each other, and forming a thread of light

all the way across the dark space, as in Fig. 52. This thread
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Ti«. 51.—Venna upproacblng Internal contact on

the (liee of the eon. The planet U aappoeed

to be morins upward.

of light is indeed simply the extreme edge of the snn*8 disk

coming into view behind the planet. In observing the tran-

sit of Mercury, Halley felt

snre that he could fix the

moment at which the horns

met, and the edge of the

Ban's disk appeared un-

broken, within a single sec-

ond; and he hence con-

cluded that observers of

the transit of Venus could

observe the time required

for Yenns^ tu pass across

the sun within one or two

seconds. These times would

differ in different parts of the earth by fifteen or twenty min-

utes, in consequence of parallax. Hence it followed, that if

Halley's estimate of the de-

gree of accuracy attainable

were correct, the parallax of

Venus and the snu would be

determined by the proposed

system of observations within

the six hundredth of its whole

amount.

When the long-expected 5th

of June, 1761, at length ap-

proached, which was a gener-

ation after Haliey's death, ex-

peditions were sent to distant

parts of the world by the principal European nations to make
the required observations. The French sent out from among
their astronomers, Le Gentil to Pondicherry ; PingrS to Rod-

riguez Island, in the neighborhood of the Mauritius ; and the

Abb^ Chappe to Tobolsk, in Siberia. The war with England,

unfortunately, prevented the first two from reaching their sta-

tions in time, but Chappe was Buooessful. From England, Ma-

t'le. aft—Internal oontaet of i

ana with that of the ann.

ofVa-

'*i--
Oa^ i'tanwuw
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igland, Ma-

son—he of the celebrated Mason and Dixon's Line—was sent

to Sumatra; but he, too, was stopped by the war: Maskelyne,

the Astronomer Royal, was sent to St Helena. Denmark,
Sweden, and Russia also sent out expeditions to various points

in Europe and Asia.

With those observers who were favored by fine weather, the

entry of the dark body of YeiiKs upon the limb of the sun

was seen very well until the critical moment of internal con-

tact approached. Then they were perplexed to find that the

planet, instead of preserving its circular form, appeared to

assume the shape of a pear or a balloon, tlie elongated portion

being connected with the limb of the sun. We give two fig-

ures, 62 and 63, the first showing how the planet ought to have

looked, the last how it really did look. Now, we can readily

see that the observer, looking

at such an appearance as in

Fig. 53, would be unable to

say whether internal contact

bad or had not taken place.

The round part of the planet

is entirely within the sun, so

that if he judged from this

alone, he would say that in-

ternal contact is passed. But

the horns are still separated

by this dark elongation, or
'* black drop,** as it is general-

ly called, so that, judging from this, internal contact has not

taken place. The resnlt was an uncertainty sometimes amount-

ing to nearly a minute in observations which were expected to

be correct Mrithin a ringle second.

When the parties returned home, and their observations

were oompnt«d by variout astronomen, the reanlting values

of the solar parallax were found to range from 8".6, found by

Short of England, to 10".6, found by Pingrd, of France, so

that tliere was nearly as much uncertainty as ever in the value

of the element sought Nothing dannted, however, prepara-

Fi«. OS.—The black drop, or ligament.

iiiii ftllMHiil liilW-^
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tioDB yet more extensive were made to observe the transit of

1769. Among the observers was one whose patience and

whose fortune mnst excite oar warmest sympathies. We have

said that Le Gentil, sent out by the French Academy to ob-

serve the transit of 1761 in the East Indies, was prevented

from reaching his station by the war with England. Finding

the first port he attempted to reach in the possession of the

English, his commander attempted to make another, and,

meeting with unfavorable winds, was still at sea on the day of

the transit He thereupon formed the resolution of remain-

ing, with his instruments, to observe the transit of 1769. He
was enabled to support himself by some successful mercantile

adventures, and he also industriously devoted himself to scien-

tific observations and inquiries. The long-looked-for morning

of June 4th, 1769, found him thoroughly prepared to make
the observations for which he had waited eight long years.

The sun shone out in a cloudless sky, as it had shone for a

number' of days previously. But just as it was time for the

transit to begin, a sudden storm arose, and the sky became

covered with clouds. When they cleared away the transit

was over. It was two weeks before the ill-fated astronomer

could hold the pen which was to tell his friends in Paric the

story of his disappointment

In this transit the ingress of Venus on the limb of the sun

oeonrred just before the sun was setting in Western Europe,

which allowed numbers of observations of the first two phases

to be made in England and France. The oommenoemeiit was

also visible in this country—which was then these colonies

—

under very &vorable circumstances, and it was well observed

by the few astronomers we then had. The leader among
these was the talented and enthusiastic Bittenhonse, who was
already well known for his industry as an observer. The ob-

servations were organised under the auspices of the American
Philosophical Society, tlien in the vigor of its youth, and par-

ties of observers were tioned at Norristown, Philadelphia,

and Cape Henl<^>en. liiese observations have every appear-

ance of being among the most accurate made on the transit;
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but they have not received the consideration to which they are

entitled, partly, we suppose, because the altitude of the snn

was too great to admit of their being of much value for the

determination of parallax, and partly because they were not

very accordant vritix the European observations.

The phenomena of the distortion of the planet and the

"black drop," already described, were noticed in this, as in

the preceding transit. It is strongly indicative of the ill

preparation of the observers that it seems to have taken them

all by surprise, except the few who had observed the preced-

ing transit The cause of the appearance was first pointed

out by Lblande, and is briefly this : when we look at a bright

object on. a dark ground, it looks a little larger than it real-

ly is, owing to the encroachment of the light upon the dark

border. This encroachment, or irradiation, may arise from a

number of causes—^imperfections of the eye, imperfections of

the lenses of the telescope when an instrument is used, and

the softening efFect of the atmosphere when we look at a ce-

lestial object near the horizon. To understand its effect, we
have only to imagine a false edge painted in white around the

borders of the bright object, the edge becoming narrower and

darker where the bri^t object is reduced to a very narrow

line. Thus, by painting around the borders of the light por-

tions of Fig. 51, we have formed Fig. 53, and prodnoed an ap-

pearance quite similar to that described by the observers of

the transit The better the telescope and ^e steadier the at-

mosphere, the narrower this border will be, and the more the

planet will seem to preserve its true form, as in Fig. 52. In

the observations of the recent transit of Venus with the im-

proved instruments of the presoat time, very few of the more
experienced observers noticed any distortion at all.

The results of the observations of 1769 were much more

accordant than those of 1761, and seemed to indicate a paral-

lax of about 8".5. Ourions as it may seem, more than half a

century elapsed after the transit before its resnlts were com-

pletely worked np from all the observations in an entirely

satis&ctory manner. This was at length done by Encke, in
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1824, for bodi transits, the result giving 8".5776 for the solar

parallax. Some suspicion, however, attached to some of the

observations, which he was not at that time able to remove.

In 1885, having examined the original records of the observa-

tions in question, he corrected his work, and found the follow-

ing oepamte results from the two transits

:

Parallax firom the obaenrationi of 1761 8".S8

Parallax from the obMrrations of 1769. 8".S9

Moat probable result from both trantits. 8".671

The probable error of the result was estimated at 0".037,

which, though larger than was expected, was much less than

the actual error has since proved to be. The corresponding

distance of the sun is 95,370,000 miles, a classic number-

adopted by astronomers everywhere, and familiar to every

one who has read any work on astronomy.

This result of Encke was received without question for

more than thirty years. But in 1854 the celebrated Hansen,

completing his investigations of the motions of the moon,

found that her observed positions near her first and last quar-

ters could not be accounted for except by supposing the par-

allax of the sun increased, and therefore his distance dimin-

ished, by about a thirtieth of its entire amount. The exist-

ence of this error has since been amply confirmed in several

ways. The fact is, that although a century ago a transit of

Venus afforded the most accurate way of obtaining die dis-

tance of the sun, yet the great advances made during the

present generation in the art of observing, and the applica-

tion of scientific methods, have led to other means of greater

accuracy tlian these old observations. It is remarkable that

while nearly every class of observations is now made with

a precision which the astronomers of a century ago never

thought possible, yet this particular observation of the interior

contact of a planet with the limb of the sun has never been

made with any thing like the accuracy which Halley himself

thought he attained in his observation of the transit of Mer^

enry two centuries ago.

^1iiifiiiiiriliiTiiifl>>» ffiaTni-'iTiHii
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The knowledge of this error in the fundamental astronom-

ical nnit gave increased interest to the transit of Yenas which

was to occur on December 8th, 1874. The rarity of the phe-

nomenon was ftn advantage, in that it led to an amount of

.
public interest being taken in it which could not have been

excited by any other astronomical event, and thus secured

from various governments the grants necessary to fit out the

necessary parties of observation. Plans of observation began

to be worked out veiy far in advance. In 1857, Professor

Airy sketched a general plan of operations for the observation

of the transits, and indicated the r^ions of the globe in which

he considered the observations should be made. In 1870, be-

fore any steps whatever were taken in this country, he had ad-

vanced so far in his preparations as to have his observing hnts

all ready, and his instruments in process of construction. In

1869, the Prussian Government appointed a commission, con-

sisting of six or eight of its most eminent astronomers, to de-

vise a plan of operations, and report it to the Government

with an estimate of the expenses. About the same time die

Russian Government began making extensive preparations

for observing the transit from a great number of stations in

Siberia.

Active preparations for the observations in question were

commenced by the United States Government in 1871. An
account of the method of observation adopted by the Oom-
mission to whom tlie matter was intrusted may not be devoid

of interest The observations of the older transits having

failed in giving results of the accuracy now required, it be-

came necessary to improve upon the system tlien adopted.

In this system, the parallax depended entirely i>n observations

of contacts, the uncertainty of which we have already sliown.

fiesides this uncertainty, Halley't method was open to the ob-

jection that, unless both contacts were observed at each sta-

tion, the path of Venus could not be determined, and no re-

sult could be deduced. It was therefore proposed by De
Plsle early in the last century, that the observers should de-

termine llie longitudes of their stations, in order that, by
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means of it, they could find the actual intervalB hetween the

moments at which any given contact was seen at the different

stations. This method was an improvement on Halley's, in

that it diminished the chances of total failure. 8till, it de-

pended entirely upon making an accurate observation of the

moment of contact, and was liable to fail from any accident

which might interfere with such an observation— a passing

cioud, or a disarrangement of some of the instruments of ob-

servation. Besides, it was net yet certain whether the obsero

vations could be made with the necessary accuracy. It was,

therefore, desirable that, instead of depending on contacts

alone, some method should be adopted of finding the position

of Venus on the face of the sun as often as possible during

the four hours which she should occupy in passing. The
easiest and most effective way of doing this seemed to be to

take phot(^raphs of the sun with Venus on bis disk, which

photographs could be brought home, compared, and measured

at leisure.

This mode of astronomical measurement has been brought

to great perfection in this country by Mr. L. M. Bntherfi.'^

and others, and has been found to give results exceeding in

accuracy any yet attained by ordinary eye observations. The
advanti^gee of the phot<^raphic method are so obvious that

there could be no hesitation about employing it, and, so fax

as is known, it was applied by every European nation which

sent out parties of observation. But there is a great and
essential difference between the methods of phot(^raphing

adopted by the Americans and by most of the Europeans.

The Initer seem to have devoted all their attention to the

problem of securing a good sharp photograph, taking it for

granted that when this photograph was measured there would

be no further difiicnlty. But the measurement at home is

necessarily made in inches and fractions, while the distance

we must know is to be found in minutes and seconds of an-

gular measure. If we have a map by measurements on which

we desire to know the exact distance of two places, we must

first know the exact scale on which the map is laid down,

j iiiiiiii i<aiSiWliagiM:'rrTa>tt iii i ii
'
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with a degree of accuracy corresponding to that of our meas-

ures. Just so with our photographs taken at various parts of

the globe. We must know tlie scale on which the images ar«

photographed before we can derive any conclusions from our

measures. While the determination of this scale with suffi-

cient precision for ordinary purposes is quite easy, this is by

'

no means the case with a problem where so much accuracy

was required, so that here lay the greatest difficulty which the

photographic method offered.

In the mode of photographing adopted by the Americans
this difficulty was met by using a telescope of great length—^nearly forty feet So long a telescope would be too un-

wieldy to point at the sun ; it was therefore fixed in a hor-

izontal position, the rays of the sun being thiown into it by a
mirror. The scale of the picture was determined by actually

measuring the distance between the object-glass and the pho^

tograph-plate. Each station was suppUed with special appa-

ratus by which this measurement could be made within the

hundredth of an inch. Then, knowing the position of the op-

tical centJ« of the glass, it is easy to calculate exactly how
many inches any given angle will subtend on the photograph-

plate. The following brief description of the apparatus will

be readily understood by reference to the figures

:

The object-glass and the support for the mirror are mount-

ed on an iron pier extending four feet into the ground, and
firmly embedded in concrete. The mirror is in a frame at

the end of an inclined cast-iron axis, which is turned with a

very slow motion by a simple and ingenious piece of clock-

work. The inclination of tiie axis and the rate of motion, are

so adjusted that, notwithstanding the diumdi motion of the

sun— or, to li^ieak more accurately, of the earth—the sun's

rays will always be reflected m the same direction. This re-

sult is not attained with entire exactness, but it is so near that

it will only be necessary for an assistant to touch the screws

of the mirror at intervals of fifteen or twenty minutes during

the critical hours of the transit The reflector is simply a

piece of finely polished glass, without any silvering whatever.

iNiii
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It only reflects abont a twentieth of the inn's light ; bnt so in-

tense are his rays that a photograph can be taken in less than

the tenth of a second. The polishing of this nriirror was the

most delicate and difficalt operation in the constrnction of

the apparatus, as the slightest deviation from perfect flatness

would be fatal. For instance, if a t^trai^ht edge laid upon the

glass should touch at the edges, but be the hundred-thou-

sandth of an inch above it at the centre, the reflector would

lie useless. It might have seemed hopeless to seek for such a

degree of accuracy, had it not l)een for the confidence of the

Commission in the mechanical genius of Alvan Clark & Sons,

to whom the manufacture of the apparatus was intrusted.

The mirrors were tested by observing objects through a tele-

scope, first directly, and then by reflection from the mirror.

If tliey were seen with equally good definition in the two
cases, it would show that there were no irregularities in the

surface of the mirror; while if it were either concave or con-

vex, the focus of the telescope would seem shortened or

lengthened. The first test was sustained perfectly, while the

v.^i4.<:

Fta. Bl—afeOiad or photopapliliiK th« tndMK ofTtam mw« by tht Kmieh aad
awobwrwwb—Sty Loid Mildly.
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circles of convexity or concavity indicated by the changes of

focus of the photographic telescope were many miles in di-

ameter.

Immediately in front of the mirror is the object-glass. The
curves of the lenses of which it is formed are so arranged that

it is not perfectly achromatic for the visual rays, but gives the

best photographic image. Thirty -eight feet and a fraction

from the glass is the focus, where an image of the sun about

four and a quarter inches in diameter is formed. Here an-

other iron pier is firmly embedded in the ground for the sup-

port of the photographic plate -holder. This consist^ of a

brass frame seven inches square on the inside, revolving on a

vertical rod, which passes through the iron plate on top of the

pier. Into this frame is cemented a square of plate-glass, just

as a pane of glass is puttied in a window. The glass is divided

into small squares by very fine lines about one-five-hundi-edth

of an inch thick, which were etched by a process invented and

perfected by Mr. W. A. Rogers, of the Cambridge Observatory.

The sensitive plate goes into the other side of the frame, and

when in position for taking the photograph, there is a space

of about one-eighth of an inch between the ruled lines and

tlie plata The former are, therefore, photographed on every

picture of the sun which is taken, and serve to detect any

contraction of the collodion film on the glass plate.

The rod on which the plate-holder turns, and the frame it-

self, are perforated from top ^o bottom by a vertical opening

one-sixth of an inch in diameter. Through the centre of this

opening, passing between the ruled plate and the photograph

plate, hangs a plumb-line of very fine silver wire. In every -

picture of the sun this plnmb-Iine is also photographed, and

this marks a truly vertical line on the plate very near tlie mid:

die vertical etched line. A spirit-level is fixed to the top of

the frame, and serves to detect any changes in the inclination

of the ruled lines to the horizon.

One of the most essential features of the arrangement is

that the photc^^phic object-glass and plate-holder are on the

same level, and in the meridian of the transit instrument with

n
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which the time is determined. The central ruled line on the

plato-holder is thus used as a meridian mark for the transit

The great advantage of this arrangement is, that it permits

the angle which the line joining the centres of the sun and

Yenns makes with the roeridiau U> bo determined with the

greatest precision by means of the image of the plumb-line

which is photographed across the picture of the sun.*

Although the contact observations were not wholly relied

on, they were by no means neglected. On the contrary, the

greatest pains were taken to avoid the sources of error which

caused so much trouble in 1769. To learn what these errors

probably were, and to practise the observers in making their

observations so as to avoid them, au artificial planet was con-

structed to move over an artificial representation of a portion

of the solar disk by clock-work. The apparatus was mounted

on the top of a building about 8300 feet distant, in order to

give the effect of atmospheric undulations and softening of

the edges of the planet. The planet was represented by a

black disk one foot in diameter, which made its apparent mag^

nitude the same as that

of Venus in transit The
sun was represented by

a white screen behind

the artificial Yenns, the

portions of the edge of

the disk where Yeniis

entered and left being formed by the sloping edges of a black

triangle, as shown in the figure. There was no need of a rep-

resentation of the entire sun. The motion was so regulated

that the time occupied by the disk in passing from external to

* The method of photognphiog Um ran by s fixed horiaoDtal tdetoope with a

nieetor in fimnt oTit ia beUeved to have been flnt proponed bi France by Qqttain

Tiiimwdet It wm faidependentlj fanented by the kte Profcwor ^^nloek, who

pat it into nctoal operation at the Harvard CoUega Obeei'i atuiji hi 1M9, and, id

ftur at the author ia aware, waa the flrrt one to do ao. It waa employed not only

by the American obaerrera, bat by the French, and by Lord lindaay, M.P., of

Seothud. The huter gentlanan fitted ont a finely equipped ezpediUoa at his own

I to obaerre the tnmdt ofVeons at the Manritiaa.

fka.S&—ArtiSdal tnnalt of Yanna.
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internal contact, and the angle its motion made with the edges

of the triangle, were the same as they would be in tlie actual

transit as viewed from some point where it occurred near the

zenith. The disk was put at such a height that it was only

about three minutes from internal contact at ingress to inter-

nal contact at egress, instead of four hours.

At each American station the scientitio cordis consisted of

a chief of party, an 'iasistant astronomer, and three photog-

raphers. The instruments at all the stations were precisely

similar, and the operations and observations the same at all.

This system was adopted to secure two great advantages : first,

to run the least risk of ^tiro failure from bad weather; and,

second, to have all the observations strictly comparable. Much
pains and trouble wera devoted to these objects.

One of the most important features of the preparations,

which distinguishes them from the preparations to observe

the former transits, was the previous training of the observers.

All the members of the observing parties assembled at Wash-

ington to practise together before leaving to make the obser-

vations. They took all their mnltitudinous instruments and

apparatus out of their boxes, mounted them, and proceeded to

practise with them in the same way they were to be used at

the stations. Photographs of the sun were taken from day to

day in the same way as on the 8th of December, and each

chief of party was instructed in all the delicate operations

necessary to secnra the entire success of his operations.

To know where a party could be sent, it had first to be

known when and where the transit would be visible. We
give a small map of the world showing this at a glance.

Could we have seen the planet Yenus from ihe Eastern States

on the afternoon of December 8th, 1874, we should have seen

her approaching nearer and nearer the sun as the latter ap-

proached the horizon. In San Francisco, where sunset is three

hours later than here, she would have been so near the sun as

almost to seem to touch it About an hour later she actual-

ly reached the solar disk. The sun was then shining on the

whole Pacific Ocean, except that portion nearest the Ameri-

14
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Vm. M-llap of tba mrth, howtag the inm of Ttelbtlll^ of lb* tranilt of 1ST4.

can coast, and on Eastern Asia, Anstralia, and the Indian and

Antarctic oceans to the sonth pole. Venus was about four

and a half hours passing over the face of the sun, and during

this time the latter had set across the entire northern portion

of the Pacific Ocean, and had risen as far west as Moscow
and Vienna, from which cities the planet might have been

seen to leave the disk just as the sun rose.

The stations which the American parties finally occupied,

with the names of the ohiefa of party, are as follows

:

NomTRRBN HamiraiiiB.

WladiwMtok, Siberia ProfoMor Asapr Hall, U. S. N.

Peking, Cliine ProfeMor J. C. WAnoN.
NagMaki, Japan Prodweor Qaoaoa Datioioh, U. B. Coait Surref.

SoDTRaRK STATioaa.

Kergnelen Iiland Commander G. P. Rtar, U. 8. V.

Hobart-town, Tasmania. ProftMor W. HARKwase, U. 8. N.

Campbelltown, THtmanis* Capuin C. W. Ratmokd, Engineer Corpe, U. iSk A.
Queenilown, New Zealand... ..Profewor C. H. F. PaTaaa.

Chatham Iiland Edwir Smith, Em).,U. S. Coait Snrrey.

The southern parties were all carried to their respective stir

tions by the U. S. steamer StciOara, Oaptaiu Ralph Chandler,

U. 8. N., commanding.

* Captain Raymond's partj was designed for the Croiet Islands, bat the Swa-
tan failed to effect a landing there.
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The only thing which Berioosly interfered witli the observa-

tions was the weather. Some photographs were obtained at

livnry station, bat the fall uamber at none. Altogether, thera

were only abont liulf the expected nnmber obtained. No
contacts at all w§re observed at Uobart-town or Ohatham Isl-

and, but one or more were observed at each of the remaining

six stations. Peking was, however, the only one at which all

fonr were observed. Among the parties sent out by other

nations, the most fortnnate, as regards weather, were the Ger-

mans, who were sncoessfnl at all six of their stations. The
English, French, and Russians were, on the average, about at

successful as the Americans.

The work of reducing the observations of a transit of Venus

with all the precision required by modem astronomy is one

involving an immense mass of calculations, and much tedious

investigation. Before the final result can be attained, it is

necessary that all the observations made under the auspices of

the several governments which took part in the work sliall be

reduced and published, and, after this is done, that some one

shall combine them all, so as to obtain the most probable re-

sult Partial results, founded upon a portion of the observa-

tions, may, indeed, be deduced without waiting for all the

material; but the majority of the leading astronomers con"

oeive that these results will not have any scientific interest;

and at a meeting of the International Astronomical Society

(the Attronomitohe Oesellsohaji), held at Leyden, it was voted

that their publication should be discouraged as injurious to

science. This view has not, however, been universally ac-

cepted, and three values of the solar parallax from the obser-

vations of the transit of 1874 have already appeared, one from

the French, and two from the English observations.

The French observations here referred to were those made
at two stations, Peking and St. Paul's Island. They were cal-

culated by M. Puiseux, a member of the French Academy of

Sciences, in 1875, and led to 8".88 as the value of the solar

parallax.

The British observations of contacts were worked up, under

•••''Wtss^^iS^
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the direction of Sir George Airy, in 1877, and were found to

lead to the snrprieingly small result, 8".76. But Mr. E. J.

Stone took the very same observations, and, by treating and

interpreting them in a different way, obtained the result 8''.8S.

That two results so different could be obtained from the same

observations must cast doubt upon their value, and raise ques-

tions which can be decided only by the combination of all the

observations.

Transit of December Qth^ 1882.—The region of visibility

of this transit will be quite different from that of the last one,

as it will include the whole American continent, except those

portions lying in the Arctic zone wher% the sun will not rise

during the winter season. The beginning will also be visible

over a large part of Africa, and the end over most of the Pa-

cific Ocean. As almost every reader will be able to see either

the whole or some part of this transit, we present a roap show-

ing the region of visibility of the different phases.

Within the shaded region marked "whole transit invisi-

ble " the entire transit will take place with the sun below the

horizon. It will be noticed that this region includes the

whole continent of Asia, but scarcely any other land except

the western half of Australia and the islands of the East In-

dies. This region is bounded on the west by a line marked

"transit begins at sunset.^* Observers immediately west of

this line will see the transit begin a few minutes before the

sun sets ;> and the farther west they are the greater the time

during which they may see Venus on the sun's disk. It will

be seen that the Bntish Islands and the western hi^lf of Eu-

rope are in this region, the transit beginning at times vary-

ing from sunset to two hours before sunset. But in all this

region the sun will set before the transit is over.

Now, crossing the Atlantic towards the west, we come to the

line marked " transit ends at sunset" An observer immedi-

ately to the east of this line will see the sun setting just be-

fore Venus is passing off his limb, while immediately to the

west the planet will leave the limb before the sun sets, so that

he will see the whole transit The next line to the west is

mwi'MUm—Wi^ ,-u ii'iiiiniiiiiaP^*
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" tranait begins at aunrise." Observers east of this line, bnt

west of that last described, will see the whole transit. This

region includes the whole United States, except those portions

in the extreme north-west and on the Pacific coast Tracing

the two lines to the north, it will be seen that they cross eacli

other on the shore of Hudson's Bay, in 60° of north latitude.

At the point of crossing the transit begins at sunrise and ends

at snnset, so that Venns is on the sun's disk exactly the whole

day, and neither more nor less, the length of the day being

equal to the time of the transit

North of this point, and south of the Aretic circle, there

is a comparatively small triangular region within which the

transit will begin before sunrise and continue until after sun-

set Therefore Venus will be on the sun's limb during the

whole of the short day, though neither egress nor ingress

will be seen. It will be interesting to note the correspond-

ing region in the southern hemisphere, bounded by the Ant-

arctic circle and the lines **tranait enda rt mmriae" and ''tran-

ait begina at aunaet.** Within this region an observer would

see the transit jnst before sunset After a night of only a few

hours the snn would rise with Yenns still on his disk and

abont to leave it Thus ingress and egress would both be vis-

ible, but the intermediate phases would be wholly or partly

invisible.

Passing still farther west we have a region where only the

end of the transit is visible. Immediately west of tlie line

** tranait begins at aunriae" the snn will rise with Venus jnst

having entered on its disk ; all the rest of the transit will be

seen. The farther west we go the longer Venns will have

been on the sun before sunrise, until, when ^e reach the line

<' transit ends at sunrise,** Venus will be passing off. There-

fore, in the Sandwich Islands and over all the Southern Pa-

ciSc Ocean, the end of the transit, bat no other phase, is

visible.

Amateur observers within the United States may know
when to look for the appearance of Venus on the sun's limb

by noting that tlie first impression of the planet will occur
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over the whole United States near the same moment of ab-

Bolate time—namely, about five minutes before nine o'clock

on the morning of December 6th, Washington mean time. To
this time apply the longitude of the observer from Washing-

ton, and his local time will be given. Owing to the errors of

the tables of Venus we cannot predict within a minute the

time of beginning. It may occur at any moment between

three minutes and five minutes before nine, or even n fraction

of a minute outside these limits. The ending will occur from

three o'clock to two or three minutes past three, Washington

mean time. It will, however, occur fnjm three to four min-

utes later on the Pacific coast than in the Northern States.

The apparent diameter of Yenus will be a little more than

a minute of arc ; it will, therefore, be visible to the naked eye

through a smoked glass as an exceedingly small dot.

§ 4. Other Methods of determining the Sun's Distance, and their

BesuUs.

The methods of determining the astronomical unit which

we have described rest entirely upon mmwures of parallax, an

angle which hardly ever exceeds 20", and which it is there-

fore exceedingly difficult to measure with the necessary ac-

curacy. If there were no other way than this of determining

the sun's distance, we might despair of being sure of it with-

in 200,000 miles. But the refined investigations of modem
science have brought to light other methods, by at least two

of which we may hope, ultimately, to attain a greater degree

of accuracy than we can by measuring parallaxes. Of these

two, one depends on the gravitating force of the sun upon the

moon, and the other upon the velocity of light.

ParaUauAic JEquation of the Moon.—The motion of the moon
around the earth is laigely affected by die gravitating force

of the sun, or, to speak more exactly, by the difference of the

gravitating force of the sun upon the moon and upon the

earth. A part of this difference depends upon the proportion

between the respective distances of the moon and the sun, so

that when this force is known, the proportion can be deter-

-^*ii ntfiin-Ti ri iWft llMu l(HMiHHUL IJ»lll<» l
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mined. The distance of the moon being known with all nec-

essary precision, we have only to multiply it by the proportion

thns obtained to get the distance of the sun. The force in

question shows itself by producing a certain inequality in the

moon's motion, by which she falb two minutes behind her

mean place near the first quarter, and is two minutes ahead

near her last quarter. In determining this inequality, we have

to measure an angle about six times as great as the average

of the planetary parallaxes on which the sun's distance de-

pends ; so that, if we could measure both angles with the same

precision, the error, by using the moon, would be only one-

sixth as great as in direct measures of parallax. But it seems

as if nature had determined to allow mankind no royal road

to a knowledge of the sun's distance, it is the position of

the moon's centre which we require for the purpose in qnee

tion, and this can never be directly fixed. We have to make
our observations on the limb or edge of the moon, as illu-

minated by the sun, and must reduce our observations to the

moon's centre, before we can nse them. The worst of the

matter is, that one limb is observed at the first quarter, and

another at the third quarter, «o that we cannot tell with abso-

lute certainty how much of the observed ineqnality is real,

and how much is due to the change from one limb to the other.

So great is the uncertainty here that, previous to 1864, it was

supposed that the ineqnality in question was about 132",

agreeing with the theoretical ineqnality from Encke's errone-

ous value of the solar parallax. Hansen then found that it

was really about 4" greater, and thns was led to the conclusion

that the parallax of the sun must be increased, and his distance

diminished, by one-thirtieth of the whole amount
It is quite likely that by adopting improved modes of ob-

servation, it will be found that the sun2s distance can be more
accnrately measured in this way than through the parallaxes

of the planets. Some pains have already been taken to deter-

mine the exact amount of the inequality from observatidbt,

the result being 125".5. The entire seconds may here be re-

lied on, but the decimal is quite uncertain. We can only say

K
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that we are pretty gurely within three or four tenths of a sec-

ond of the truth. From this value the parallax of the sun is

found to be 8".8d, with an uncertainty of two or three hun-

dredths of a second.

SuvkS Distance from the Velocity of Light.—There is an ex-

traordinary beauty in this method of measuring the sun's di»-

tanoe, arising from the contrast between the simplicity of the

principle andthe profoundness of the methods by which alone

the principle can be applied. Suppose we had a messenger

whom we could send to and fro between the sun and the

earth, and who could tell, on his return, exactly how long it

took him to perform his journey; suppose, also, we knew the

exact rate of speed at which he travelled. Then, if we mul-

tiply his speed by the time it took him to go to the sun, we
shall at once have the sun's distance, just as we could deter-

mine the distance of two cities when we knew that a train

running thirty miles an hour required seven hours to pass be-

tween them. Such a messenger is light. It has been found

practicable to determine, experimentally, about how fast light

travels, and to find from astronomical phenomena how long

it takes to come from the sun to the earth. How these de-

terminations are made will be shown in the next chapter;

here we shall stop only to give results.

In 1862 Foncault found by experiment that light travelled

about 298.00C kilometres, or 185,200 miles per second.

In 1874 Gomu found by a different series of experiments

a velocity of 300,400 kilometres per second.

In 1879 Ensign A. A. Michelson, U. S. Navy, found the ve-

locity to be 299,940 kilometres per second.

This result of Michelson's is far more reliable than either

of the preceding ones. Combining them all. Professor D. P.

Todd, in 1880, condudied the most probable value of the ve-

locity to be 299,920 kilometres, or 186,860 miles per setiond.

Now, we know from the phenomena of aberration, here tfter

to be described, that light passes from the sun to the earth in

about 498 seconds. The product of these two numbers gives

the distance of 'Cc^ sun in milee. Making all necessary cor-

...
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METHODS OF DETEBMININO TEE SUN'S DISTANCE. ^01

reotions, and using Stmve's constant of aberration, the sun's

parallax was found by Mr. Todd to be 8".811.

These two methods of determining the distance of the sun

may fairly be regarded as equal in accuracy to that by tran-

sits of Yenus when they are employed in the best manner.

There are also two or three minor methods which, though

less accurate, are worthy of mention. One of the most in-

genious of these was first applied by Leverrier. It is known
from the theory of gravitation that the earth, in consequence

of the attraction of the moon, describes a small monthly orbit

around the common centre of gravity of these two bodies, cor-

responding to the monthly revolution of the moon around the

earth, or, to speak with more precision, around the same com-

mon centre of gravity. If we know the mass (or weight) of

the moon relatively to that of the earth, and her distance, we
can thus calculate the radius of the little orbit referred to.

In round numbers, it is 8000 miles. This monthly oscillation

of the earth will cause a corresponding oscillation in the lon-

gitude of the* sun, and by measuring its apparent amount we
can tell how far the snn must be placed to make this amount

correspond to, say 8000 miles. Leverrier found the oscilla-

tions in arc to be 6".50. From this he concluded, the solar

parallax to be 8".96. But Mr« Stone,* of Greenwich, found

two errors in Leverrier's computation,t and, when these are

corrected, the result is reduced to 8".86.

Another recondite method has been employed by Leverrier.

It is founded on the principle that when the relative masses

of the snn and earth are known, their distance can be found

by comparing the distance which a heavy body will hXL in

one second at the surface of the earth with the fall of tiie lat-

ter towards the sun in the same time. The mass of the earth

was found by its disturbing action on the planets Yenus and

Mars, as explained in the chapter on Gravitation. Leverrier

* Mr. E. J. Stone was thap. '^rat MiittMit at the Royal Obaerratorjr, Green-

wich, bnt has iieen Astronomer Boyal at the Cape of Good Hope since 1870.

f "Monthly Notices of the Boyal Astronomical Sodely," toL zxvii., p. 341,

and vd. xxviU., pp. 22, 28.
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conoladed tliat this method gave the value of the solar paral-

lax as 8".80. But one of his numbers requires a small correc-

tion, which reduces it to 8".88. Anotlier determination of the

mass of the earth relative to that of the sun has recently been

made by Von Asten, of Pnlkowa, from the action of the earth

upon Enoke's comet. The solar parallax thence resulting is

9".009, the largest recent value ; but the anomalies in the ap-

parent motions of this comet are such that, very little reliance

can be placed upon this result

Yet another method of determining the solar parallax has

been proposed and partially carried out by Dr. Oalle.* It

consists in measuring the parallax of some of the small plan-

ets between Mars and Jupiter at the times of their nearest

approach to the earth, by observations in the northern and

southern hemispheres, llie least distance of the nearest of

these bodies from us is little less than that of the sun, so that

in this respect they are far less favorable than Venus and

Mars. But they have the great advantage of being seen in

the telescope only as points of light, like stars, and, in conse-

quence, of having their position relative to the surrounding

stars determined with greater precision than can be obtained

in the case of disks like those of Venus and Mars. Observa-

tions of Flora were made in this way at a number of observa-

tories in both hemispheres during the opposition of 1874, from

which Dr. Galle has deduced 8".875 as the value of the solar

parallax.

.

Mo9t Probabie Value of the 8un*» Parallase.—It will be

seen that, although many of the preceding results are dis-

cordant, tiiose which are most reliable generally fall between

the limits 8".76 and 8".85. Taking them all into considera-

tion, there can be no reasonable doubt that the parallax lies

between the limits 8".79 and 8".83. We may therefore say

that the most probable value of the sun's parallax is 8'^81,

but this result is still subject to an uncertainty of two-hun-

* Dr. J. 6. 6«U«, now director of the obaenratory at BreiUn, Eaetem PnnsiK.

He wu formerly Mi>iit«nt at the Obierratory of Berlin, where he became cele-

brated aa the qrtical diacoverer of the planet Neptune.
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dredths of a second, or we ght say an nncertainty of -g^

of its whole amount. Translated into distanue, we may place

the distanue of the snn between the limits 92,600,000 and

98,000,000 of miles. We may, therefore, call the distance of

the snn 92f millions of miles, with the uncertainty, perhaps,

of nearly one quarter of a million. Within the next ten years

we may hope to see the resnlt fixed with greater certainty, but

this is as near as we can approach it in the present state of

astronomy.

In many recent works the distance in question will be found

stated at 91,000,000 and some fraction. This arises from the

circumstance that into several of the first determinations by

the new methods small errors and imperfections crept, which,

by a singular coincidence, all tended to make the parallax too

groat, and therefore the distance too small. For instance,

Hansen's original computions from the motion of the moon,

led him to a parallax of 8^'.96. This resnlt has been proved

to be too laige from various canses.

The observations of Mars, in 1862, as reduced by Winnecke
and Btone, first led to a parallax of 8".92 to 8".94. But in

these investigations only a -small portion of the observations

was used. When the great mass remaining was joined with

them, the result was 8".86.

The early determinations of the time required for light to

come from the snn were founded on the extremely uncertain

observations of eclipses of Jupiter's satellites, and were five to

six seconds too small. The time, 493 seconds, being used in

some computations instead of 498 seconds, the distance of the

sun from the velocity of light was made too small.

In both of Leverrier's methods some small errors of computa-

tion have been found, the effect of all of which is to make his

parallax too great Gorrecting these, and making no change in

any of his data, the results are respectively 8".86 «nd 8".88.

§ 5. SteOar Parallax.

It is probable that no one thing tended more strongly to

impress the minds of thoughtful men in former times with
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die belief that the earth was immovable than did the abaenoe

of stellar parallax. We may call to mind that the annual par<

allax of the fixed stars arises from the change in their direo-

tion prodticed by the motion of the earth from one side of

its orbit to the other. One of the earliest forms in which we
may suppose this parallax to have been looked for is shown

in Fig. 68. Suppose il£ to be the earth's orbit with the sun,

R A r

rr I. B&—Bflket of •tellar |Nmll«z.
-r

S, near its centre, aod HT two stars so situated as to be direct-

ly opposite each othor when the earth is at A ; that is, when
the direction of each btar is 90** distant from that of the sun.

Then it is dear that, after six months, when the earth is at B^

the sti^rs wiU no longer be opposite each other, the point 27,

which is opposite Rj making the angle TBU^ with the direo-

tion of T. The stars will all be displaced in the same direc-

tion r L'*t the sun is in from the earth. When it was found

that tlie most careful observations showed no such displace-

ment, the conclusion that the earth did not move seemed in-

evitable. We have seen how Tycho was led in this way to

reject the doctrine of the earth's motion, and fiivor a system

in which the sun moved around it In this Tycho was fol-

lowed by the ecclesiastical astronomers who lived daring the

seventeenth century, and who, finding no parallax whatever to

any of the stars, were led to reject the Gopemican system.

The telescope furnishing so powerful an auxiliary in meas-

ming small angles, it was natural that the defenders of the

Copemican system should be anxious to employ it in detect-

ing the annual parallax of the stars. But the earlier observ-

ers had very imperfect notions of the mechanical appliances

necessary to do diis with success, and, in consequence, the in-

vention of the telescope did not result in any immediate im-

liikm,"-



abieooe

iu»l pur-

direo-

|e Bide of

rhioh we
shown

the uaUf

r

be direct-

it is, when
)f the Bun.

th iB at B,

e point U,

the direo-

ftme direo-

waB found

1 displaoe-

leemed in-

liiB way to

r a syBtem

o was fol-

Inring the

whatever to

ystem.

Y in meas-

lers of the

in detect-

ier obflerv-

applianofls

ice, the in-

ediate im-

STELLAR PARALLAX Wm

provement in the methods of celestial mea8ur«)» <iit. A i^
was taken in 1669 by Hooke, of England, who whd «moii^ Mm
first to see how the telescope was to be applied in the lueae-

urement of the apparent distances of the stars from the ze-

nith. He fixed a telescope thirtynsix feet long in his honse, in

a vertical position, the object-glass being in an opening in the

roof, while the eye-piece was in one of the lower rooniB. A
fine plnmb-Iine hung down from the objeot-glase to a point

below the eye -piece, which gave a truly vertical line from

which to measure. The star selected for obBervation was y
Draeonis, because it was comparatively bright, and paiBed over

the zenith of London. His mode of observation was to meas-

ure the distance of the image of the star from the plumb-line

from day to day at the moment of its paasing the meridian.

He had made but four obtervations when his object-glass was

accidentally broken, and the attempt ended wiUiont leading

to any result whatever.

Between 1701 and 1704, Boemer, then of Oopenhagon, at-

tempted to determine the sum of the double parallaxes of

Sirins and a LyroB by the principle shown in Fig. 58. These

stars lie somewhere near the opposite qnarten of the celestial

sphere, and the angle between them will vary from spring to

autumn by nearly double the sum of their parallaxes. The
angle was measured by the transit instrument and the astro-

nomical clock, by noting the time which elapsed between the

transit of Sirius over the meridian, and that of a Lyrse. This

time was found to be, on the average,

Hn. Ma. iM.

In Febmmrjr, Mareh, and April 11 M B9.7

In Soptambflr and October 11 54 M.4

Diflbrance 4.8

Here wm a difference of four seconds of time, or a minute of

angle, which was then very naturally attributed to the motion

of the earth, and which was afterwards printed in a disserta-

tion entitled " Copernicus Trinmphans." It is now known that

there is no such parallax as this to either of these stars, and

AUf»MifM'^t^.^.m!^'«i*ii**^^^
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Petera* Iim nhown that the difference which wm Attributed

to pftmllax by the entbuBiattiu Danish astronomen really arotie,

in great part, from the diurnal irregularity in the rate of their

dock, caused by the action of the diurnal change of tempt -a-

ture upon the uncompensated pendulnms. In the spring the

interval of time measured elapsed during tlic night, Birius

passing the meridian in the evening, and a Lyraa in the morn-

ing. The cold of night made the clocks go too fast, and so

the measured interval came oat too ^^at. In the autnmn
Sirius passed in tlie morning, and a Lym in the evening ; the

clock was going too slow on aooonnt of the heat of the day,

and the interval came out too small.

Among the numerous other vain efforts made by the astron-

omers of the last century to detect the stellar parallax, that of

Bradley is worthy of note, owing to the remarkable discovery

of the aberration of light to which it led. The principle of

his instrument was the same as that of Hooke, the zenith dis-

tance of the star 7 Draoonis at the moment of its passing the

meridian being determined by the inclination of a telescope to

a fine plumb-line. The instrument thus used, which has be-

come so celebrated in the history of astronomy, has since been

known as Bradley's zenith sector. In aconraoy it was a long

step in advance of any which preceded it, so that by its means
Bradley was able to annoanoe with certainty that the star in

question had no parallax approaching a single second. Bnt
be fonnd another annual oscillation of a very remarkable

character, arising from the progressive motion of light, which

will be described in the next chapter. It has frequently hap-

pened in the history of science tliat an investigation of some
cause has led to discoveries in a different direction of an en-

tirely unexpected character.

It would be tedious to describe in detail all the efforts

made by astronomers, during the last century and the early

part of the present one, to detect the stellar parallax. It will

* C. A. F. Peters, then of the Palkows Obtemitory, and now editor of the A$-

tnmmuekt Naekriekttn,
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be snffloient to say, in a general way, that they depended on

absolute measures; that is, the astronomer endeavored, gen-

erally by a divided circle, to determine from day to day the

zenith distance at which the star passed the meridian. The
position of tlie zenith was determined in various ways—some-

times by a fine plumb-line, sometimes by the level of quick-

silver. What is required is the angle between the plumb-line

and the line of sight from the observer to the star. The same
result can be obtained by observing the angle between a ray

coming directly from a star and the ray which, coming from

the star, strikes the surface of a basin of quicksilver, and is re-

flected upwards. Whatever method is used, a large angle has

to be measured, an operation which is always affected by un-

certainty, owing to the influences of varying temperatures and

many other causes upon the instrument. The general result

of all the efforts made in this way was that while several of

the brighter stars seemed -to some astronomers to have paral-

laxes, sometimes amounting to two or three seconds, though

generally not much exceeding a second, yet there waa no such

agreement between the various results as was necessary to in-

spire confldence. As a matter of fact, we now know that

these results were entirely illusory, being due, not to parallax,

but to the unavoidable errors of the instruments used.

Stmve was the first one to prove conclusively that the par-

allaxes even of the brighter stars were so small as to abso-

lutely elude every mode of measurement before adopted. In

principle his method was that employed by Roemer, the sum
of the parallaxes of stars twelve hours distant in right ascen-

sion being determined by the annual change in the intervals

between their times of transit over the iperidian. But he

made the great improvement of selecting stars which could

be observed as they passed the meridian below the pole, as

well as above it, so that a short time before or after observing

the transit of a star he could turn his transit instrument be-

low the pole, and observe the transit of the opposite stai^from

west to east Thus he was not under the necessity of depend-

ing on the rate of his clock for more than an hour or two,

16
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while Boemer had to depend on it for twelve hours. The re>

salt of Strave was that the average parallax of the twenty-

five brightest stars within 45° of the pole could not mucH, if

at all, exceed a single tenth of a second.

Such was the general state of things up to tiie year 1885.

It was then decided by Struve and Beseel, in lieu of attempt-

ing to determine zenith distances, to adopt the method of

relative parallaxes. The idea of this method really dates al-

most from the invention of the telescope. It was considered

by Galileo and Huyghens that where a bright and a faint

star were seen side by side in the field of view of a telescope,

the latter was probably vastly more distant than the former,

and that consequently they would change their relative po-

sition as the earth moved from one side of the sun to the oth-

If, for instance, one star was three times the distance ofer.

the other, its apparent motion produced by parallax would be

only a third that of the other, and there would remain a rel-

ative parallax equal to two-thirds that of the brighter star,

which could be detected by measuring the angular distance

of the two stars as seen in the telescope from day to day

throughout the year. The drawback to which this met|iod is

subject is the impossibility of determining how many times

fardier the one star is than the other; in fact, it may be that

the smaller star is really no &rther than the large one. No
doubt it was this consideration which deterred the astrono-

mers of die last century from trying this very simple method.

The astronomers of the last generation found cases in

whioh there could be little doubt that a star was much near-

er to us than the small stars which surrounded it in the field

of the telescope. For instance, the star 61 Cygni, or rather

the pair of stars thns designated, are found not to occupy a

fixed position in the celestial sphere, like the snrrounding

small stars, but to be moving forward in a straight line at the

rate of six seconds per year. This amount of proper motion

was so unusual as to make it probable that the star must be

one of the nearest to us, altlioagfa it was only of the sixth mag^

nitude. It was therefore selected by Bessel for the inveati-
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gation of its parallax relative to two other stars in its neigh-

borhood. The instrnment used was the heliometer, an in-

Btrnment whiSh, as now made, admits of great precision, bnt

which was then liable to small uncertainties from varions

causes. His early attempts to detect a parallax failed as

completely as had those of former observers. He recom-

menced them in August, 1837, his first series of measures be-

ing continued until October, 1838. The result of this series

was the detection of a parallax of about three-tenths of a sec-

ond (0''.31d6). He then took down his iubtrument, made some
improvements in it, and commenced a second series, which he

continued until July, 1839 ; and his assistant, Schliiter, until

March, 1840. The final value of the parallax deduced by

Bessel from all these observations was 0".35. The reality of

this parallax has been well established by subsequent investi-

gators, only it has been found to be a little larger. From a

combination of all the results, Auwers, of Berlin, finds die

most probable parallax to be 0".51.

The star selected by Struve for the measure of relative par-

allax was the bright one a Lyre. This has not only a sensible

proper motion, bnt is of the first magnitude ; so that there is

every reason to believe it to be among those which are nearest

to US. The comparison was made with a single very small

star in the neighborhood, the instrument used being the nine-

inch telescope of the Dorpat Observatory. The observations

extended from November, 1885, to August, 1838. The result

was a relative parallax of a quarter of a second. Subsequent

investigations have reduced this parallax to two-tenths of a
second, so that although a Lyrse is nearly a hundred times as

bright as either of the pair of stars 61 Oy^i, it is more than

twice as far from us.

The star a Centauri in the southern hemisphere was long

supposed to have a parallax of nearly one second, and there-

fore to be the nearest of all the fixed stars. Its parallax was

first discovered by Henderson, the English Astronomer Boyal

at the Cape of Good Hope, about the same time that Struve

and Bessel were making their first measures of parallax. In

^ M. : Imtwmmmmmmm HRmpp**
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former editions of this work the meHii of the measures of

parallax M'as stated at 0".93, corresponding to the distance

of 221,000 astronomical nnits.* This long accepted rasnlt has

recently been brought into great donbt by the researches of

Dr.William L. Elkin. He finds that corresponding observations

on other stars, made by the instrument with which the paral-

lax of a Centauri was found, gave parallaxes for those stars

which it is highly improbable that they are affected with. A
periodic error in the results of the instrument is thus suspect-

ed. Allowing for this error, the parallax of a Centauri will be

about 0".50, and therefore about the same as that of 61 Oygni.

A third star, having about the same parallax as these two,

has been discovered in Ursa Major. Professor Winneckef has

found its parallax to be 0".501.

The most elaborate measures of stellar parallax made in

recent times are those by Dr. Briinnow, formerly director of

the observatory at Ann Arbor, Michigan. On his appointment

to the post of Astronomer Boyal for Ireland, Dr. Briinnow

employed the equatorial telescope of the Dunsink Observa-

tory in such determinations with great success. The results

of his measures, with those of other astronomers, are given in

the Appendix to the present work.

The recent researches of various observers have resulted in

showing that there are about a dozen stars visible in our lati-

tudes of which the parallax ranges from a tenth to half a sec-

ond. Pait of these are small stars, supposed to be near ns

from their laige proper motion, while others are stars of the

far brighter classes. It is, however, remarkable that, among
the thiiteen stars of the first magnitude visible in onr latitudes,

less than half have been found to have any measurable paral-

lax, even when the greatest refinements have been applied in

the observations. For the most part, the stars with a decided

parallax are not of a (tonspicnous magnitude. The general re-

* Ths anronomical unit U the dbtance of the aarth from the ran, abont 92^
millions of milei.

t Dr. A. Winneclce, formerly aMialant at the Pulliowa Obter^-atorjr, niid now
director of the observatory at Stm»biirg.

.VlS4«^W«^"l*S)«B!i!IIM!aiM)S^5J^a*l^^
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suit of measures of stellar parallax is, therefore, about as fol-

lows : the three stars, a Gentauri, 61 Cygni, and Winnecke's

star in Ursa Major have each a parallax so near to one-half a

second that it is impossible to say which is the nearest to our

system. About ten other stars have parallaxes ranging from

one to three tenths of a second. But these nearer stars are

not by any means of the first magnitude. We can, therofore,

make little more than a guess at the avei-age parallax of the

brighter stars, which is generally estimated at one-tenth of a

second. This gives a distance of more than two million radii

of tite earth's orbit.

In these measurements of the annual parallax of the fixed

stars, it sometimes happens that the astronomer finds his ob-

servations to give a negative parallax. To understand what

this means, we remark that a determination of the distance of

a star is made by determining its directions, as seen from o}v

posite points of the earth's orbit If we draw a line from

each of these points, in the observed direction of the star, the

point in which the lines meet marks the position of the star.

A negative parallax shows that the two lines, instead of con-

verging to a point, actually diverge, so that there is no possible

position of the star to correspond to the observations. Such a

paradoxical result can arise only from errors of observations.

.kyaiaiaa.
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CHAPTER 17.

THE MOnON OF UOHT.

Iktoiatelt connected with celestial meaBnreinents are the

onrions phenomena gromng out of the prograasive move-

ment of light. It is now known that when we f'^ok at a star

we do not see the star that now is, but the star that was sev-

eral years ago. Though the star should suddenly be blotted

out of existence, we should still see it shining for a number
of years before it would vanish from our sight We should

see an event that was long past, perhaps one that was past

before we were bom. This non-coincidence of the time of

perception with that of occurrence is owing to the fact that

light requires time to travel. We can see an object only by

light which emanates from it and reaches our eye, and thus

our sight is behind time by the interval required for the light

to travel over the space which separates us from the object

It was by observations of the satellites of Jupiter that it

was first found that celestial phenomena were thus se^n be-

hind time. These bodies revolve round Jupiter much more

rapidly than our moon does around the earth, the inner satel-

lite making a complete revolution in eighteen hours; Owing
to the great magnitude of Jupiter and his shadow, this satel-

lite, as also the two next outside of it, are eclipsed at every rev-

olution. The accuracy with which the times of disappearance

in the shadow could be observed, and the consequent value of

such observations for the determination of longitudes, led the

astronomers of the seventeenth century to make tables of the

times of occurrence of these eclipses. In attempting to im-

prove the tables of his predecessors, it was found by Boemer
(then of Paris, though a Dane by birth) that the times of the
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eclipses could not be represented by an equable motion of

the satellites. He could easily represent the times of the

eclipses when Jupiter was in opposition to the sun, and there-

fore the earth nearest to Jupiter. But then, as the earth re-

ceded from Jupiter in its annual course round the sun, the

eclipses were constantly seen later, until, when it was at its

greatest distance from Jupiter, the times appeared to be 22

minutes late. Such an inequality, Boemer concluded, could

not be real ; he therefore attributed it to the fact that it must

take time for light to come from Jupiter to the earth, and

that this time is greater tlie more distant the earth is from

the planet He therefore concluded that it took light 22

minutes to cross the orbit of the earth, and, consequently, 11

minutes to come from the sun to the earth.

Tlie next great step in the theory of the progressive motion

of light was made by the celebrated Bradley, afterwards As-

tronomer Boyal of England, to whose observations at Kew on

the star y Draconis with his zenith sector, in order to deter-

mine the parallax of the star, allusion has already been made.

The effect of parallax would have beeu to- make the declina-

tion greatest in June and least in December ; while in March
and September the star would occupy an intermediate or

mean position. But the actual result of the measures was

entirely different, and exhibited phenomena which Bradley

oould not at first account for. The declinations of June and
December were the same, showing no ef^t of parallax. But,

instead of remaining the same the rest of the year, the decli-

nation was some forty seconds greater in September than in.

March, when the effect of parallax should be tiie same. Thus,

the star had a regular annual oscillation ; but instead of its

apparent motion in this little orbit being opposite to that of

the earth in its annual orbit, as required by tF? laws of rela-

tive motion, it was constantly at right angles .. it

After long consideration, Bradley saw the cause of the

phenomenon in the progressive motion of light combined

with the motion of the earth in its orbit In Fig. 60 let 8
be a star, and OT a telescope pointed at it Then, if the

iy!U^,..:.f^'^,-m'^i-mi:s^'«'^.ipmm%,ikir'. .^ fj'^^iS'^ ss^g
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telesoope is not in motion, the ray SOT emanating from the

star, and entering the centre of the object-glass,

will pass down near the right-hand edge of the eye-

piece, and the star will appear in the right of the

field of view. Bnt, instead of being at rest, all our

telescopes are carried along with the earth in its

orbit round the sun at the rate, of nearly nineteen

miles a second. Suppose this motion to be in the

direction of the arrow ; then, while the ray is pass-

ing down the telescope the latter moves a short dis-

tance, BO that the ray no longer strikes the right-

hand edge of the eye-piece, bnt some point farther

to the left, as if the star viexH in the direction ^y
and the ray followed the course of the dotted line.

In order to see the star centrally, the eye end of the

telescope must be dropped a little behind, so that,

y,^ gi,_ instead of pointing in the direction 8, it will really

Abtmtion be pointing in the direction S', shown by the dotted

ray. This will then represent the apparent direc-

tion of the star, which will seem displaced in the direction in

which the earth is moving.

The phenomenon is qnit^ similar to that presented by the

apparent direction of the wind on board a steamship in mo-

tion. If the wind is really at right angles to the course of the

ship, it will appear more nearly ahead to those on board ; and
if two ships are passing each other, they will appear to have

the wind in different directions. Indeed, it is said to have

been through noticing this very result of motion on board a

boat on the Thames, that the cause of the phenomenon he

had observed was suggested to Bradley.

The diuplacement of the stars which we have explained is

called the Aberration tf Light. Its amount depends on the ra-

tio of the velocity of the earth in its orbit to the velocity of

light It can be determined by observing the declination of

a star at the proper seasons during a number of years, by

which the annual displacement will be shown. The value

now most genei'ally received is that determined by Struve at
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the Pnlkowa Obeervatoiy, and ii 20".445. Thongh this is the

moBt reliable value yet found, the two last figures are both

uncertain. We can say little more than that the constant

probably liies between 20"A3 and 20".48, and that, if outside

these limits at all, it is certainly very little outside.

This amount; of aberration of each star shows that light

travels 10,089 times as fast as the earth in its orbit From
this we can determine the time light takes to travel from the

sun to the earth entirely independent of the satellites of Ju-

piter. The earth mak ?8 tlio circuit of its orbit in 365^ days.

Then light would make this same circuit in tt%tt of a day,

which we find to be 52 minutes 8^ seconds. The diameter

of the earth's orbit is found by dividing its circumference by

3.1416, and the mean distance of the snn is half this diameter.

We thus find from the above amount of aberration that light

passes from the sun to the earth in 8 minutes 18 seconds.

The question now arises. Does the same result follow from

the observations of the satellites of Jupiter ? If it does, we
have a striking confirmation of the astronomical theory of the

propagation of light If it does not, we have a discrepancy,

the cause of which must be iiivestigated. We have said that

the first investigator of the subject found the time required

to be 11 minutes. This determination was, however, uncertain

by several minutes, owing to the very imperfect character

of the early observations on which Roemer had to depend.

Early in the present century, Delambre made, a complete in-

vestigation from all the eclipses of the satellites which had

been observed between 1662 and 1802, mora than a thousand

in number. His result was 8 minutes 18.2 seconds.

There is a discrepancy of five seconds between this result

of Delambre, obtained some seventy years f^, and the mod-

em determinations of the aberrations of the fixed stars made
by Struve and others. What is its cause t Probably only the

errors of the observations used by Delambre. In this case,

there would be no real difference. But some physicist^ and

astronomers have endeavored to show that there is a real

cause for such a difference, which they hold to indicate au er-

i ,

MR
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ror in the value of the aberration derived from observation

arising in this way. It is known from experiment that light

passes through glass or any other refracting medinm more
slowly than through a void. In observations with a telescope

the light has to pass through the objective, and the time lost

in doing so will make the aberration appear laiger than it

really is, and the velocity of light will appear too small. Bnt

the commonly received theory (that of Fresnel) is that this

l(iss of time is compensated by the objective partially drawing

the ray with it Desirous of setting the qaestion at rest. Pro-

fessor Airy, a few years ago, constructed a telescope, which

he filled with water, with which he observed the constant of

aberration. The aberration was fonnd to be the same as with

ordinary telescopes, thus proving the theory of Fresnel to be

correct, becanse on the other theory the aberration onght to

have been much increased by the water.

Henoe this explanation of the difference of the two results

fails, and renders it more probable that there is some error in

Delambre's result A reinvestigation of all the observations

of Jupiter's satellites is very desirable ; bat so vast is the labor

that no one since Delambre has undertaken it Mr. Glasenapp,

a young Bussian astronomer, has, however, recently investi-

gated all tlie observations of Jupiter's first satellite made dar-

ing the years 1848-1878, and found from these that the time

required for light to pass from the sun to the earth is 8 min-

utes 20 seconds. Instead of being smaller than Struve's re-

sult, this is two seconds laiger, and seven seconds larger than

that of Delambre. It is therefore concluded that the differ-

ence between the results of the two methods arises entirely

from the errors of the observations used by Delambre, and
that Struve's time (498 seconds) is not a second in error.

£ach of the two methods we have described gives us the

time required for light to pass from the sun to the earth ; but

neither of them gives us any direct information respecting the

velocity of light Before we can determine the latter from

the former, we must know what the distance of the sun is.

Dividing this distance in miles by 498, we shall have the dis-

mim
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tanoe which light travels in a second. Conversely, if we can

find experimentally how far light travels in a second, then by

multiplying this distance by 498 we shall have the distance of

the sun. But we need only reflect that the velocity of light

is about 180,000 miles per second to see tliat the problem of

deterndning it experimentally is a most difficult one. It is

seldom? that objects on the surface of the earth are distinctly

seen at a greater distance than forty or fifty miles, and over

such a distance light travels in the forty-thousandth part of a

second. Ab might be expected, the earlier attempts to fix the

time occupied \)y light in passing over distances so short as

those on the surface of the earth were entire failures. The
first of these is due to Galileo ; and his method is worth men-

tioning, to show the principle on which such .a determination

can be made. He stationed two observers a mile or two apart

by night, each having a lantern which he could cover in a

moment The one observer, A, was to cover his lantern, and

the distant one, B, as soon as he saw the light disappear, cov-

ered his also. In order that A might see the disappearance

of B's lantern, it was necessary that the light should travel

from A to B, and back again. For instance, if it took one

second to travel between the two stations, B would continue

to see A's light an entire second after it was refdly extinguish-

ed ; and if he then covered his lantern instantly, A would

stiU see it during another second, making two seconds in all

after he had extinguished his own, besides the time B might

have required to completely perform the movement of cover-

ing his.

Of course, by this rough method Galileo found no inter-

al whatever. An occurrence which only required the hun-

dredth part of the thousandth of a second was necessarily in-

stantaneous. But we can readily elaborate his idea into the

more refined methods used in recent times. Its essential feat-

ure is that which must always be employed in making the de-

termination ; that is, it is necessary that the light shall be sent

from one station to another, and then returned to the first

one, where the double interval is timed. There is no possi-

7i^S~5I^
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bility of comparing the time* at two distant ttationa with the

iieoeflsary pi-eoision. The first improvement we should make
on Galileo's method would be to set up a mirror at the dis-

tant station, and dispense with the second lantern, the ob-

server A seeing his own lantern by reflection in the mirror.

Then, if he screened his lantern, he would continue to see it

by reflection in the mirror during the time the light required

to go and come. But this also would be a total failure, be-

cause the reflection would seem to vanish instantly. Our next

effort would be to try if we could not send out a flash of

light from our lantern, and screen it off before it got back

again. An attempt to screen off a single flash would also be

a failure. We should then try sending a rapid succession of

flashes through ppenings in a moving screen, and see wheth-

er they could be out off by the sides of the openings before

their return. This would be

effected by the contrivance

shown in Fig. 60. We have

here a wheel with spokes ex-

£\^0^W ^%.9^ ^^^^^ tending from its • ircnmfei^

ence, the distance between

them being equal to their

breadth. This wheel is placed

in front of the lantern, L, so

that die light from the latter

fm.m -itovoiTing whMi, ftir mewaring the has to pass between the spokes
velocltr of Usht ^1 tjjg ^jjggi .„ Q^^g^ jQ j^^jj

the distant mirror. In the figure the reader is supposed to be

between the wheel and the reflecting mirror, facing the for-

mer, so that he sees the light of the lauteni, and also the eye

of the observer, between the spokes. The latter, looking be-

tween the spokes, will see the light of the lantern reflected

from the mirror. Now, suppose he turns the wheel, still keep-

ing his eye at the same point. Then, each spoke cutting off^he

light of the lantern as it passes, there will be a succession of

flashes of light which will pass through between the spokes,

travel to the mirror, and thenoe be reflected back again to the
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wheel 1 Evidently they will, if they retuni so quickly that a

tooth has not had time to intervene. But suppose the wheel to

turn so rapidly that a tooth just intervenes as the flash gets

back to it. Then the observer will see no light in the mirror,

iMcauM each successive flash is caught by the following tooth

just befora it reaches the observer's eye. Suppose, next, that

he doubles the speed of his wheel. Then, while the flash is

travelling to the mirror and back, the tooth will have passed

clear across and out of the way of the flash, so that the latter

will now reach the observer's eye through the opening next

following that which it passed throngh to leave the lantern.

Thus, the observer will see a sucoession of flashes so rapid

that they will seem entirely continuous to the eye. If the

speed of the wheel be again increased, the return flash will be

caught on the second tooth, and the observer will see no light,

while a still further increase of velocity will enable him to

see the flashes as they return throngh the second interval be-

tween the spokes, and so on.

In principle, this is Fizean's method of measuring the ve-

locity of light ' In place of spokes, he has exceedingly flne

teeth in a lai^ wheel. He does not look between the teeth

with the naked eye, but employs a telescope so arranged that

the teeth pass exactly throngh its focus. An arrangement is

made by which the light passes through the same focus with-

out reaching the observei-'s eye except by reflection from the

distant mirror. The latter is placed in the focus of a second

telescope, so that it can be easily adjusted to send the rays

back in the exact direction from which they come. To And

the time it takes the light to travel, it is necessary to know the

exact velocity of the wheel which will cut off the return light

entirely, and thence the number 6l teeth which pass in a sec-

ond. Suppose, for instance, that the wheel had a thousand

tedth, and the reflector was nine miles away, so that the light

had to travel eighteen miles to get back to the focus of the

telescope. Then it would be fonnd that with a velocity of

abont five turns of the wheel per second, the light would be
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flnt ont off. InoreMing the velocity, it wonid reappev and

would grow brighter antil the velocity reached ten tnms per

se<;ond. It would then begin to fade away, and at fifteen

tuma per second would be again occulted, and so on. With
the latter velocity, fifteen thousand teeth and fifteen thousand

intervab would pass in a second, while two teeth and one in*

terval passed during the time the light was perfonrlng its

journey. The latter would, therefore, be performed in the

ten-thousandth part of a second, showing the actual velocity

to be 180,000 miles per second. The most recent determina*

tiou made in this way is by M. Oomu, of Paris, who has made
some improvements in the mode of applying it. His results

will be described presently.

Ingenious and beautiful as this method is, I do not think it

can be so accurate as another employed by Foucault, in which

it is not a toothed wheel which revolves, but a Wheatstone

mirror. To explain the details of the apparatus actually used

would be tedious,

but the principle on

which the method

rests can be seen

quite readily. Sup-

pose il£. Fig. 61, to

\\je represent a flat mir-

ror, seen edgewise,

revolving round an

axis at JT, and C a

Via. n.—miMtratiDg vtoncantti nathod of aMwuiDg tb« fixed conoave mir*
T.locUjr of light

poj^ go pl3gg^ ^^
the centre of its concavity shall fall on X. Let be a Inmi-

nous point, from which emanates a single ray of light, OX.
This ray, meeting the mirror at X, is reflected to the concave

mirror, (7, which it meets at a right angle, and is therefore re>

fleeted directly back on the line from which it came, first to

Xy and then through the point 0, from which it emanated, so

that an eye stationed atE will see it returning exactly through

the point 0. No matter how the observer may turn the mir-

/
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K>r ABy he cannot make the reflected ray deviate from this

line : he can only make it strilce a different point of tlie mir*

ror C. If he turns AB %o that after the ray is reflected from

it, it does not strike C at all, then he will see no return ray.

If the ray is reflected back at all, it will pass through 0. This

result is founded on the supposition that the mirror AB re*

mains in the same position during the time the ray occupies

in passing from X to C and back. But suppose the mirror

ii if to be revolving so rapidly that when the ray gets back

to Xf the mirror has moved to the position of the dotted line

A'S. Then it will no longer be reflected ba<sk through (7,

but will be sent in the direction ^, the angle EXE' being

double that through which the mirror has moved during the

time the ray was on its passi»ge. Knowing the velocity of

the mirror, and the angle EXE^ this time is easily fonnd.

Evidently the observer cannot see a continuous light at E^
because a reflection can be sent back only when the revolving

mirror is in such a poeition as to send the ray to some point

of the concave mirror, C! What will really be seen, therefore,

1 14 a succession of flashes, each flash appearing as the revolving

mirror is passing through the position AB. But when the

mirror revolves rapidly, these flashes will seem to the eye to

form a continnons light, which, however, will be fainter than

if the mirror were at rest, in the proportion which the arc of

the concave mirror, C, bears to an entire circle. Beyond the

enfeeblement of the light, this want of continuity is not pro-

ductive of any inconvenience. It was thus found by Foa-

canlt that the velocity of light was 185,000 miles per second,*

result which is probably within a thousand miles of the truth.

The preceding explanation shows the principle of the meth-

od, bnt not the details necessary in applying it. It is not

practicable to isolate a single ray of light in the manner sup-

posed in the figure, and therefore, without other apparatus,

the light from would be spread all over the space around E
and 1?. The desired result is obtained by placing a lens be-

tween the luminous point and the revolving mirror in such

a position that all the light falling from upon the lens shall.
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after reflection, be brought to a focas upon the Bnrface of the

concave mirror, C. Then when the mirror AB\» made to re-

volve rapidly, the return rays passing back through the lens

on their return journey are brought to a focus at a point

along-side 0, and distant fruin it by an amount which is pix)-

portional to the time the light has required to pass fromX to

C and back again.

So delicate is this method, that the millionth of a second of

time can be measured by it as accurately as a carpenter can

measure the breadth of a board with his rule. Its perfection

is the result of the combined genius of several men. The firat

idea of employing a revolving mirror in the measurement of

a very minute interval of time is due to the late Sir Charles

Wheatstone, who thus measured the duration of the electric

spark. Then Arago showed that it could be applied to de-

termine whether the velocity of light was greater in water

or in air. Fizeau and Foucault improved on Arago's ideas

by the introduction of the concave mirror, having its centre

of curvature in the revolving mirror, and then this wonderful

piece of apparatus was substantially complete. The last de-

termination of the velocity of light with it was made by Fou>

cault, and communicated to the French Academy of Sciences

in 1862, with the statement that the velocity resulting from

all his experiments was 298,000 kilometres (185,200 miles)

per second.

The problem in question .was next taken up by Oomn, of

Paris, whose remit has already been alluded to. Notwith-

standing the supposed advantages of the Foucault-Wheat-

stone method, M. Oomn preferred that of Fizean. His first

results, reached in 1872, accorded quite well with those of

Foucault just cited, indicating a small but somewhat uncer-

tain increase. His experiments wero repeated in 1874, and

their results were communicated to the French Academy of

Sciences in December of that year. In this last series of

measurements his station was the observatory, and the distant

mirror was placed on the tower of Montlh^ry, at a distance of

about fourteen English miles. The telescope through which
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rough which

the flashes of light were sent and received was twenty-nine

feet long and of fourteen inches aperture. The velocity of

the toothed wheel could be made to exceed 1600 turns a sec-

ond, and by the electro-chronograph, on which the revolutions

were recorded, the time could be determined within the thou-

sandth of a second. At Montlh^ry, the telescope, in the focus

of which the reflecting mirror was placed, was six inches in

aperture, and was held by a large cast-iron tube set in the

masonry of the tower. At this distance M. Comu was able,

with the highest velocity of his revolving wheel, to make
twenty of its teeth pass before the flashes of li^t got back,

and to catch them, on their return, on the twenty-first tooth.

All the determinations, however, were not made with the

wheel going at this rate, but with such different velocities that

the rays were caught sometimes on one tooth and sometimes

on another, from the fourth to the twenty-first. The follow-

ing table shows the velocity of light in kilometres per second

when the ray was caught on the fourth tooth, on the fifth, and

so on to the twenty-first

:

Tooth 18 800,840Tooth 4 800,180
" S 800,IHIO

" 6 800,760
" 7 800,880
" 8 399,940

" 9 80O,8S0
" 10 800,640
•' 11 800,8m
" i2 800.600

14 800,860

16 800,S90

1ft 800,680

17 800,000

18 800,160

19 „ 899,660

80

81 800,060

M. Oomn hence concludes that the velocity of light in air

is 800,380, and in a vacuum 300,400 kilometres per second.

Quite recently Ensign A.Michelson,IJ.S.N.,haB made, at the

Naval Academy, Annapolis, a third determination, using the re-

volving mirror. His result, reduoed to a vacuum, is 299,940

kilometres per second, and is for the present to be regarded as

the standard, the probable error being not more than 50 kilo-

metres, though an error as great as 200 kilometres may be re-

garded as possible.

L 16
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CHAPTER V.

THE BPK0TBO80OPE.

In one of Dr. Lardner's popolftr leotnree on astronomy, de-

livered some thirty years ago, he iutrodaced the subject of

weighing the planets as one tn which he could with difficulty

expect his statements to be received with credulity. That

men should measure the distances of the planets was a state-

ment he expected his hearers to receive with surprise ; but the

step from measuring to weighing was so lonjsr a one, that it

seemed to the ordinary mind to extend beyo-d > V< the bounds

of possibility.

Had a hearer told the lecturer that men wc -i" '-j} be able

to determine the chemical constituents of the sun and stars,

and to tell whether any of them did or did not oontun iron,

hydrogen, and other chemical elements, the lecturer wonld

probably have replied that that statement quite exceeded the

limits of his own credulity ; that, while he himself saw clearly

how the planets were measured and weighed, he looked upon

the idea of determining their chemical otmstitntion as a mere

piece of pleasantry, or the play of an exuberant Hney. And
yet, this very thing has, to a certain extent, been done by the

aid of the spectroscope. The chemical constitution of matter

in the state of gas or vapor can be detected alnaost as readily

at the distance of the stars as if we had it in our laboratories.

The difficulties which stand in the way do not arise from the

distance, but from the &ot that matter in the heavmily bodies

seems to exist in some state which we have not snoeeeded in

exactly reproducing in our laboratories. Like many other

wonders, spectrum analysis, as it is called, is not at all «ttraor>

dinary after we see how it is done. Indeed, the only wonder

iS^iW^-S '•Ji^'???®' -SirtjifSSW^S ''.>'4J^"f/-3Ui,



II

I

' I IH! n il 1

THE 8PBCTB08C0PE. 896

:t;5

onomy) de-

gubject of

h diffioalty

lity. That

was a Btate-

m; but the

one, that it

tne bounda

Ivobeable

in and Btan,

contain iron,

itnrer wonld

exceeded the

f saw dearly

looked npon

on as a mere

fancy. And
done by the

ion of matter

Mt M readily

' laboratoriea.

rise from the

avuily bodiea

anooeeded in

> many other

at all extraor-

I only wonder

now is how the first half of this century could have passed

without physioiste discovering it The essential features of

the method are so simple that only a knowledge of the ele-

ments of natural philosophy is necessary to enable them to be

understood. We shall, therefore, briefly explain them.

It is familiarly known that if we pass the rays of the sun

which enter a room by a small opening through a prism, the

light is separated into a number of bright colors, which are

spread out on a certain scale, tlie one end beiUg red and the

other violet, while a long range of intermediate colors is found

between them. This shows that common white light is really

a compound of every color of the spectrum. This compound
is not like chemical compounds, made up of two or three or

some limited number of simples, but is composed of an infini-

ty of different kinds of light, all running into each other by
insensible degrees ; the difference, however, being only in col-

or, or in the capacity of being refracted by the prism through

which it passea. This arrangement of colors, spread out to ou!r

sight according to the rafrangibility of the light which forms

them, is called the apeetrum. By the speetrom of any object

is meant the oombination of colore fonnd in the Ugfat which

emanates from that object For instance, if we pass the light

from a candle through a prism, so as to separate it into its

component colors, and make the light thus separated hXl on

a screen, the arrangement of colors on the screen would be

called the spectrum of the candle. If we look at a bright

star through a prism, the combination of colors which we see

is called the spectrum of the star, and so with any other object

we may ohooee to examine.

As die experiment of forming a spectrum is commonly
made, there is a slight mixing-up of light of die different col-

ors, because light of the same d^ree of refrangibility will

fall on different parts of the sciven according to the part of . ^',

the prism it passes through. When the separation of the lighfi^
'^

is thus incomplete, the spectrum is said to be impure. In or^

der to make any successful examination of the light which

onanatea from as object, our spectrum must be pure; that iS)

;,.,»a»ass!itjaifawg^ w^'
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each point of tho spectrum mnst be formed by light of one

d^ree of refrangibility. To effect this in the most perfect

way, the spectmni is not formed on a screen, bat on the retina

of the observer's eye. An instrument by which this is done

is called a spectroscope.

The most essential parts of a spectroscope consist of a small

telescope with a prism in front of the objec^glafl8. The ob-

server mnst adjust his telescope so that, removing the prism,

and looking directly at the object, he shall obtain distinct vis-

ion of it Then, patting the prism in its place, and turning

the telescope to such an angle Uiat the light which comes from

the object shall, after being refracted by the prism, pass direct-

ly into the telescope, he looks into tlie latter. When the prop*

er adjustments are made, he will see a pure spectrum of tlie

object In order that this experiment may succeed, it is es-

sential that the object, when viewed directly, shall present the

appearance of a point, like a star or planet If it is an object

which has a measurable surface, like the sun or moon, he will

see either no spectrum at all or only a very impure one.

For this reason, a spectroscope which consists of nothing but

a telescope and prism is not fitted for any purpose bat that of

trial and illustration. To fit it for general nse, another ob-

ject^lasB, with a slit in its focus, is added. Fig. 62 shows the

v^^
Tim. M.-.4}imrM nf rays thrMxh • •paetrowoiM.

essential parts of a modern spectroscope. At the farther end
of the second telescope, where the light enters, is a narrow

slit, which can. l)e opened or dosed by means of a screw, and

rfl^WjgpmM
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THE SPECTROSCOPE. S9T

through which the light from the object is admitted. The
rays of light following the dotted lines are made parallel by

passing thivngh the lens, L. They then fall on the prism, P,

by which they are refracted, and from which they emerge par-

allel, except that the direction of the rays of different colon

is different, owing to the greater or less degree of refraction

produced by the prism. They then pass through the object-

glass of the telescope, 7*, by which the rays of each color are

brought to a focns at a particular point in the field of view,

the red rays all coming t(^ther'at the lower point, the violet

ones at the upper point, and those of each intermediate color

at their proper place along the line. The observer, looking

into the telescope, sees the spectmm of whatever object is

throwing its light through the slit

If the object of which the observer wishes to see the speo-

tram is a flame, he places it immediately in front of the slit

;

and if it is an object of sensible snr&ce, like the sun or moon,

he points the collimator, C, directly at it, so that the light

which enters the slit shall fall on the lens, L. But if it is a

star, he cannot get light onongh in this way to see it, and he

must either remove his collimator entirely, or fasten his spec-

troscope to the end of a telescope, so th>>.t the slit shall be

exactly in the focus. The latter is the method universally

adopted in examining the speotrnm of a star. 1.

If, with this instrument, we examine the light whichteomes

from a candle, from the fire, or from a piece of white -hot

iron, we shall find it to be continuous; that is, there is no gap
in the series of colors from one end to the other. But if we
take the light from the sun, or from the moon, a planet, or

any object illuminated by the sun, we shalt find the spectrum

to be crossed by a great number of fine dark lines, showing

that certain kinds of light are wanting. It is now known
that the particular kinds of light which originally belonged

in these dark lines have been ettUed mU by the gases surround-

ing the sun through which the light has passed. This culling^

out is called Sdedive Ab$orj^ion. It is found by experiment

that eaoh kind of gas has its own liking for light of peculiar

#
J
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degrees of refmngibility, and absorbe the light which belongs

in the corresponding parts of the spectrum, letting all the

other light pass.

Perhaps we may illnstrate this process by a similar one

which we might imagine mankind to perform. Suppose Nat-

ure sliould loan us an immense collection of many millions

of gold pieces, out of which we were to select those which

would perve ns for money, and return her the remainder.

The English rummage through the pile, and pick out all the

pieces which are of the proper weight for sovereigns and half*

sovereigns ; the French pick out those which will make five,

ten, twenty, or fifty franc pieces; the Americans the one, five,

ten, and twenty dollar nieces, and bo on. After all the snit>

able pieces are thus selected, let tlie remaining mass be spread

out on the ground according to the respective weights of the

pieces, the smallest pieces being placed in a row, the next in

weight in an adjoining row, and so on. We shall then find a

number of rows missing : one which the French have taken

out for five-franc pieces; close to it another which the Amer-
icans have taken for dollars; afterwards a row which have

gone for half-sovereigns, and so on. By thos arranging tlie

pieces, one would be able to tell what nations had culled over

the pile, if he only knew of what weight each one made its

coins. Tlie gaps in the places where the sovereigns and half-

sovereigns belonged would indicate the English, tliat in the

dollars*and eagles the Americans, and so on. If, now, we re-

flect how utterly hopeless it would appear, from the mere ex-

amination of the misoellaneons pile of pieces which had been

left, to ascertain what people had been selecting coins from it,

and how easy the problem would appear when once some

genius should make the proposed arrangement of the pieces

in rows, we shall see in what the fundamental idea of spec-

trum analysis consists. The formation of the spectrum ie the

separation and arrangement of the liglit which comes from an

object on the same system by which we have snpposed the

gold pieces to be arranged. The gaps we see in tiie spectrum

tell the tale of the atmosphere through which the light has

l
i
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That the dark lines in the solar spectrum are picked oat by
the gases of the sun's atmosphere has long been surmised ; in-

deed. Sir John Hersohel seems to have had a dear idea of

the possibility of spectmm analysis half a century ago. The
difficulty was to find what particular lines any particular sub-

stance selects; since, to exert any selective action, a vastly

greater >^inknew of gas is genendly required than it u prac-

ticable ^.etain experimentally. This difficnlty was sur^

monnted by the capital discovery of Kirohhoff and Bunsen,

that a glowing gaa givea out rags of the tame degree of refrangUnl-

ity vokich it abeorba when light pasaea through it. For example,

if we put some salt into the flame of a spirit-lamp, and ex-

amine the spectrum of the light, we shall find a pair of bright-

yellow lines, which c(Mrrespond most accurately to a pair of

black lines in the solar spectrum. These lines are known to

be due to sodium, a component of common salt, and their ex-

istence in the solar spectmm shows that there is sodium
in the sun's atmosphere. They are therefore called the sodi-

um lines. By vaporizing various substances in sufficiently hot

flames, the spectra of a great number of metals and gases

have been found. Sometimes there are only one or two bri^t
lines, while with iron the number is counted by hundreds.

The quantity of a substance necessary to form these bright

lines is so minute that the presence of some metals in a com-

pound have been detected with the spectroscope when it was
impossible to find a trace of them in any other way. Indeed,

two or three new metals, the existence of which was before en-

tirely unknown, first told their story through the spectroscope.

The general relations of the spectrum to the state of die

substance ^m which the light emanated may be condensed

into three rules, or laws, as follows

:

1. The light from a glowing solid or liquid forms a contin-

uous spectrum, in which neither bright nor dark lines are

found. The spectmm is of the same nature, no matter how
finely the subst«nce may be divided.

nsmm .«! HMi.i«miiii
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2. If the light from the glowing solid paaaes through a gM-
eonB Atmosphere, the speotrnm will be orossed by dark lines

oocnpying those parts of the spectrum where the light called

out by tae atmosphere belongs.

8. A glowing gas sends out light of the same degrees of

refrangibility as belong to that which it absorbs, so that its

spectrum consists of a system of bright lines oocnpying the

same position m the dark lines it would produce by absorption.

If, then, on examining the spectrum of a star or other heav-

enly body, we find only bright lines with dark spaces between

them, we may conclude that the body consists of a glowing

gas, and we judge what the gas is by comparing the spectrum

with those of various substances on the earth. If, on the oth-

er hand, the spectrum is a continuous one, except where cross-

ed by fine dark \iv e conclude that, it emanates from a

glowing body snrronnued by an atmosphere which culls out

some of the rays of light.

It will be seen that the spectroscope gives us no definite in-

formation respecting the nature or composition of bodies in

the solid state. If we heat any sort of metal white-hot, sup-

posing only that it will stand this heat without being vapor-

ised, we shall have a spectrum continuous from end to end, in

which there will be neither bright nor dark lines to give any

indications respecting the substance. In order, therefore, to

detect the presence of any chemical element with this instru-

ment, that element must be in the form of gas or vapor. Here
we have one limitation to the application of the spectroscope

to the celestial bodies. The tendency of bodies in space is to

cool off, and when they have once become so cool as to solidi-

fy, the instrument in question can give us no further definite

information respecting their constitution.

Even if the body be in the gaseous state, we cannot always

rely on the spectroscope informing us with certainty of the

nature of the gas. The light we analyse must either be emit-

ted by the gas, the latter being so hot as to shine by its own
lij^t,or it must be transmitted through it Thus, the appli-

cation of spectrum analysis is confined to glowing gases and

MMkJ mXV^
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the atmospheres of the stars and planets, the application to the

latter depending on the fact that the sunlight refieoted from

the surface of the planet passes twice through its atmosphere.

Even in these cases the interpretation of its results is sometimes

rendered difl9cult in consequence of the varied spectrum of the

same gas at different temperatures and under different degrees

of pressure. Under tome conditions so many new lines are

introduced into the spectrum of hydrogen that it can hardly

be recognized. As a general rule, the greater the pressure, the

greater the number of lines which appear; indeed, it has been

found by Lockyer and Franklaud that as the pressure and den-

sity of a gas are increased, its spectrum tends to become con-

tinuous. We must therefore regard the third of the above

rules respecting spectmm analysis, or, rather, the general rule

that a glowing gas gives a spectrum of bright lines, as not uni-

%'ersally true. If we could, b/ artificially varyirg the temper-

ature, pressure, land composition of gases, accurately reproduce

the spectmm of a celestial body, the changes of the spectmm

which we have mentioned would be a positive advantage;

since they would enable us to determine, not merely the com-

position of a gaseous body, but its temperature and pressure,

lliis is, however, a field in which success has not yet been

reached.

There is stiU another circumstance which renders the spec-

tra of the heavenly bodies more complexthan was at first sup-

posed, but which may, by this very complexity, enable us to

make great advances in our knowledge of the physical consti-

tution of the sun and stars. It is that the two classes of spec-

tra just described
—

^namely, (1) a continuous spectram erossed

by dark lines, and (2) a spectmm composed wholly of bright

lines—are only two extreme oases, and that in many cases

they are combined in very different proportions. If a white-

hot body is composed of a glowing atmosphere, the hotter

substances of this atmosphere may show bright lines, while

the cooler substances may absorb dark lines from the light

emitted by ^e hot body below. Thus, we may have bright

lines, dark lines, and strips of continuous spectmm all mixed
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up in jnoh a way tliat it may be hard to interpret what it

teen. The diiHonlty is to know whether a narrow, dark space

is produced by the absorption of a gas, or whether it is simply

an interval between two bright gaseous lines ; and whether a

narrow, bright space is produced by a glowing gas, or whether

it is a small strip of oontinnons spectrum from a glowing solid

between two absorption bands. We have a mixed*np spec-

trum of this kind in the Bessemer furnace. The diflicnlty is

increased by the fact that the dark portions culled out by the

absorption of the cooler gases are not always fine perfectly

dark lines, but in many oases are broad, grayish bandis. It is,

indeed, possible tliat these bands may be made up of groups

of fine lines, too close to be separately seen; but so long as tlie

separate lines cannot be distinguished, this question must be

undecided.

Until very lately, it was always supposed that the spectrum

of the light of the sun, so fiu* as it could be analysed, was

eontinnons from end to end, except where dark absorption

lines crossed it A remarkable addition to this theory has,

however, been made by Professor Henry Draper, of New
York, the main point of the addition being that the spectrum

is crossed by the bright lines and bands arising from glowing

gases, and Uiat these lines admit of being recognised in cer-

tain parts of the spectrum if the proper steps are taken to

bring them out That bright lines might well exist in the

spectmm no one would deny, because the gases of the chro-

mosphere fnnst produce them. But it has always been sup-

posed that they must be so excessively &int as to be entirely

invisible when projected on the spectrum of the sun itself, and

so no one is known to have sought for them with especial

care. Dr. Draper's course has been to photograph side by

side the solv spectrum between the lines G and H, and the

corresponding part of the spectrum of oxygen rendered lumi-

nous by the electric spark. The result is that out of thirteen

bright lines of oxygen, some of them double or treble, nearly

all have corresponding lines in the solar spectrum. The co-

incidence is so striking that it seems hardly possible to avoid

^ '^mmiimMmmm^A'^
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the oonolnsion that a considerable part of the violet light of

the sun's spectrum arises from glowing oxygen in the photo-

sphere.

What gives especial interest to this investigation by Dr.

Draper is that it affords the first evidence which science has

fonnd of the existence of oxygen in the sun, the dark lines

which would be produced by tliat substance having been

looked for in vain. It would seem either that the capacity of

oxygen for absorbing light selectively is very small, or that it

exists in the son only at a very high temperatnre.

The reason why these lines are brought oat here when they

are not foand in other parts of the spectrum is to be fonud

in the extreme faintuess of the violet part of tlie coutinnons

spectrum, whereby the bright lines are not obscured by the

dauling brilliancy of the background of continnons spectram.

If it be asked why these bright lines have not been noticed

before, the answer is, that the dai'k lines are here so broad

and nnmeroas as to cat ap the continnons spectrum into very

narrow lines of very irregular brightness, besides which ab-

sorption bands or hijf shades are nnmeroas. Again, the lines

of oxygen do not appear to be so narrow and sharply defined

as those of the metallic vapors, and this makes it more diffi-

cult to distinguish them from spaces between the dark bands.

The reader now understands that when the light from a ce>

lestial object is analysed by the prism, and the component col-

ors are spread oat singly as on a sheet, the dark and bright

lines which we see are the letters of the open book which we
are to interpret so as to learn what they tell ns of the body

from which the light came, or the vapors through which it

passed. When we see a line or a set of Jines which we rec-

ognize as produced by a known substance, we infer the pres-

ence of that substance. The question may now be asked. How
do we know but that the lines we observe may be produced

by other substances besides those which we find to produce

them in our laboratories? May not the same lines be pro-

duced by different substances? This question can be an-

swered only by an appeal to probabilities. The evidence in
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the OMM is much the same as that by wliich, reoogniting the

pictura of a friend, we coiiolode that it is not the picture of

any one else. For anytliing we can prove to tlie contrary,

another person might have exactly tlie same features, and

might, therefore, make the very same picture. But, as a mat-

ter of fact, we know that practically no two men whom we
have ever seen do look exactly alike, and it is extremely im-

probable that they ever would look sa The case is the same

in spectrnm analysis. Among the great number of substances

which have been examined with the spectroscope, no two give

the same lines. It is therefore extremely improbable that a

given system of bright lines could be produced by more than

one substance. At the same time, the evidence of the spec-

troscope is not necessarily conclusive in all cases. Should

only a single line of a substance be found in the spectrum of

a star or nebula, it would hardly be safe to conclude from that

alone that the lino was really produced by the known sub-

stance. Gollateral evidence might, however, come in. If the

same line were found both in the sunlight and in that of a

great number of stars, we should be justified in concluding

that the lines were all produced by the same substance. All

we can say in doubtful cases is, that our conclusions must be

drawn with care and discrimination, and must accoi-d with tlie

probabilities of each special case.
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PART III.— THE SOLAR SYSTEM.

CHAPTER I.

OBNBBAI. STBUOTDHK OF THE 80LAE 8T8TBM.

Havwu, in the preceding parts, described the general struct-

ure of tlio universe, and the methods used by astronomers in

measuring the It aven und investigating the celestial motions,

we have ntxt to co' ider in '^'stail ilie separate bodies which

compose the nnivei-se, and to 'nice the conclusions respecting

the genei-al order of crean i lo which this examination may

lead us. Our nat'^ral comae will be 'o begin with a general

dewription of thi scl^r system to 'ioh our earth belongs,

considering, first, .he great central body of that system, then

the planets in their order, and, lastly, such irr,;? <lar bodies as

comets and meteors.

We have shown in the first part that the solar system was

found by Copernicus, Kepler, and Newton to consist of the

sun, as the great central body, with a number of planets re-

volving around it in ellipses, having the sun in one of their

foci ; the whole being bound together by the law of nniversal

gravitation. Hodem science has added a great number of

bodies, and shown the system to be a much more complex one

th»'' Newton supposed. As we now know them, the bodies

of tho ystem may be classified as follows

:

1. The snn, the great central body

;

8. A group of four inner planets— Mercury, Venus, the

Earth, and Mars;
,

8. A swarm of small planeta or asteroids revolvmg outside

the orbit of Mars (about 220 of them are now known)

;

.i,j».ii

.'"
*
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4. A group of four outer planets-Jupiter, Saturn, TTmuus,

and N^ptiwer^
of satellites of the planets, 90 being now

known, of which all but three belong to the group of outer

planets

;

ri«. M.-Bttattv* •!*• ofMB* tfaaMa.

6. An unknown number of comets and meteors, revolving

in vory eccentric orbits. .

Th7eight planets of g«»nps 2 and 4 are «» led the «^or

planete, tS dirtinguish them from aU oUierm which are smaller

or less important
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The range of size, distance, and mass among the bodies of

the system is enormous. Neptune is eighty times as far from

the sun as Mercury, and Jupiter several thousand times as

iioavy. It is, therdEore, difficult to lay down a map of the

whole system on the same scale. If the orbit of Mercury were

repi-esented with a diameter of one-fourth of an inch, that of

Neptune would have a diameter of 20 inches.

With the exception of Neptune, the distances of the eight

major planets proceed in a tolerably regular progression, the

group of small planets taking the place of a single planet in

the series. The progression is known as the law of Titins,

from its first proposer, and is as follows: Take the series of

nnmbers 0, 8, 6, 12, 24, 48, each one after the second being

formed by doubling the one which precedes it Add 4 to

each of these numbers, and we shall have a series of numbers

giving very nearly the relative distances of the planets from

the sun. The following table shows the series of nnmbers thus

formed, together witli the actual distances of the planets ex-

pressed on the same scale, the distance of the earth being

called 10

:

PlaMt. HtmtktnMTWmt. AcImI I>i*IUM. Bmir.

Marcury + 4= 4
8 + 4= 7
6 + 4= 10
18 + 4= 16
84+4= 28
48 + 4= 58
96 + 4 = 100
198 + 4 = 196
884 + 4 = 888

8.9

7.8

10.0
15.8

j>0toS5
52.0

96.4
191.9
800.6

0.1

0.2

0.0
0.8

0.0
4»«
4,1 .

87.4

VenuB.
E«rth
Man......
Minoi* nlwiota

Jnpiter*.

SstBrn
Unuioi.
Neptane.

It will be seen that before the discovery of Neptune:the

agreement was so olose as to snggest the exlstenoe of aaaotoal

law of the distances. But die discovei^ of this planet in 1B46

completely disproved the supposed law ; and there is now no

reason to believe that the proportions of the solar system are

the result of any exact and simple law whatever. It is true

that many ingenious people employ themselves from time to

time in working out numerical relations between the distances

of the planets, their masses, their times of rotation, and so on,

inMMMMMlMMHtiMMMIHIlMM ii-eiiL
.
Liiiiiii»iiit<iiiMiltNiiilWi)iw>»MMi»i ^ wm
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and will probably continue to do so ; because the number of

such relations which can be made to come somewhere near to

exact numbers is very great This, however, does not indicate

any law of nature. If we take forty or fifty numbers of any

kind—say the years in which a few persons were bom; their

ages in years, months, and days at some particular event in

their lives; the numbers of the houses in which they live; and

so on—we should find as many curious relations among the

numbers as have ever been found among those of the planet-

ary system. Indeed, such relations among the years of the lives

of great actors in the world's history will be remembered by
many readers as occurring now and then in the public journals.

Range of Planetary Masses.—The great diversity of the axe

and mass of the planets is shown by the curious fact, that, con-

sidering the sun and the eight planets, the mass of each of the

nine bodies exceeds the combined mass of all those which are

smaller than itself. This is shown in the following simple cal-

culation. Suppose the sun to be divided into a thousand mill-

ions of equal parts, one of which }>arts we take as the unit of

weight : then, according to the best determinations yet made,

the mass of each planet will be that used in the following cal-

culation, in which each mass is added to the masses of all the

planets which are smaller than itself, the planets being taken

in the order of their masses, beginning with the smallest

:

MaMofMercunr... .' 900
MkkofMan ^
Combined mam of Mercmy and Mara 589

llaMofVenm a,8M

Combined maw of Mercnrjr, Venui, and Maro...., i. 2,898
MaM of the Earth 8,060

Combined mass of the fiHir inner planets. . 6,969
MawofUranu* *4,9SO

Combined man of Ave planeti. 80,909
Ifaw of NqAane 51,600

Combined maa of rix planeu 101,809
MaMof Satam 986,580

Combined maw of Nven planeta 887,889
Maw of Japiter 954,805

Combined maw of all the planeta 1,841,687

MifMa of the ran 1,000,000,000

»f|)WltTi;1 i

'

iitTi>i;j
j!qirrt'«ffi'|^^ -f^f
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It will be seen that the co. 'bined mass of all the planets is

less than 7^ that of the snn ; that Jupiter is between two and

three times as heavy as the other seven planets together ; Sat-

urn more than twice as heavy as the other six ; and so on.

Aspects oftfte JPlanets,—The apparent motions of the plan-

ets are described in the first chapter of this work ; and in the

second chapter it is shown how these apparent motions result

from the real motions as luid down by Copernicus. The best

time to see one of the outer planets is when in opposition to

the sun. It then rises at sunset, and passes the meridian at

midnight. Between sunset and midnight it will be seen some-

where between east and south. During the three months fol-

lowing the day of opposition, the planet will rise from three

to six minutes earlier every day. A month after opposition, it

will be two to three houra high soon after sunset, and will pass

the meridian between nine and ten o'clock at night; while

throe months after opposition, it will be on the meridian about

six in the evening. Hence, knowing when a planet is in op-

position, a speotetor will know pretty nearly where to look for

it. His search will be &cilitated by the use of a star map
showing the position of the ecliptic among the stars, because

the planets are always very near the ecliptic. Indeed, if any

bright star is not down on the map, he may feel sure that it is

a planet

In describing the individual planets, we give the times when

they are in opposition, m that the reader may always be able

to recognize them at favorable seasons, if he wishes to do so.

The arrangement of the planets, with their satellites, is as

follows

:

Vennt.

Euth, with it! moon.

.M«ra,with 8 ttkxHM.

The minor jrianets, or astoroids.

laniBB Oaoor..

Ovm Gaonr or

QWMkt fhAMWat,

Jopiter, with 4 moons.

Satnrn, with rings and 8 moona.

Urmiu, with 4 moons.

Neptuno, with 1 moon.

17
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the orbito of Mercury and VemiB.
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CHAPTER IT.

THE SUM.

The tun preaenta to onr view the aspect of a brilliant globe

82' or a little more than half a degree, in diameter. To give

precision to our language, the shining surface of this globe,

which we see with the eye or with the telescope, and which

forms the visible sun, is called the photosphere. Its light ex-

oeeds in intensity any that can be produced by artificial

means, the electric light between charcoal points bemg the

only one which does not look absolutely black against the «n-

olonded sun. Onr knowledge of the nature of this luminary

commences with the invention of the telescope, since without

this instrument it was impossible to form any conception of

its constitution. The ancients had a vague idea that it was a

globe of fire, and in this they were more nearly light than

some of the moderns; but there was so entire m absence of

all real foundation for their opinions that the latter are of lit-

tle interest to any one but the historian of philosophy. We

shall, therefore, commence our description of the sun with »

oonsideiation of the telescopic researches of recent times.

§ 1. The Phoioaphere.

To the naked eye the photosphere, or shining surface of tlie

sun, presents an aspect of such entire uniformity that any at-

tempt to gain an insight into its structure seems hopeless.

But^hen we apply a telescope, we generally find it diversified .

with one or more groups of dark-looking spots ; and if the vis-

ion is good, and we look carefully, we shall soon see that the

whole bright surface presents a mottled appearantie, looking

like a fluid in which ill-defined rice-grains are snspe ed. Per-

liapp- the most familiar idea of this appearance will be pre-
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•ented by saying that the stin looks like a plate of riue aonp,

the grains of rioe, however, being really hundreds of miles in

length. Some years ago Mr. Nasniyth, of England, examining

the sun with high telescopic powers, announced that this mot-

tled appearance seemed to him to be produced by the inter-

lacing of long, narrow objects shaped like willow leaves, which,

running and crossing in all directions, form a net-work, cover-

ing the entire photosphere. This view, though it has become
celebrated through the very great care which Mr. Nasmyth
devoted to his observations, has not been confirmed by subse-

quent observers.

Among the most oaireful and laborions telescopic studies of

tlie sun recently made are those of Professor Langley.* He
has a fine telescope at his command, in a situation vfhere the

air seems to be less disturbed by the sun's rays than is nsual

in other localities. According to his observations, when the

sun is carefully examined, the mottling which we have de^

scribed is seen to be caused by an appearance like fleecy

clouds whose outlines are nearly indistinguishable. We may
also discern numerous faint dots on the white background.

Under high powers, used in favorable moments, the surface

of any one of the fleecy patches is resolved into a congeries

of small, intensely bright bodies, irr^nlarly distributed, -which

seem to be suspended in a comparatively dark medium, and

whose definiteness of size and outline, though not absolute, is

yet striking, by contrast with the vagueness of Ae cloud-like

forms seen before, and which we now perceive to be due to

their aggregation. The " dots " seen before are considerable

openings, naused by the absence of the white nodules at cer-

tain points, and the consequent exposure of the gray medium
which ionoB the general background. These openings have

• been called pores. Their variety of size makes any measure-

ments nearly valueless, though we may estimate in a very

rough way the diameter of the more conspicuous at from 2"

to4^^ .

* ProfiaHor S. P. Langley, Director of the Olwervatory at Allegheny, Penrajfl-
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In moments when the definition is very ^ne, the bright nod-

ules or rice-grains are found to be made up of dusters of mi-

nute points of light or *' granules," about one-third of a second

in diameter. These have also been seen around the edges of

the pores by Secchi, who estimated their magnitude as even

less than that assigned by Langley. The fact that these points

are aggregated into little dusters, which ordinarily present the

appearance of rice-grains, gives the latter a certain irregulari-

ty of oudiniB which has bedn remarked by Mr. Hnggins. Thus,

tiiere appear to be three orders of aggregation in the brighter

T^ons of the photosphere: doud-liite forms which can be

easily seen at any time; rice-grains or nodules, into which these

forms are resolved, and whioh can always be seen with a fair

telescope nnder good definiiion ; and granules which make up

the rio6-grains. Thiere is, however, no sharp distinction to be'

drawn between the nodules and the rice-grains: it might be

almost as near the truth to say that the rice-grains are of va-'

nous sizes, ranging from one-diird of a second in diameter to

one second or more, and that the smaller ones are often col-

lected into minute clusters, which can hardly be distingni^ed

from grains of lai^r size.
<•

Yet more recent are the studies of the sun's sur&ce made
by Janssen,* of France, with the aid of photography. This

method has a great advantage in the strength and perma-

nency of the photographic record, and ihe consequent power
of stndying it at leisure. A disadvantage arises from the

great foe of astronomical observation which we have already

described— atmospheric nndulations, which render the snn*s

image tremnlons and confused except at occasional moments.

This difficulty may, however, be obviated' by taking a great

number of phbtographs, and selecting those which show the

best imi^es.

In applying this method, Janssen has taken his photographs

on a larger scale than has been attempted by his predecessors,

his lai^est pictures of the sun being from twelve to fifteen

* Prof. J. C. JuisMo, director of the physical olMenriitoiy at Heudon, France.

: (

jpyr^tyA ift'mijB'i»i«.«ii»i)iiiwnniWiiii>fm<n«' tj-
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inohes in diameter. The gnuialation is thus brought ont with

remarkable diKtiiiotness, as may be seen from the following

ligu're, whica is enlarged so that the whole sau, on the same

BUile, would be three feet in diameter.

-Aq^MoftteSw'k I M FbotogMphtS by <

of Mtodoa.
at tiM ObMnruory

H. Janssen finds that the gran ' «r elements are of very dif-

ferent sizes and brillianoy, the diameters ranging from Si few

tenths of a second to three or four seoonds. The form is gen-

erally slightly elliptic, bnt is subject to considerable variations.

The differences of brillianoy among the grannies seem to arise

from their being situated at different depths in .the photo-

^>here. But the most remarkable result of Jaiiseen's photo-

grapliB is what he calls the photospherio net-work, **reaeau

photoitjphSriqueP This is not a net-work of lines, as we might

understand it, but a subdivision of the photosphere into re^^ons

jo which the granules lode hard and well defined, and regions

in which they look softened and indistinct This appearance

is shown, though somewhat imperfectly, in the above figure.
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which is taken from one of Janisen's photographs. The boun-

daries of the r^ons of well and ill defined granulations are

necessarily somewhat indefinite, and sometimes appear straight

and sometimes curved. The dimensions of the regions of ill-

defined granulation are very variable. Sometimes they attain

a diameter of one minute or more. Within them, the granules

sometimes disappear entirely, their place being occupied by

streams of matter. This disappearance sciems to be due to

violent movements of the photospherio matter destroying the

granular elements.

When we call these shining objects « grannies," it mnst be

remembered that we speak of the appearance, not of the reali-

ty. To subtend an angle of one second, at the distance of the

sun, a line mnst be 460 miles long ; consequently, from what

is said of the sixe of the granules, they mnst be from 100 to

600 miles in length and breadth.

If we carefully examine the sun with a very dark smoked

glass, we shall find that the disk is brightest at the centre,

shading off on all aides towards the limb. Carefnl compari-

sons of the intensity of radiation of different parts of the disk

show that this diminution near the limb is common to all the

rays, whether those of hea*-; of light, or of chemical action.

The most recent measures of the heat rays were made by

Langley by means of a tliermo-electric pile, those of the li|^t

rays by Pickering,* and those of the chemical rays by Vogelf

The intensities of tliese several radiations at different distances

from the centre of the disk as thus determined are shown in

the table on the following page. The intensity at the centre

is always supposed 100. The first column gives the distance

from the centre in fractions of the sun'sovdius, which is sup-

posed unity. Thus, the first line of the table corresponds to

the centre; the last to the edge. Professor Langley's mea»-

nres do not, however, extend to the extreme edge.

* FrofitMor B. C. Pielwrinc Dirwtor of the Harvard ObMrvatorjr, Cambridge,

MaMacbuMtU.

f Dr. Hemuinn C. Vogel, formerl/ utronomer at Bothkamp, now of the Solar

Obeerfatorjr in Potadaa, Pmsiia.

V
^^'v.
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HMllUyt U«M CkMlMlRaji
OmImWUwIImi. (LMfUx). (PktariM). (V-I.I).

.00 100 100 100

.ISS • t.. 9U 100

.SA 99 97 98

.876 • •>• 94 96

.SO 98 91 W

.638 • •• • 86 81

.78 86 79 66

.85 • •t • 69 48

.98 • •t • 65 86

.96 6S • X8

.98 80 • •• 18

I.OO .... 87 IS

It will be seen that near the edge of the disk the oheroioal

rays fall off most rapidlj, the light rays next, and the heat

rays least of alL Boughly speaking, each square minnte near

the limb of the sun gives about half as much heat as at the

centre, about one-third as much light, and less than one-seventh

as many photographic rays. Of the cause of this degradation

of light and heat towards the limb of the snn no doubt has

been entertained since it was first investigated. It is found in

the absorption of the rays by a solar atmosphere. The sun

being a globe snrronnded by an atmosphere, the rays which

emanate from the photosphere in a horizontal direction have

a greater thickness of atmosphere to pass through than those

which strike ont vertically; while the former are those we
see near the edge of the disk, and the latter near the centre.

The different absorptions of different classes of rays corre-

spond exactly to tUs supposition, it being known that the

more refrangible or chemical rays are most absorbed by va-

pors, and the heat rays the least

From this it follows that we get but a fraction—{lerfaaps a
small fraction—of the light and heat actually emitted by the

snn ; and that if the latter had no atmosphere, it would be

much hotter, much brighter, and bluer in color, than it actually

is. The total amount of absorption has been very differently

estimated by different authorities, Laplace supposing it might

be as mnch as eleven - twelfths of the whole amount The
smaller estimates are, however, more likely to be near the
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truth, there being no good reason for holding that more than

half the rays are absorbed. That is, if tlie sun had no atmos-

phere, it might be twice as bright and as hot as it actually is,

but would not be likely to be three or four times so. Profess-

or Langley suggests that the glacial epoch may have been due

to a greater absorption of the sun's heat by its atmosphere in

some past geological age.

A very important physical and astronomical problem is that

of measuring the total amount of heat radiated by the snn to

the eaiili during any period of time— say a day or a year.

The question admits of a perfectly definite answer, bat there

are two difiiculties in the way of obtaining it ; one, to distin-

guish between the heat coming from the sun itself, and that

coming from the atmosphere and surrounding objects; the

other, to allow for the absorption of the solar heat by our at-

mosphera, which must be done in order to determine the to-

tal quantity emanating from the snn. The most successful

experiments for this purpose are those of Ponillet and of

Sir John Herschel. The results obtained by the former may
be expressed thus : if the air were out of the way, and a sheet

of ice were so held that the sun's rays should fall npon it per-

pendicularly, and be all absorbed, the ice would melt away at

the rate of 14| inches in 24 hours. Since the sun is part of

the time below the horizon, and is not perpendicular to more

than a single point of the earth's snrftioe when above it, the

average amount of ice which would be melted over the whole

earth is only a fraction of this, namely, 3.62 inches per day,

or something more than 100 feet per year.

Attempts have been made to determine the temperature of

the sun from the amount of heat which it radiates, but the

estimates have varied very widely, owing to the uncertainty

respecting the law of radiation at high temperatures. By sup-

posing the radiation proportional to the temperatnre, Seochi*

linds the latter to be several million degrees, while, by taking

aisother law indicated by the experiments of Dulong and

M
« Father Angdo Swchi, Diraetor of the Obitnmtorjr at Boomi
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Petit, othuin iiiid a temperature not many times exceeding

that of a reverberatory fiiniaco. For the temperature of the

photosphere, it aeema likely that the lower estimates are more

nearly right, being founded on an experimental law ; bnt the

temperature of the interior must be immeniely higher.

§ 2. The Solar Spots and Botatum.

Even the poor telescopes made by the contemporaries of

Galileo could hardly be directed to the sun nuiny times with-

out one or more spots being seen on his surface. Whatever

credit may be due for a discovery which required neither in-

dustry nor skill should, by the rule of modern science already

referred to, be awarded to Fabritins for the discovery of the

solar spots. This observer, otherwise unknown in astronomy,

made known the existence of the solar spots early in 1611

—

a year after Galileo began to scan the heavens with his tel-

escope. His discovery was followed up by Galileo and Schei-

ner, by whom the first knowledge of the nature of the spots

was acquired.

The first idea of Scheiner was that the spots were small

planets in the neighborhood of the sun ; but this was speedily

disproved by Galileo, who showed that they must be on the

surface of die sun itself. The idea of the sun being affected

with any imperfection so gross as a dark spot was repugnant

to the ecclesiastical philosophy of the times, and it is not un-

likely that Scheiner^s explanation was suggested by the desire

to save the perfection of onr central luminary.

A very little observation slinwed that the spots had a r^u-
lar motion across the disk of the sun from east to west, occu-

pying about IS days in tJie transit A spot generally appeared

first on or near the east limb, and, after 12 or 14 days, disap-

peared at the west limb. At the end of another 14 days or

more it reappeared at the east limb, unless in the mean time

it had vanished from sight entirely. The spots were found

not to be permanent objects, but to come into existence from

time to time, and, after lasting a few days, weeks, or months,

to disappear. But so long as they lasted, they always ex-
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that the sun rotated on his axis in about 26 days.

The astronomers of the seventeenth and eighteenth centuries

Qsed a method of observing the sun which will often be found

oonvenient for seeing the spots when one has not a telescope

supplied with dark glasses at his disposal. Take an ordinary

good spy-glass, or, indeed, a telescope of any size, and pomt

j>M. «.- Method of holdlag MteMopt, (o ibow MB <m MiMo.

it at the sun. To save tlie eyes, the right direction may be

found by holding a piece of paper closely in front of the eye-

piece: when the sun shines through the telescope on this pa-

per, the pointing is nearly right. The telescope should be a^

tached to some movable support, so that its pointing can be

changed to the different directions of the sun, and should pass

through a perforation in some sort of a screen, so that the

an cannot shine in front of the telescope except by paesmg

-4
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throngh it An opening in a window-shntter will answer a

good parpose, only the rays must not have to pass through the

glass of the window in order to reach the telescope. Draw
out the eye-piece of the instrument about the eighth of an

inch beyond the proper point for seeing a distant object

Then, holding a piece of white paper bpi^re the eye-piece at

a distance of from 6 to 12 inches, an image of the sun will be

thrown upon it The distance of the paper must be adjusted

to the distance the eye-piece is drawn out The farther we
draw out the eye -piece, the nearer the best image will be

formed. Having adjusted everything so that the edge of the

sun's image shall be sharply defined, one or more spots can

generally be seen. This method, or something similar to it, is

often used in observing eclipses and transits of Mercury, and

is very convenient when it is desired to show an enlai^ged im-

age of the sun to a number of spectators.

Wlien powerful telescopes were applied to the sun, it was
found that the spots were not merely the dark patches which

they first appeared to be, but that they compriised two well-

Vuk M.—HuiH tiwl, iiftwr SMOhl.

marked portions. The central part, called the umira or mi*

dtu8, is the darkest, and is surrounded by a border, intwme*

dial* in tint between the darkness of the spot and the brill*

B '

ltiRLg'j," '^•.*f:L!!'JJ i.^^.St ''
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iancy of the solar sarfaoe. This border is termed the pmum-
bra. Ordinarily it appears of a nniform gray tint. But when
oarefoily examined with a good telescope in a very steady at-

mosphere, it is fonnd to be striated, looking, in fact, mach like

the bottom of a thatched roof, the separate straws being .di-

rected towards the interior of the spot This appeu-anoe is

shown in the figure.

The spots are extremely irregular in form and unequal in

size. They are very generally seen in groups— sometimes

two or more .combined into a single one; and it frequently

happens that a large one breaks up into several smaller ones.

Their duration is also extremely variable, ranging from a few
days to periods of several months.

Until about a century ago, it was a question whether the

spots were not dark patches, like scoria, floating on the molten

surface of the photosphere. Wilson, a Scotch observer, how-

ever,found that they appisared like cavities in the photosphere,

the dark pArt being really lower than the bright snv&oe around

it: As a spot approached the edge of the disk,ke found that

the penumbra grew dispn^rtionately narrow on the ride

nearest to tiia ann's centre, showing that this sicto of it ww
seen at a smallor angle than the otiber. This effect of pdr-

speotive is diown in Fig. 67, where, near the sun's limb, the

side of the penumbra nearest us is hidden by the photosphere.

That the qwts are cavities is also shown by the fact that

when a large spot is exactly on the edge of the disk a notch

is sometimea seen there. The shaded penumbra seems to

form the sidea of the cavity, while the umbra is the invisible

bottom.

These obeervations gave rise to the oelebrated theory of

Wilson, whioh is generally connected with the name of Her-
Bchel, who developed it more fully. The interiw of the suu

is, by this theory, a cool, dark body, surrounded by two layers

of douds. The outer layer is intensely brilliant, and forms

the viuble photosphere, while the inner layer is darker, and
forma the umbra around the spots. The latter are simply

openings through these clouds, which form from timo to
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time, and throagh which we aee the dark body in the interior.

Anxious thfit this body shonld serve some especial purpose in

die economy of creation, they peopled it with intelligent be-

ings,who were protected from the fierce radiation of the pho-

tosphere by the layer of cool clouds, but were denied every

view of the universe without, except such glimpses as they

might obtain through the occasional openings in the photo-

sphere, which we see as spots.

Leaving out the ftinoy of living beings, this theory account-

ed very well for appearances. That the photcpphere could not

be absolutely and wholly solid, liquid, or gaseous seemed evi-

dent from the natur<^ of the spots. If it were solid, the latter

oonld not be in such a constant state of change as we

^•JK'.
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them ; while if it were liquid or gaseons, these cavities could

not continue for months, as they were sometimes seen to, be-

oanse the liquid or gaseous matter would rush in from all

sides, and fill them up. , The only hypothesis that seemed left

open to Hersohel was that the photosphere consisted of clouds

floating in an atmosphere. As tlie sides of the cavities looked

comparatively dark, the conclusion seemed inevitable that the

brilliancy of the photosphere was only on and near the sur-

face ; and as the bottom of tlie cavity looked entirely dark,

the conclusion tliat the sun had a dark interior seemed una-

voidfible.

The discovery of the conservation of force, and of the mut-

ual coc.ertibility of heat and force, was fatal to this theory.

Such a sun as that of Herschel would have cooled off entirely in

a few days, and then we should receive neither light nor heat

from ^ A continuous flood of heat such as the sun has been

radiating for thousands of years can be kept np only by a con-

stant expenditure of force in some of its forms ; but, on Her-

schel's theory, the supply necessary to meet this expenditure

was impossible. Even if the heat of the photosphere could

be kept up by any agency, it would be constantly conveyed to

the interior by conduction and radiation ; so that in time the

whole sun would become as hot as the photosphere, and its

inhabitants would be destroyed. In the time of Herschel it

was not deemed necessary that tlie sun should be a very hot

body, ^ • heat received from his rays being supposed by many
to 1^ .'^ "derated by their passage through our atmosphere.

Tt^ pL' > >q>h<>,re was, therefore, supposed to bo simply phos-

phoreat ui, no!^ hot. This idea is still entertained by many
mi*- >},ied meii who have not made themselves acquainted wiili

th»4 !\ws of hew- discovered during the present century. We
^n^y thcrrefore, iDioark that it is completely untenable. One
of thn best established results of these laws is that the snr&oe

of the sun is intensely Lot, probably much hotter than any re-

Torberatory furnace. The great question in the present state

of science ib, how the supply of heat is maintained against

such immense loss by radiation.

1
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§ 8. Periodicity of the Spots.

The careful observations of the solar spots which have been

made dnring the last century seem to indicate a period of

about eleven years in the spot-producing activity of the son.

Dnring two or thi-ee years the spots are larger and wore nu-

merous than on the average; they then begin to diminish,

and reach a minimum five or six years after the maximum.
Another six years brings the return of the maximum. The
intervals are, however, somewhat irregular, and further obser-

vations are required before the law of this period can be fixed

with certainty. An idea of the evidence in favor of the pe-

riod may be formed from some results of the observations of

Schwabe, a German astronomer, who systematically observed

the sun dnring a laige part of a long life. One of his meas-

ures of the spot-prodncing power was the nnmber of days on

which he saw the sun without spots in the course of each

year. The following are some of his results

:

From 1828 to 1881, *an withoot apott on only 1 day.

In 1888, it 189dayi.

ii'rom 18S6 to 1840, <i 8 days.

In 1848, tt 147 dayi.

From 1847 to 1861, «t 2 days.

Inl8M>, « 198 days.

From 1658 to 1861,
«« no day.

In 1897,
<t 196 days.

We see that the son was remarkably free from spots in the

yean 1888, 1848, 1856, and 1867, abont half the time no con-

siderable spot being visible. This recurrence ••: the period

has been traced back by Dr. Wolf, of Znrich, to the time of

Galileo, and its average length is abont 11 years 1 month.

The years of fewest sun-spots during the present century were

1810, 1828, 1888, 1844, 1866, and 1867. Continuing the

series, we may expect very few spots in 1878, 1889, etc. The
years of greatest production of spots were 1804, 1816, 1839,

1887, 1848, 1860, and 1870, from which we may conclude

that 1882, 1893, etc., will be years of numerous sun-spots.

"•««S«»W<
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The observations of Schwabe and the researches of Wolf
seem to have placed the existence of this period beyond a

doubt; but no satisfactory explanation of its cause has yet

been given. When first noticed, its near approach to the pe-

riod of revolution of Jupiter natnrally led to the belief that

there was a connection between the two, and that the attrac-

tion of the largest planet of the system produced some disturb-

ance in the sun, which was greater in perihelion than in aphe-

lion. But this connection seems to be disproved by the fact

that the sun-spot period is at least six months, uid perhaps a

year, shorter than the revolution of Jupiter. It is therefore

probable that the periodicity in question is not due to any ac-

tion outside the sun, but is a result of some law of solar action

of which we are as yet ignorant

There are certain supposed connections of the snn-epot pe-

riod with terrestrial phenomena which are of interest. Sir

William Herschel collected quite a mass of statistics tending to

show that there was an intimate connection between the num-

ber of sun-spots and the price of com, the latter being low

when there were few spots, and higli when they were more

•inmeroua His conclusion was that the fewer die spots, the

more favorable the solar rays to the growth of the crops.

This theory has not been confirmed by subsequent observa-

tion. There is, however, some reason to believe, from the

researches of Professors Levering and Lborais, that the fre-

quency of auroras and of magnetic disturbances is subject to

a period corresponding to that of sun-spots, these ooonrrenoes

bein^; most frequent when the spots are most numerous. Pro-

fesHor Loomis considers the coincidence to be pretty well

prov?d, while Professor Levering is more oantions, and waits

for further research b^ore coining to a positive conclnsion.

The occurrence of great auroras in 1869 and 1870-'71 was

strikingly accordant with the theory

.

§ 4. Law of Rotatim of the Sun.

Between the years 1848 and 1861, a very oaraful aeries of

observations of the positions and motions of the solar spots

18
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was made by Mr. Oarrington, of England, with a view of de-

ducing the exact time in which the sun rotates on his axis.

These observations led to the remarkable result that the time

of rotation shown bj the spots w&s not the same on all parts

of the sun, but that the equatorial regions seemed to perform

a revolution in less time than those nearer the poles. Near
the equator the period was about 25.8 days, while it was a

day longer in 80° latitude. Moreover, the period of rotation

seems to be different at different times, and to vary with the

frequency of the spots. But the laws of these variations are

not yet established. In consequence of their existence, we
caunot fix any definite time of rotation for the sun, as we can

for the earth and for some of the planets. It varies at dif-

ferent times, and under different circumstances, from 25 to

26i days

The (»iiise of these variations is a subject on which there is

y(it no general agreement among those who have most care-

fully investigated the subject Zollner* and Wolf see in tLe

general motions of the spots traces of currents moving from

both poles of the sun towards the equator. The latter con-

siders that the eleven -year spot-period is associated with a

flood of liquid or gaseous matter thrown up at the poles of

the sun about once in eleven years, and gradually finding its

way to the equator. ZoUner adopts the same theory, and has

submitted it to a mathematical analysis, the basis of which is

that the sun has a solid crust, over which runs the fluid in

which the spots are formed. The current springs up near

the poles, and, starting towards the equator witliout any rota-

tion, is acted on by the friction of the revolving crust. By
this friction the crust continually tends to carry the fluid with

it The nearer the current approaches the equator, the more

rapid the rotation of the crust, owing to its greater distance

from the axis. The friction acts so slowly that the current

reaches the equator before it takes up the motion of the crust

On this hypothesis, the crust of the sun really revolves in

* Dr. J. C. F. ZfiUner, FroCMwr in the University ef Leipeie.

WM
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about S6 days; and the reason that the fluid which covers it

ravolves more slowly at a distance from the sun's equator is

that it has not yet taken np this normal velocity of rotation.

This explanation of the seeming paradox that the equatorial

regions of the sun perform their revolution in a shorter time

than those parts nearer the poles, cannot be regarded as an es-

tablished scientific theory. It is mentioned as being, so far as

the writer is aware, the most completely elaborated explana-

tion yet offered. It is possible that tlie sp( is have a proper

motion of their own on the solar surface, and that this is the

reason of the apparent difference in the time of rotation in

different latitudes. Yet another theory of the subject is that

of Faye,* who maintains that these differences in the rates of

rotation are due to ascending and descending currents, as will

be more fully explained in presenting his views. But we here

touch upon questions which science is as yet far from being

in a condition to answer.'

§ 5. I%e Sun^a Surroundinga.

If the sun had never been examined with any other instru-

ment than the telescope, nor been totally eclipsed by the inter-

vention of the moon, we should not have formed any idea of

the nature of the operations going on at his surface ; but we
might have been better satisfied that we had a oomplete knowU
edge of his constitution. Indeed, it is remarkable that mod-
em science has shown us more mysteries in the snn than it has

explained ; so that we find onrselves further than before from

a satis&MJtory explanation of solar phenomena. When the an-

cients supposed the sun to be a globe of molten iron, they had

an explanation which quite satisfied the requirements of the

science of their times. The spots were no mystery to Galileo

and So)teiner, being simply dark places in the photosphere.

Herschel's explanation of them was quite in accord with the

science of his time, and he may be regarded as the latest man
who has held a theory of the physical constitution of the sun

* Mr. H. B. Faye, menber of the Franch AGsdw^ of Soionow,

^MM^^"



258 THE SOLAR 8TSTEM.

which WAS really satiBfactory at the time it was propounded.

We have shown how his tlieory was refuted by the discovery

of the conservation of force ; we have now to see what per-

plexing phenomena have been revealed in recent times.

Phenomena during T(4ed EcUpaea.— If, during the progress

of a total eclipse, the gradually diminishing crescent of the

sun is watched, nothing remarkable is seen until very near the

momerl of its total disappearance. But, as the last ray of snn<

light vanishes, a scene of unexampled beauty, grandeur, and im-

preesiveness breaks upon the view. The globe of the moon,

black as ink, is seen as if it were hanging in mid-air, surround-

ed by a crown of soft, silvery light, like that which the old

painters used to depict around the heads of saints. Besides

this " corona," tongues of rose-colored flame of the most Hn-
tastic forms shoot out from various points around the edge of

the lunar disk. Of these two appearances, the corona was no-

ticed at least as far back as the time of Keplw; indeed, it was

not possible for a total eclipse to happen without the specta-

tors seeing it. But it is only within a century that the at-

tention of astronomers has been directed to the rose-oolored

flames, although an observation of them was recorded in the

Philosophical Transactions nearly two centuries ago. They
are known by the several names of *' flaAnes," ^ prorainenceB,"

and "protuberances."

The descriptions which have been -given of the corona, al-

though differing in many details, have a general resemblance.

•Halley's description of it, as seen during the total eclipse of

1715, is as follows

:

'*A few seconds before the sun was all hid, there discovered

itself round the moon a luminous ring abont a digit, 3r per-

haps a tenth part of the moon's diameter, in breadth. It was
of a pale whiteness, or rather pearl-color, seeming to me a lit-

tle tin^d with the colors of the iris, and to be concentric

with the moon."

The more careful and elaborate observations of recent times

show that the corona has not the circular form which was for

merly ascribed to it, but that it is quite irregular in its ont>
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line. Sometimes its form is more nearly square than round,

the corners of the square being about 45° of solar latitude,

and the sides, therefore, corretponding to the poles and tlie

eqnator of tlie snn. This square appearance does not, how-

ever, arise from any regularity of form, but from the fact that

the corona- seems brighter and higher half way between the

poles and the eqnatw of the sun than it does near those points.

Vm.«i—totetMitpNortk«MiiMMMatDMXolDM,Iowa.AMgwtTtb,ia«. Dnwa
brProiHMrJ.B.lMUMHL n«Mtwt,ailh«^Mc..Mwk|lMpiMitlou«rth«pnni.

These prominent portions sometimes seem like rays shooting

out from die snn. The corona is always brightest at its base,

gradually shading oft toward the outer edge. It is impossi-

ble to say with certainty how far it extends, but there is no

doubt that it has been seen as far as one semidiameter from

the moon's limb.
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The corona was forroerljr Bapposed to be an atmoBphere

either of tl^e moon or of the sun. Thirty or forty years ago,

the moMt plnviBible theory was that it was a solar atmosphere,

and that the red protuberanues were olonds floating in it.

That the corona could be a lanar atmosphere was completely

diHproved by its irregular outline, for the atmosphere of a

body like the moon would necessarily spread itself around in

nearly nniform layers, and could not be piled up in some

quarters, as the matter of the corona is seen to be. We shall

soon see that there is no doubt about the corona being some-

tiling surrounding the sun.

The question whether the red protuberances belong to the

moon or the sun waa settled during the total eclipse of 1860,

which was observed in Spain. It was then proved by meas-

ures of their height above the limb of the moon that the lat-

ter did not carry them with her, but passed over them. This

proved that they were fixed relatively to the sun.

At the time of thia eclipse the spectroscope was in its in-

fancy, and no one thought of applying it to the study of the

corona and protuberaneea. Tlie next oonsiderable eclipse oc-

cuned eight years later, in July, 1868, and was visible in In-

dia and Siam. The speotrosoope had, in the mean time, oome
into very general use, uad expeditions were despatched from

several European oonntries to India to make an examination

of the spectra of the objects in question. The most SQcoess-

fnl observer was Janssen, of France, who took an elevated

position in the interi«»r, where the air was remarkably clear.

When, on the eventful day, the last ray of sunlight was cut

off by the advancing moon, an enormous protuberance showed

itself, rising to a height of many thousand miles above the sur-

face of the sun. Tiie spectroscope was promptly turned upon

it, and the practised eye of the observer saw in a moment diat

the spectrum consisted of the bright lines due to glowing hy-

drogen. Tlie protuberance, therefore, did not consist of any

substance shining merely by reflected sunlight, but of an im-

mense mass of hydrogen gas, so hot as to shine by its own
light. The theory of the cloud -like nature of the protuber-

ances was overthrown in a moment
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This observation marks the commenoemont of a new era in

solar physios, which, by a singular coincidence, was inaugu-

rated independently by another observer. As Jauasen looked

al the lines which he Mras the first of men to see, it occurred

to him that they were bright enough to be seen after the 'otal

p^aso of the eclipse had passed. He therefore determined to

watch them, and find how long he could follow them. He
kept sight of them, not only after the total phase had passed,

but after the eclipse was entirely over. In fact, he found that

with a sufficiently powerful spectroHcope, he <oim>; oee the

Br>eotral lines of the protuberances at any timo ^'itin tjhi air

w: « perfectly clear, so that the varying forms lA the^o re' lark-

al ')jeots which had hitherto been seen only during the

r iitoments of a total eclipse could be made a subject of

regular observation.

Bnt this great discovery was made in England, independ-

ently of the eclipse, by 2lfr. J. Norman Lockyer. This gen-

tleman was an active student of the subject of spectroscopy

;

and it had ooourred to him that the matter composing these

protuberances, being so near the surface of the sun, must be

hot enough, not only to shine by its uwu liglu, but to be quite

vaporind, and, if so, its spectrum might be seen by means of

the spectroscope. Finding that the instrument he possessed

would show nothing, he ordered a more powerful one. But

its oonstmotion was attended with so mndi delay that it was

not ready till October, 1868. On the 20th of thn' month, he

pointed it npon the margin of the sun, and found mree bright

lines in the spectrum, two of which belonged to hydrogen.

Thiw was realized an idea which he had formed two years be-

fore, but which he was prevented from carrying out by the

want of a snitable instrument. His success was immediately

communicated to the French Academy of Sciences, the news

reaching that body on the very day diat word was received

from Janssen, in India, that he had also solved the same prob-

lem.

Following up his researches, Mr. Lockyer found that the

protuberances arose from a narrow envelope surrounding the
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enonnons tongues of flame, which, however, can never be seen

except with the spectroscope, or during total eclipses. To this

atmosphere Mr. Lockyer gave the name of the ohromogphere.

This new method of research throws no light apon the con-

stitution of the corona, because the spectrum of this object is

too faint to be studied at any time, except during total eclipses.

There have l)een two in the United States within ten years,

during both of which the corona was carefully studied with

all the appliances of. modem science. The first of these

eclipses occurred on Angpst 7th, 1869, when the shadow of

the moon passed over Iowa, Illinois, Kentucky, South-western

Virginia, and North Carolina. The second was that of July

29th, 1878, when the shadow passed over Wyoming, Ck>lora'

do, and Texas. One of the most curious results of the last

eclipse is derived from a study of the photographs taken by

parties sent out from the Naval Observatory. These show

that the corona is not a mass of foggy or milky light, as it

usually appears in small telescopes, but has a hairy structure,

like long tufts of flax. This structure was noticed by W. S.

Gilman during the eclipse of 1869, but does not seem to have

been generally remarked. The most prominent feature of tlie

spectrum of the corona is a single bright line in the green

portion, discovered independently by Professors Harkness and

Young during the eclipse of 1869. It has not been identified

in the spectrum of any terrestrial substance. This would in-

dicate that the corona consisted in part of some gases un-

known on the earth. There is also a faint continuous spec-

trum, in which the dark lines of the solar siiectrum can be

seen, but these lines are much more prominent during some

eclipses than during othei's. This portion of the spectrum

must be due to reflected sunlight It would seem, therefore,

that the corona comprises a mixture of gaseous matter, shining

by its own light, and particles reflecting the light of the sun.

Oontinned observations of the spectra of the various gases

surrounding the sun show a much greater number of lines

than have ever been seen during total eclipses. Mr. Lockyer

himself, by diligent observation extending over several years,
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fonnd over a hrndred. But the greatest advance in this re-

spect was made by Professor C. A. Yonng. In 1871 an astro-

nomical expedition was fitted ont by the Coast Survey, for the

purpose of learning by actual trial whether any great advan-

tage would be gained by establishing an observatory on the

most elevated point crossed by the Pacific Railway. This

point was Sherman. The spectroscopic part of the expedition

was intrusted to Professor Young. Although there was a

great deal of cloudy weather, yet, when the air was clear, far

less light was reflected from ^e sky surrounding, the sun than

at lower altitudes, which was a great advantage in the study

of the sun's surroundings. Professor Young found no less

than 273 bright lines which he was able to identify with cer-

tainty. The presence of many known substances, especially

iron, magnesium, and titanium, is indicated by those lines

;

but there are also many lines which are not known to pertain

to any terrestrial substance.

§ 6. Physical Constittttion of the Sim.

Respecting the physical constitution of the sun, there are

some points which may be established with more or less cer-

tainty, but the subject is, for the most part, involved in doubt

and obscurity. Since the properties of matter are the same

everywhere, the problem of the physical constitution of the

sun is solved only when we are able to explain all solar phe-

nomena by laws of physics which we see in operation around

us. The fact that the physical laws operative on the sun must

be at least in agreement with those in operation here, is not

always ramembered by thoee who have speculated on the sub-

ject In stating what is probable, and what is possible, in

the causes of solar phenomena, we shall begin on the outside,

and go inwards, because there is less doubt about the opera-

tions which go on outside the sun than about those on his sur-

face or in the interior.

As we approach the sun, the first material substance we

meet with is the corona, rising to heights of five or ten, per-

haps even fifteen, minutes above his surface, that is, to a height
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of from one to three hundred thousand miles. Of this ap-

pendage we may say with entire confidence that it cannot be

an atmosphere in the sense in which that word is commonly

used, that is, a continuous mass of elastic gas held np by its

own elasticity. Of the two resdons in favor of this denial, one

seems to me almost conclusive, the other entirely so. They

are as follows

:

1. Gravitation on the sun is abont 27 times as great as on

the earth, and any gas is there 27 times as heavy as here. In

an atmosphere each stratum is compressed by the weight of

all the strata above it The result is, that as we go down by

successive equal steps, the density of the atmosphere increases

in geometrical progression. An atmosphere of the lightest

known gas—hydrogen—would double its density every five or

ten miles, though heated to as high a temperature as is likely

to exist at the height of a hundi-ed thousand miles above the

sun's surface. But therQ is no approximation to such a rapid

increase in the density of the corona as we go downwards. If

we suppose the corona to be such an atmosphere, we must

suppose it to be hundreds of times lighter than hydrogen.

2. The great comet of 1843 passed within three or four

minutes of the surface of tho sun, and therefore directly

through the mi<^3t of the corona. At the time of nearest ap*

proach its velocity was 350 miles per second, and it went wiUi

nearly this velocity through at least 300,000 miles of corona,

coming out without having suffered any visible damage or

retardation. To form an Idea what would have become of

it had it encountered the rarest conceivable atmosphere, we
have only to reflect that shooting-stars are instantly and com-

pletely vaporized by the heat caused by their encounter with

onr atmosphere at heights of from 50 to l60 miles; that is, at

A height where the atmosphere entirely ceases to reflect the

light of the sun. The velocity of shooting-stars is from 20 to

40 miles per second. Remembering, now, that resistance and

heat increase at least as the square of the velocity, what would

he the fate of a body, or a collection of bodies like a comet,

passing through several hundred thousand miles of tlie rarest
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atmosphere at a rate of over 300 miles a second ? And how

rare must such an atmosphere be when the comet passes not

only without destruction, but without losing any sensible ve-

locity ! Certainly so rare as to be entii-ely invisible, and inca^

pable of producing any physical effect.

What, then, is the corona } Probably detached particles

partially or wholly vaporized by the intense heat to which

they are exposed. A mere dust -particle in a cubic mile of

space would shine intensely when exposed m such a flood of

light as the sun pours out on evei7 body in his neighborhood.

The difficult question which we meet is. How are these parti-

cles held up? To this question only conjectural replies can

be given. That the particles are not permanently held in one

position is shown by the fact that the form of the corona is

subject to great variations. In the eclipse of 1869, Dr. Gould

thought he detected variations during the three minutes the

eclipse lasted. The three conjectures that have been formed

on the subject are

:

1. That the matter of the corona is in what we may call a

state. of projection, being constantly thrown up by the sun,

while each particle thus projected falls down again according

to the law of gravitation. The difficulty we enoonnter here is

that we must suppose velocities of projection rising as high as

200 miles per second constantly maintained in evety region

of the solar globe.

2. That the particles thrown ont by the sun are held np a

greater or less time by electrical repulsion. We know that at-

mospheric electricity plays an active part in terrestrial mete-

orology; and if electric action at the surface of the snn is pro-

portional to those physical and chemical actions which we

find to give rise to electrical phenomena hera on tlie earth,

the development of electricity there mnst be on an enormous

scale.

8. That the corona is dne to olonds of minnte meteors cir'

cnlating around the snn in the immediate vicinity of that lu-

minary.

Aa already intimated, none of these explanations is roach
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better than a conjecture, though it is quite probable that the

facts of the case are divided somewhere among them.

Next inside the corona lies the chromosphere. Here we
reach the true atmosphera of the sun, rising in general a few

seconds above his surface, but now and then projected up-

wards in immense masses which we might call flame, if the

word were not entiraly inadequate to convey any conception

Fia. TO.—The Min, with itt ehnmHMpbere aiid red flaniM, on Jply Vd, 18T1, m dnwa by
SeeehL Th« flgnrai mark the fleinee, IT in namber.

of the enormous scale on which thermal action is there car-

ried on. What we call fire and flame are results of burn-

ing ; but the gases at the surface of the sun are already so

hot that burning is not possible. Hydrogen is the principal

material of the npper part of the chromosphere; but, as we
descend, we find the vapors of a great number of metals, in-

cluding iron and magnesium. At the base, where tho, jnetals

are most numerous, and thie density the greatest, oconrs the

absorption of the solar rays which causes the dark lines in the

mmam
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speotnun already described (p. 225). This seems satisfautori*

ly proved by an observation of Professor Young's during the

eclipse of 1870, in Spain. At the moment of disappearance

of the last rays of sunlight, when he had a glimpse of the

base of the chromosphere, he saw all the spectral lines re-

versed ; that is, they were bright lines on a dark ground. The
vapors which abtiorb certain rays of the light which passes

through them from the son then emitted those same rays

when the sunlight was cot off.

The most astonishing phenomena connected with the chro-

mosphere are those outbursts of its matter which form the pro-

tuberances. The latter are of two classes—the cloud-like and

the ernptive. The first class presents the appearance of clouds

floating in an atmosphere ; but as no atmosphere dense enough

to sustain anything can possibly exist there, we find the same

difficulty in accounting for them that we do in accounting for

the suspension of the matter of the corona. In fact, of the

three conjectural explanations of the corona, two are inadmis-

sible if applied to the protuberances, since these cloud-like

bodies sometimes remain at rest too long to be supposed mov-

ing nnder the influence of the sun's gravitation. This leaves

the electrical exphuiation as the only adeqnate one yet brought

forward. The ernptive prchiberances seem to be due to the

projection of hydrogen and magnesium vapor from the region

of the chromosphere with velocities which sometimes rise to

150 miles a second. The eruption may continue for hours, or

even days, the vapor spreading out into great masses thousands

of miles in extent, and then falling back on the chromosphere.

Is it possible to present in language any adequate idea of

tihe scale on which natural operations are here carried on ? If

we call tiie chromosphere an ocean of fire, we must remember

that it is an ocean hotter than the fiercest furnace, and as deep

as the Atlantic is broad. If we call its movements hurricanes,

we must remember that our hurricanes blow only about a hun-

dred miles an hour, while those of the chromosphere blow as

far in a single second. They are such hnrricanes as, ^ coming

down npon us from the north, would, in thirty seconds after
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tliey had crossed the St. Lawrence, be in the Gulf of Mexico,

carrying with them the whole surface of the continent in •
mass, not simply of ruin, but of glowing vapor, in which the

vapors arising from the dissolution of the materials composing

the cities of Boston, New York, and Chicago would be mixed

in a single indistinguishable cloud." When we speak of erop*

tions, we call to mind Vesuvius burying the surrounding cities

in lava ; but the solar eruptions, thrown fifty thousand miles

high, would ingulf the whole earth, and dissolve every organ*

ized being on its surface in a moment When the medieeval

poets sung,
" Diet ins, dies iUa

SoWet MBclum in bviUa,"

they gave rein to their wildest imagination, without reaching

any conception of the magnitude or fierceness of the flames

around the sun.

Of the corona and chromosphere the telescope ordinarily

shows us nothing. They are visible only during total eclipses,

or by the aid of the spectroscope. All we see with the eye or

the telescope is the shining surface of the sun called the pho-

tosphere, on which the chromosphere rests. It is this which

radiates both the light and the heat which reach us. The
opinions of students respecting the constitution of the photo-

sphere are so different that it is hardly possible to express any

views that will not be challenged in some quarter. Although

a contrary opinion is held by many, we may venture to say

that the rays of light and heat seem to come, not from a

gas, but from solid matter. This is indicated by the fact that

their spectrum is continuous, and also by the inten • ? of the

light, which far exceeds any that a gas has ever bee ? made
to give forth. It does not follow from this that the photo-

sphere is a continuous solid or crust, since floating particles of

solid matter will shine in the same way. The general opinion

has been that the photosphere is of a cloud-like nature ; that

is, of minute particles floating in an atmosphere of heated gases.

That it is not continuously solid like our earth seemed to be

fully shown by the variations and motions of the spots, which

MMIk
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have every appearance of going on in a fluid or gas. Indeed,

of late, some of the inost eminent physicists regard it as pure-

ly gaseons, the pressure making it shine like a solid.

But this theory is attended with a difliculty which has not

been sufficiently considered. Tlie photosphere is in striking

contrast to the gaseous chromosphere, in being subject to no

sensible changes of level. If it were gaseous, as supposed,

the solid particles having no connection with each other, we
should expect those violent eruptions which throw up the pro-

tuberances to carry up portions of it, so that it would now and

then present an irregular and jagged outline, as the chromo-

sphere does. But the most retined observations have never

shown it to be subject to the slightest change of level, or devi-

ation from perfect rotundity, except in the region of the spots,

where its continuity seems to be broken by immense chasm-

like openings.

The serene immobility of the photosphere, under such vio-

lent actions around it as we have described, lends some color

to the supposition that it is a solid crust which forms around

the glowing interior of the sun, or, at least, that it is composed

of a comparatively dense fluid, resting npon such a crust The
latter is the view of ZoUner, who considers some sort of an

envelope between the exterior and the interior of the snn ab-

solutely necessary to account for the eruptive protuberances.

He places this solid envelope three or four thousand miles bo-

low the surface of tlie photosphere.

Inside the photosphere we have the enormous interior

globe, 860,000 miles in diameter. The best^ustained theory

of the interior is the startling one that it is ndther solid nor

liquid, but gaseons; so that onr great luminary is nothing

more than an immense bubble. The pressure upon the inte-

rior portions of this mass is such as to reduce it to nearly the

density of a liquid; while the temperature is so high as to

keep the substances in a state which is between the liquid and

the gaseous, and in which no chemical action is possible. The
strong point in support of this gaseons theory of the sun's in-

terior is. that it is the only one which explains how the sun's
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light and heat are kept up. How it does this will be ahown

in treating of the laws wliich govern the Moular changes of

the universe at large.

§ 7. Views of Distinguished Students of the Sun on the Subject of

its Physical Ounstitulion.

The progress of our knowledge of the sun during the past

ten years has been so rapid that only those can completely fol>

low it who make it the principal business of their lives. For

the same reason, the views respecting the sun entertained by

those who are engaged in studying it must be modified and

extended from time to time. The interest which necessarily

attaches to the physical source of all life and motion on our

globe renders the author desirous of presenting these views to

his readers in their latest form ; and, through the kindness of

several of the most eminent investigators of solar physics now

living, he is enabled to gratify thnt desire. The following

statements are presented in the language of their respective

authors, except that, in the case of Messrs. Secchi and Faye,

they are translated from the French for the convenience of

the English reader. It will be noticed that in some minor

points they differ from each other, as well as from those which

the author has expressed in the preceding section. Such dif-

ferences are unavoidable in the investigation of so difficult »

subject

F«Jtt'» of the Rev. Father Secchi—" For me, as for every one

else, the sun is an incandescent body, raised to an enormous

temperature, in which the substances known to our chemists

and physicists, as well as several other substances still unknown,

are in a state of vapor, heated to such a degree that its spec-

trum is continuous, either on account of the pressure to which

the vapor is subjected, or of its high temperature. This incan-

descent mass is what constitutes the photosphere. Its limit is

defined, as in the case of incandescent gases in general, by the

temperature to which the exterior layer is reduced by its free

radiation in space, together with the force of gravity exert-

ed by the body. The photosphere presents itself as composed

N 19
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of small, brilliant granulations, separated by a dark net-work.

These granulations are only the gnmmits of the flumes whiuh

oonstitate them, and which rise above the lower absorbing

layer, which forms the net-work, as we shall soon more clearly

see.

" Above the photospherio layer lies an atmosphere of a very

complex nature. At its base are the heavy metallic vapors,

at a temperature which, being less elevated, no longer permits

the emission of light with a continuous spectrum, although it

is sufficient to give direct spectra with brilliant lines, which

may be observed, during total eclipses of the sun, at its limb.

This layer is extremely thin, having a depth of only one or

two seconds of arc. According to the law of absorption laid

down by KirohhofF, these vapors absorb the rays of the spec-

trum from the light of the photosphere which passes through

them, thus giving rise to the breaks known as the Fraunhofer

dark lines of the solar spectrum. These vapors are mixed

with an enormous quantity of hydrogen. This gas is present

in such a quantity that it rises considorably above the other

layer, and forms an envelope rising to a height of from ten

to sixteen seconds, or even more, which constitutes what we
call the chromosphere. This hydrogen is always mixed with

another substance, provisionally called helium, which forms the

yellow line Z), of the spectrum of the protuberances, and with

another still rarer substance, which gives the green lino 1474

IT. This last substance rises to a much greater elevation than

the hydrogen ; but it is not so easily seen in the full sun as

the latter. Probably there is some other substance not yet

well determined. Thus, the substances which compose this

solar envelope appear to be arranged in the order of their

density ; but still without any well-defined separation, the dif-

fusion of the gases producing a constant mixture.

''This atmosphere becomes visible in total eclipses in the

form of the corona. It is very difficult to fix its absolute

height. The eclipses prove that it may reach to a height

equal to the solar diameter in its highest portions.

** No doubt it extends yet farther, and it may well be con-
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nectod with the zuJiacal liglit. The visible lay'.;r of this at-

moaphere is not spheriual ; it is higher in middle latitudes,

near forty-five degrees, than at the equator. It is still more

depressed at the poles. At the base of the chromosphere,

the hydrogen has the shape of small flames composed of very

thin, close filaments which seem to correspond to the grann-

lations of the photosphere. Dnring periods of tranquillity

the direction of these filaments is perpendicular to the solar

surface ; but during periods of agitation they are generally

moi-e or less inclined, and often directed systematically tow-

ards the poles.

" The body of the sun is never in a state of absolute repose.

The various substances coming together in the interior of the

body tend to combine, in consequence of their affinity, and

necessarily produce agitations and interior movements of every

kind and of great intensity. Hence the numerous crises which

show themselves at the surface through the elevation of the

lower strata of the atmosphere by eruptions, and often by act-

ual explosions. Then the lower metallic vapors are projected

to considerable heights, hydrogen especially, at an elevation

visible in the spectroscope (in full sunlight) of one-fourth the

solar diamdter. These masses of hydrogen, leaving the pho-

tosphere at a temperature higher than that of the atmosphere,

rise to the superior regions of the latter, remaining suspend-

ed, diffusing themselves at considerable elevations, and |orm-

ing what are called the prominences or protuberances. The

structure of the hydrogenous protuberances is entirely simi-

lar to that of fluid veins raising themselves from denser layers,

and diffusing in the more rare ones : but their extreme varia-

bility, even at the base, and the rapid changes of the place of

exit and diffusion, prove that they do not pass through any

orifice in a solid resisting layer.

" These eruptions are often mixed with columns of metallic

vapors of greater density, which do not attain the elevation

of the hydrogen, and of which the nature can be recognized

by the aid of the spectroscope : occasionally we see them fall-

ing back on the sun in the form of parabolic jets. The most
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common snbetances are sodihm, magnesinm, iron, calcium, etc.

—indeed, the same substances which are seen to form the low,

absorbing layer of the solar atmc6|>'.ere, and which by their

absorption produce the Fraunhofer lines. A rigorous and in-

evitable consequence of these conditions is the fact that When
the mass thus elevated is carried by the rotation of the sun

between the photosphere and the eye of the observer, the ab-

sorption becomes very sensible, and produces a dark spot on

the photosphere itself. The metallic absorption lines are

then really wider and more diffused in this region; and if

the elevated mass is high and dense enough, we can even see

the re-reversal of the lines already reversed ; that is to say,

we can see the briglit lines of the substance itself on the back-

ground of the spot. This often happens for hydrogen, which

rises to a great height, and also with sodium and magnesium,

which metals have the rarest vapore. Here, then, we have the

prigin of the solar spots. They are formed by masses of ab-

sorbing vapors which, brought out from the interior of the sun,

and interposed between the photosphere and the eye of the ob-

server, prevent a large part of the light from reaching our eyes.

" But these vapors are heavier than the surrounding mass

into which they have been thrown. They therefore fall by

their own weight, and, tending to sink into the photosphere,

produce in it a sort of cavity or basin filled with a darker and

r4j9<g.*«k>pta5t5 mass. Hence the aspect of a cavity recognized

•^^« iue wj«ot6!. if the eruption is instantaneous, or of very short

duration, this vaporous mass, fallen back on the photosphere,

soon becomes incandescent, reheated, and dissolved, and the

spot rapidly disappears ; bnt the interior crises of the body of

the sun may be continued a long time; and the eruption may
maintain itself in the same place during two or more rotations

of the sun. Hence the persistence of the spots ; for the dond

can continue to form so long and so fast as the photosphere

dissolves it, as happens with the jets of vapor from our vol-

canoes. The eruptions, when about to terminate, may be re-

vived and reproduced several times near the same place, and

give rise to spots very variable in form and position.
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" The spots are formed of a central region, called the nu-

cleus, or umbra, and of a surrounding part less dark, called

the pennmbm. The latbjr is really formed of thin dark veils,

and of filaments or currents of photospheric matter which

tend to encroach upon the dark mass. These currents have

the form of tongues, often composed of globular masses look-

ing like strings of beads or willow leaves, and evidently are

only the grains of the photosphere precipitating themselves

towards the centre of the spot, and sometimes crossing it like

a bndge.

Vio. n.—nimtnttag Seedil'i theory of lular «pot».

" In each spot we most distinguish three periods of exist-

ence: the first, of formation; the second, of rest; the third,

of extinction. In the first, the photospheric mass is raised

and distorted by a great imitation, often in the nature of a

vortex, which elevates it all around the flowing itreams, and

forms irregular elevations, either without penumbra or with a

very irregular one. These irregnlar movements defy dMcrip-

tion : their velocities are enormous, and the agitated region
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extends itself t> 9r several square degrees ; but tliis upturn-

ing soon cou- :^ to »u end, and tlie agitation slowly subsides,

and is succeeded by calm. In the second period, the agi-

tated and elevated mass falls back again, and tends to com-

bine in masses more or less circular, and to sink by its weight

into the surface of the photosphere. Hence the depressed

form of the photosphere, resembling a funnel, and the numer-

ous currents which come from each point of the circumference

to rush upon this obscure mass ; but at the same time the con-

ti-ast between it and the substance issuing still persists. The

spot takes a nearly stable and circular form, a contrast which

may last a long time—so long, in fact, as the interior actions of

the solar globe furnish new materials. At length, the latter

ceasing, the eruptive action languishes and is exhausted, and

the absorbing mass invaded on all sides by the photosphere is

dissolved and absorbed, and the spot disappeara.

** The existence of these three phases is established by the

comparative study of the spots and eruptions. When a spot

is on the snn's border during its first period, although the

dark region is invisible, its position is indicated by eruptions

of metallic vapors, if the spot be considerable. On the dark-

est ones the vapors of sodium, iron, and magnesium are seen

in the greatest quantity, and raised to great heights. A calm

and circular spot is crowned by beautiful faculee and jets of

hydrogen and metallic vapors, very low, though quite brilliant.

A spot which is on the point of closing up has no metallic

jets, and at the utmost only a few small jets of hydrogen, and

a more agitated and elevated chromosphere. Besides, obser-

vation teaches that the eruptions in general accompany the

spots, and that they are deficient at times when the spots are

wanting. Thus the solar activity is measured by the double

activity of eruptions and spots which have a common source,

and the spots are really only a secondary phenomenon, de-

pending upon the eruptions and the more or less absorbing

quality of the materials: if the erupted materials were not

absorbent, we could see no spots at all.

" The eruptions composed simply of hydrogen do not pro-
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dnce spots ; thns they are seen on all points of the disk, while

the spots are limited to the tropical zones, where alone the

metallic eruptions appear. The eruptions of simple hydrogen

give rise to the faculee. The greater brilliancy of the faculse

is due to two causes : the firat is, the elevation of the photo*

sphere above the absorbing stratum of vapor which is very

thin (only one or two seconds of arc, as we have before said)

;

this elevated region thus escapes the absorption of the lower

stratum, and appears more brilliant. The other cause may be

that the hydrogen, in coming out, displaces the absorbing

stratum, and, taking the place of the metallic vapors, permits

a better view of the light of the photosphere itself.

" Thns, in conclusion, the spots are a secondary phenomenon,

but, nevertheless, inform us of the violent crises which pre*

vail in the interior of the radiant globe. The frequency of

the spots corresponding to the frequency of eruptions, the two

phenomena, taken in connection, are the mark of solar activ*

ity. The spots occupy the zones on each side of the solar

equator, and rarely pass beyond the parallel of thirty degrees.

One or two seen at forty-five degi-ees are exceptions. That

parallel is therefore the limit of greatest activity of the body.

It is remarkable that the parallels of thirty degrees divide the

hemispheres into two sectors of equal volume. Beyond these

parallels we see faculse, but not true spots—or, at most, only

veiled spots indicative of a very feeble metallic eruption.

" Such a fluid mass, in which the parts are exposed to very

different temperatures, could not subsist without an interior

circulation. We do not yet know its laws ; but the following

facts are well enough established : the zones of spots are not

fixed, but have a progressive motion from the equator towards

the poles. The spots, arrived at a certain high latitude, cease

to appear, but after some time reappear at lower latitudes,

and i^erwards go on anew. Between these phases of dis-

placement thera is commonly a minimum of spots. During

periods of activity the protuberances have a dominant direc-

tion towards the pole, as also the flames of the chromosphere.

This indicates a general movement of the photosphere fron^
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the equator to the poles. This movement is sapported by tlie

displacement of the zones of ernptiou and of the protuber-

ances, which always seem to move towards the poles.

" Besides this movement in latitude, the photosphere has

also a movement in longitude, which is greatest at the equa-

tor. Thus the time of rotation of the body is different upon

different
i.

'j^llels, the minimum being at the equator. These

phenomena lead to the conclusion that the entire mass is af-

fected with a vortical motion which sets from tlie equator

towards the poles, in a direction oblique to the meridians.

The theory of these movements is still to be elaborated, and

is, no doubt, connected with the primitive mode in which the

sun was formed.

" The activity of the body is subject to considerable fluctu-

ations : the best established period is one of eleven and one-

third years, but the activity increases more rapidly than it di-

minishes—it increases about four years, and diminishes about

seven. This activity is connected with the phenomena of ter-

restrial magnetism, but we cannot say in what way. We may
suppose a direct electro-magnetic influence of the sun upon

our globe, or an indirect influence due to the thermal action

of the sun, which reacts upon its magnetism. It is, indeed,

very natural to suppose that the ethereal mass which fills the

paces of our planetai^ system may be greatly altered and

modified by the activity of the central body. But, whatever

may be the cause of these changes of activity, we are com-

pletely ignoraut of them. The action of the planets has been

proposed as plausible, but it is far from being satisfactory.

The true explanation is reserved for the science which shdl

reveal the nature of the connection which unites heat to elea-

trioity, to magnetism, and to the cause of gravity.

*' Of the interior of the sun we have no oertain information.

The superficial temperature is so great, notwithstanding the

eoDtinual loss of heat which it suffers, that we cannot suppose

it less in the interior ; and, consequently, no solid layer can ex-

ist there, except perhaps at depths where the pressure due to

gravity equals or surpasses the molecular dilatation produced
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by temperature. However it may be, the layer accessible to

the exploration of our instruments is, no doubt, fluid and gase-

ous, and we° can thus explain the variations of the solar diam-

eter established by certain astronomers. Notwithstanding these

small fluctuations, the radiation of the body into its planetary

system is nearly constant during widely separated periods, and

especially is it so during the historic period. This constancy

is due to several causes : first, to the enormous mass of the

body, which can be cooled only very slowly, owing to its very

high temperature; second, to the contraction of the mass,

which accompanies the condensation consequent upon the loss

of heat ; third, to the emission of the heat of dissociation due

to the production of chemical actions which may take place

in the total mass.

" The origin of this heat is to be found in the force of grav-

ity ; for it is well proved that the solar mass, by contracting

from the limits of the planetary system to its present volume,

would produce, not only its actual temperature, but one sev-

eral times greater. As to the absolute value of this tempera-

ture, we cannot fix it with certainty. Science not yet having

determined the relation which exists between molecular liv-

ing force {via viva) and the intensity of radiation to a distance

(which last is tlie only datum given by observation), we find

ourselves in a state of painful uncertainty. Nevertheless, this

temperature must be several million degrees of our thermom-

eter, and capable of maintaining all known substances in a

state of vapor.
*' Borne, Febnuuy 11th, 1877."

View8 ofM. Faye.—" In studying without any prepossession

the movements of the spots, we find, with JAr. Carrington, that

there exists a simple relation between their latitude and their

angular velooity. Nevertheless, this law does not suffice to

represent the observations with the exactitude which they ad-

mit of. It is still necessary to take account by calculation of a

parallax of depth which I estimate at 7^ of the radius of the

sun, and of certain oscillations of very small extent, and of

long period, which the spots undergo perpendicular to their
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parallels. Then the observations are represented with great

precision, from which I conclude that we have to deal with a

qoito simple mechanical phenomenon. The law in qnestion

can be expressed by the formula,

ii>=a—isin* X;

w being the angular velocity of a spot at the latitude X, and a

and 6 being constants, having the same value (a=857'.6 and

6= 167'.8) over the whole surface of the sun. lliese constants

may vary slowly with the time, bat I have not studied their

variations.

"Admitting, as we shall see farther on, that the velocity of

a spot is the same as the mean velocity of that zone of the

photospliere in which it is formed, we see

:

" 1. That the contiguoos strips of tlie photosphere are ani-

mated with a velocity of rotation nearly constant for each fila-

ment, at least during a period of several months or years, but

varying with the latitude from one strip to another.

" 2. That these strips move nearly parallel to the equator,

and never give indications of currents constantly directed tow-

ards either pole, as in the upper r^ons of oar atmosphere.

" 8. That the spots are hollow, or at least that the black nu-

clens is perceptibly depressed in respect to the photosphere.

"The diminution in the rate of superficial rotation, more

and more marked towards the poles, and the absence of all

motion from the equator, can only proceed from the vertical

ascent of materials rising incessantly from a great depth tow-

ards all points of the surface. It is sufiioient that this depth

goes on increasing from the equator towards the poles, follow-

ing a law analogous to that of the rotation, in order that it

may produce at the surface a retardation increasing with the

latitude. This retardation is about two days in each rotation

at forty-five degrees of latitude. The mass of the sun, being

formed principally of metallic vapors condensable at a certain

temperature, and that temperature being reached at a certain

level in consequence of the exterior cooling, there ought to be

established a double vertical movement of ascending vapors,

which go to form a cloud of condensed matter susceptible of

I
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intense radiation, and of condensed products which fall back

in the form of rain into the interior. The latter are stopped

at the depth at which they meet a temperature high enough

to vaporize them anew, and afterwards force them to reascend.

As almost the entire mass of the sun partakes of this double

movement, the heat radiated by the cloud will be borrowed

from this mass, and not from a superficial layer, the tempera-

ture of which would rapidly fall, and which would soon con-

dense into a complete crust. Hence the formation and sup-

port of the photosphere, and the constancy and long duration

of its radiation, which is also partly fed by the slow contrac-

tion of the whole mass of the sun.

" The contiguous bands of the photosphere being animated

with different velocities, there results a multitude of circular

gyratory movements around a vertical axis extending to a

great depth, as in our rivers and in the great upper currents

of our atmosphere. These whirlpools, which tend to equalize

the differences of velocity just spoken of, follow the currents

of the photosphere in the same way that whirlpools, and the

whirhMnds, tornadoes, and cyclones of our atmosphere follow

the npper currents in which they originate. Like these, they

are descending, as I have proved (against the meteorologists)

by a special study of these terrestrial phenomena. They carry

down into the depths of the solar mass the cooler materials of

the npper layers, formed principally of hydrogen, and thus

produce in their centre a decided extinction of light and heat

as long as the gyratory movement continues. Finally, the

hydrogen set free at the base of the whirlpool becomes re-

heated at this great depth, and rises np tnmnltuonsly around

the whirlpool, forming irregular jets which appear above the

.

chromosphere. These jets constitute the protuberances.

*< The whirlpools of the snn, like those on the earth, are of

all dimensions, from the scarcely visible pores to the enormons

spots which we see from time to time. They have, like those

of the earth, a marked tendency first to increase, and then to

break up, and thus form a row of spots extending along the

same paralleL The penumbra is due to a portion of the photo-

CM
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sphere which forras around tlieir conical surface at a lower

level, on account of the lowering of the temperature produced

by the whirlpool. Sometimes in this sort of luminous sheath we
see traces of the whirling movement going on in the interior.

*' It is more difficult to account for the periodicity of the

spots. It seems to me that it must depend upon fluctuations in

the form of the interior layer, to which the condensed matter

of the photosphere falls in the form of rain. This flow of

materials from above must alter, little by little, the velocity

of rotation of this layer. If its compression is changed in the

course of time, and if it becomes rounder, the variations in

the superficial velocity of the photosphere, as well as the gyra-

tory movements, will diminish in intensity and frequency.
'*A time will at length arrive when the vertical movements

which feed the photosphere will become more and more hin-

dered. The cooling will then be purely superficial, and the

surface of the sun will harden into a continuous crust.

" Pari^ February, 1877.

"

Vieios of Professor Young.—** 1. It seems to me almost dem-
onstrated, as a consequence of the low mean density of the

sun and its great force of gravity, that the central portions of

that body, and, in fact, all but a comparatively thin shell near

the surface, must be in a gaseous condition, and the gases at

so high a temperature as to remain for the most part dissoci-

ated from each other, and incapable of chemical interaction.

Under the influence of the great pressure and high tempera-

ture, however, their density and viscosity are probably such as

to render their mechanical behavior more like that of such

substances as tar or honey than that of air, as we are famil-

iar with it

" 2. The visible surface of the sun, the photosphere, is oom-

posed of donds formed by the condensation and combination

of such of the solar gases as are cooled sufficiently by their

radiation into space. These clouds are suspended in the mass

of nncondensed gases like the clouds in our own atmosphere,

and probably have, for the most part, the form of approximate-

ly vertical columns, of irregular cross -section, and a length
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many times exceeding their diameter. The liquid and solid

particles of which they are made np descend continually, their

places being constantly supplied by fresh condensation from

the ascending currents which rise between the cloud-columns.

From the under-surface of the photosphere there must be an

immense precipitation of what may be called solar ' rain and
snow,' which descends into the gaseous core, and by the inter-

nal heat is re^vaporated, decomposed, and restored to its origi-

nal gaseous condition ; the heat lost by the surface radiation

being replaced mainly by the mechanical work due to the

gradual diminution of the sun's bulk, and the thickening of

the photosphere. I do not know any means of determining

the thickness of the photospheric shell, but, from the phenom-

ena of the spots, judge that it can hardly be less than ten

thousand miles, and that it may be much more.

" 3. The weight of the cloud-shell, and the resistance offered

to the descending products of condensation, act to produce on

the enclosed gaseous core a constricting pressure, which forces

the gases upwards through the intervals between the clouds

with great velocity ; so that jets or blasts of heated gas con-

tinually ascend all over the sun's surface, the same material

subsequently redesoending in the cloud-columns, partly con-

densed into solid or liquid particles, and partly nncondensed,

but greatly cooled. It seems also not unlikely that in the up-

per part of the channels through which the ascending currents

rush, there may often occur the mixture of different gases

cooled by expansion to temperatures sufficiently below the

dissociation point to allow of their explosive combination.

*< 4. The ' chromosphere' is simply ike layer of nncondensed

gases which overlies the photosphere, though separated from

it by no definite surface. The lower portion of the chrome

-

sphere is rich in all the vapors and gases which enter into the

sun's composition; bat at a comparatively small height the

denser and less permanent gases disappear, leaving in the np>

per regions only hydrogen and some other substances not as

yet identified. The dark lines of the solar spectrum originate

mainly in the absorption produced by the denser gases which
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bathe the photospheric clouds, and theee metallic vapors are

only occasionally carried into the upper regions by ascending

jets of unusual violence. When this occurs, it is almost in-

variably in connection with a solar spot. The prominences

are merely heated masses of the hydrogen and other chromo-

spheric gases, carried to a considerable height by the ascend-

ing currents, and apparently floating in the ' coronal atmos-

phere,' which interpenetrates and overtops the chromosphere.

" 6. I do not know what to make of the corona. Its spec-

trum proves that a considerable portion of its light comes

from some exceedingly rare form of gaseous matter, which

cannot be identified with anything known to terrestrial chem-

istry ; and this gas, whatever it may be, exists at a height of

not less than a million of miles above the solar surface, con-

stituting the < coronal atmosphere.' Another portion of its

light appears to be simply reflected sunshine. But by what

forces tlie peculiar radiated structure of the corona is deter-

mined, I have no definite idea. The analogies of comets' tails

and auroral streamers both appear suggestive ; but, on the other

hand, the spectra of the corona, the aurora borealis, the com-

ets, and the nebulae are all different—no two in the least alike.

** 6. As to sun-spots, there can be no longer any doubt, I

think, that they are cavities in the upper surface of the photo-

sphere, and that their darkness is due simply to the absorbing

action of the gases and vapors which fill them. It is also cer-

tain that very commonly, if not invariably, there is a violent

nprush of hydrogen and metallic vapors all around the outer

edge of the penumbra, and a considerable depression of the

chromosphere over the centre of the spot
;
probably, also, there

is a descending current through its centra As to the cause

of the spots, and the interpretation of their telescopic details,

I am unsatisfied. The theory of Faye appears to me, on the

whole, the most reasonable of all that have yet been proposed;

but I cannot reconcile it with the want of systematic rotation

in the spots, or their peculiar forms. Still, it undonbtedly has

important elements of truth, and may perhaps be modified so

as to meet these difiiculties. As to the periodicity of the spots^
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con-

I atn nnable to think it dne in any way to planetary action

;

at least, the evidence appears to me wholly insufficient as yet;

but I have no hypothesis to offer. Nor have I any theory to

pro()ose to account for the certain connection between disturb-

ances of the solar surface and of terrestrial magnetism.
*' 7. As to the temperature of the sun's surface, I have no

settled opinion, except that I think it must be much higher

than that of the carbon points in the electric light. The esti-

mates of those who base their calculations on Newton's luw of

cooling, which is confessedly a mere approximation, eoem to

me manifestly wrong and exaggerated ; on the other hand, the

very low estimates of the French physicists, who base their

calculations on the equation of Dulong and Petit, seem to me
hardly more trustworthy, since their whole result depends

upon the accuracy of a numerical exponent determined by ex-

periment at low temperatures and under circumstances differ-

ing widely from those of the sun's surface. The process is an

unsafe extrapolation. The sensible constancy of the solar

radiation seems to be fairly accounted for on the hypothesis

of slow contraction of the sun's diameter.

^ 8. I look upon the accelerated motion of the sun's equator

as the most important of the unexplained facts in solar phys-

ios, and am persuaded that its satisfactory elucidation will carry

with it the solution of most of the other problems still pending.

"Such, in brief, are my 'opinions;' but many of tliem I

hold with little confidence and tenacity, and anxiously await

more light, especially as regards the theory of the sun's rota-

tion, the cause and constitution of the spots, and the nature of

the corona. The only peculiarity in my views lies, I think,

in the importance I assign to the effects of the descending

products of condensation, which I conceive -to form virtually

a sort of constricting skin, producing pressure upon the gas-

eous mass beneath, something as the film of a bubble com-

presses the enclosed air. To the pressure thus produced I

ascribe mainly the eruptive phenomena of the chromosphere

and prominences.

" Outmoath Collage, llMrch, 1877."
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Views of ProfetBor Langley.—"It Beems to me that we have

now evidence on which to paas final adverse judgment on

views which regard the photosphere t» an iucandescent liquid,

or the spots as analogous either to scoriae matter, on the one

hand, or to clouds above the luminous surface, on the other.

According to direct telescopic evidence, the photosphere is

purely vaporous, and I consider these upper vapors to be

lighter than the thinnest cirri of our own sky. The obser-

vation of faculaa allies them and the whole ' granular ' cloud

structure of the surface most intimately with chromoepherio

forms, seen by the spectroscope, and associates both with the

idea of an everywhere-acting system of onrrents which trans-

mit the internal heat, generated by condensation, to the sur-

face, and take back the cold, absorbent matter. This vertical

oironlation goes to a depth, I think, sensible even by compari-

son with the solar diameter. It coexists with approximately

horisontal movements observed in what may be called the

successive upper photosphoric strata in the vicinity of spots.

The spots give evidence of cyclonic action such as conld only

occur in a fluid. Their darkness is due to the presence, in

unusual depth, of the same obscuring atmosphere which forms

the gray medium in which the luminous photospheric forms

seem suspended, and which we here look through, where it

fills openings in the photospheric stratum, down to regions

of the solar interior made visible by the dim light of clouds

of luminous vapor, precipitated in lower strata where the dew-

point has been altered by changed conditions of temperature

and pressure. All observation and all legitimate inference

go to show that the sun is gaseous throughout its mass, though

by this it is not meant to deny the probable precipitation of

cooling photospheric vapors in something analogous to rain

;

a condition perhaps necessary to the maintenance of the equi-

librium of the interchange of cold and heated matter between

exterior and interior ; nor is it meant that the conditions of a

perfect fluid rjre to be expected, where these are essentially

modified (if by no other cause) by the viscosity due to extreme

heat The temperature of the sun is, in my view, necessarily
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much greater than that aMigiiod by the numerous physicists,

who maintain it to bo coin parable with that obtainable in the

laboratory furnace ; bat we uaniiot coniideutly assign any up*

per limit to it until pli »ic8 has udv^anced beyond itj present

merely empirical rules connecting emission and temperature;

for this, and not the lack of accurate data from physical

astronomy, is the source of nearly all the obscurity now at-

Fi«. TX—SoUr spot, after Ltogley.

tending this important question. No theory of the solar con-

stitntion which is free from some objection has yet been pro-

posed ; but if the master-key to the diverse problems it pre-

sents has not been fonnd, it is still true, I think, that the one

which nnlocks most is that of M. Faye.
** Of the potential energy of the sun, we may say that we

believe it to be safficient for a supply of the present heat dnr^

ing periods to be counted by millions of years. But what im-

90

I
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mediately concerns us is the constancy of the rate of conver-

sion of this potential into actual radiant energy, as we receive

it, for on this depends the uniformity of the conditions under

which we ezibt. Now, this uniformity in turn depends on

the equality of the above-mentioned interchanges between the

solar surface and the interior, an equality of whose constancy

we know nothing save by limited experience. The most im-

portant statement with reference to the sun, perhaps, which

we can make with certainty is even a negative one. It is

that we have no other than empirical grounds, in the present

state of knowledge, for believing in the uniformity of the

solar itidiation in prehistoric periods and in the future.

" The above remarks, limited as they are, appear to me to

cover nearly all the points as to the sun's physical constitu-

tion (outside of the positive testimony of the spectroscope) on

which we are entitled to speak with confidence, even at the

present time."

Jk
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CHAPTER in.

THB nnnEBB group of planbtb.

§ {. The Planet Mercury.

Merocbt is the nearest known planet to the sun, and the

smallest of the eight large planets. Its mean distance from

the sun is 40 millions of ^^tot_ji[,,^

miles, and its diameter about <»

one-third that of the earth. x
o*i5^-*«j-.

It was well known to the an- / ©j^'C^*"^^^*^
cients, being visible to the / f<0^

^^*

naked eye at favorable times, / 17 ^ oMU?,^

if the observer is not in too
| | { ifw*^

high a latitude. The central

and northern regions of En-

rope are so unfavorably sit-

uated for seeing it that it is

said Copernicus died without

ever having been able to ob- ^^ „._crbita of thTtonr inner puaeto, o-

tain a view of it. The difii- in«tr«ttagthe«!c«ittiDi^oftiwseorii«rcii.

culty of seeing it arises from ^ "*"^

its proximity to the sun, as it seldom sets more than an hour

and a half after the sun, or rises more than that length of

time before it. Hence, when the evening is suflSciently ad-

vanced to allow it to be seen, it is commonly so near the hori-

zon as to be lost in the vapors which are seen in that direction.

Still, by watching for favorable moments, it can be seen sev-

eral times in the course of the year in any mrt of the United

States. The following are favorable times for seeing it after

sunset:

jgg2 February 6th, June Ist, September 28th.

1888 January 2l8t, May 16th, September 7th.

xm",. Januaiy 6th, April 26th, Auguit 19th, December 19th.

/

J
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The corresponding times in snbseqnent years may be found

by subtracting 18 days from the dates for each year; that is,

they will occnr 18 days earlier in 1885 than in 1884 ; 18 days

earlier in 1886 than in 1886, and so on. It is not necessary

to look on the exact days we have given, as the planet is gen-

erally visible for fifteen or twenty days at a time. Each date

given is about the middle of the period gf visibility, which ex-

tends a week or ten days on each side. The best time for look-

ing is in the evening twilight, about three-quarters of an hour

after sunset, the spring is in this respect much more favorable

than autumn.

Aspect of Mercury.—Mercury shines with a brilliant white

light, brighter than that of any fixed star, except, perhaps,

Sirius. It does not seem so bright as Sirius, because it can

never be seen at night except very near the horizon. Owing
to the great eccentricity of its orbit and the great variations of

its distance from the earth, its brilliancy varies considerably

;

but the favorable times we have indicated are near those of

greatest brightness.

Viewed with a telescope under favorable conditions. Mer-

cury is seen to have phases like the moon. When beyond the

sun, it seems round and small, being only about 5" in diame-

ter. When seen to one side of the sun, near its greatest ap-

parent angular distance, it appears like a half-moon. When
nearly between the sun and earth, its diameter is between 10"

and 12", but only a thin crescent is visible. The manner in

which these various phases ai« connected with the position of

the planet relative to die earth and sun is the same as in the

OMB of Venus, and will be shown in the next section.

Rotation, Figure, Atmosphere, etc.—About the beginning of

the present century Schr^iter, the celebrated astronomer of

LOienthal, who made the telescopic study of the planets a
speciality, thought that at times, when Mercury presented the

aspect of a crescent, the south horn of this crescent seemed

blunted at certain intervals. He attributed this appearance to

the shadow of a lofty mountain, and by observing the times

of its return was led to the condosion that the planet revolved

mmim
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on its axis in 24 hours 6 minutes. He also estimated the

height of the mountain at twelve miles. But the more power-

ful instruments of modem times have not confirmed these

conclusions, and they are now considered as quite doubtful, if

not entirely void of foundation. That is, we must regard the

time of rotation of Mercury on its axis, and, of course, the

position of that axis, as not known with (Certainty, but as per-

haps very nearly 24 hours.

The supposed atmosphere of Mercury, the deviation of its

body from a spherical form, and many other phenomena
which observers have described, must be received with the

same scepticism. No deviation from a spherical form can be

considered as proved, the discordance of the measures showing

that the supposed deviations are really due to errors of obser-

vation. So, also, the appearances which many observers have

attributed to an atmosphere are all to be regarded as optical

illusions, or as due to tJie imperfections of the telescope made
use of. From measures of its light at various phases Zollner

has been led to the conclusion that Mercury, like our moon,

is devoid of any atmosphere sufficiently dense to reflect the

light of the sun. If this doubt and uncertainty seems surpris-

ing, it must be remembered that the nearness of this planet to

the sun renders it a very difficult object to observe with accu-

racy. We must look at it either in the daytime, when the air

is disturbed by the sun's rays, or in the early evening, when the

planet is very near the horizon, and therefore in an un&vorable

situation.

Transita of Mercury.—Transits of tiiis planet across the face

of the sun are much more frequent than those of Venus, the

average interval between successive transits being less than ten

years, and the longest interval thirteen years. These transits

are always looked upon with great interest by astronomers, on

account of the questions to which they have given rise. From
the earliest ages in which it was known that Mercury moved

around the sun, it was evident that it must sometin^es pass be-

tween the earth and the sun ; but its diameter is too small to

admit of its being seen in tliis position with the naked ey«.
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The fint actnal obeervation of Mercury projected on the face

of the Bon was made by Gaaeendi, on November 7th, 1631.

His mode of observation was that already described for viewing

the solar spots, the image of the sun being thrown on a screen

by means of a small telescope. He came near missing his ob-

servation, owing to his having expected that the planet would

look much lai^r than it did. The imperfect telescopes of

that time surrounded every brilliant object with a band of

diffused light which greatly increased its apparent magni-

tude,so that Gassendi had no idea how small the planet really

was.

Gassendi's observation was hardly accurate enough to be of

any scientific value at the present time. It was not till 1677

that a really good observation was made. Halley, of England,

in that year was on the island of 8t Helena, and, being pro*

vided with superior instruments, was fortunate enough to make
a complete observation of a transit of Mercury over the sun

^hich occurred on November 7th. We have already men-

tioned the great accuracy which he attributed to his observa-

tion, and the phenomenon of the black drop which he was the

fint to see.

The following are the dates at which it has been calculated

that tramsits of Mercury will occur during the rem inder of

the present oentury. The first transit will be visible over the

whole United States, and the seuond on the Pacific coast

1878 May 6th.

1881 ....V November 7th.

1881 Mmj 9th.

1894 Norember 10th.

1901 Nwrember 4th.

§ 2. 2%e Suppowi Intra-Mercurial PUmeU.

At the present time the greatest interest which attaches to

tMmdts of Mercury arises from the conclusion which Lever-

rier has drawn from a profound comparison of transits ob-

served before 1848 with the motion of Mercury as determined

from the theory of gravitation. This comparison indicates,

according to Leverrier, that the perihelion of Mercury moves

more rapidly by 40" a century tlwii it ought to from tiie gray*

satess „> fllijl'.IJM
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itation of all the known planets of the system. He acconnted

for this motion by supposing a gronp of small planets between

Mercury and the sun, and the question whether such planets

exist, therefore, become important

Apparent support to Leverrier's theory is given by the fact

that various observers have within the past century recorded

the passage over the disk of the sun of dark bodies which had

the appearance of planets, and which went over too rapidly or

disappeared too suddenly to be spots. But when we examine

these observations, we find that they are not entitled to the

slightest confidence. There is a large class of recorded as-

tronomical phenomena which are seen only by unskilful ob-

servers, with imperfect instruments, or under nnfitvorable cir-

cnmstances. The ^t that they are not seen by practised ob-

servers with good instruments is sufficient proof that there is

something wrong about them. Now, the observations of in-

tra-Mercurial planets belong to this class. Wolf has collected

nineteen observations of unusual appearances on the sun, ex-

tending from 1761 to 1865, but, with two or three exceptions,

the observers are almost unknown as astronomers. In at least

one of these cases the observer did not profess to have seen

anything like a planet, bnt only a cloud-like appearance. On
the other hand, for fifty years past the sun has been constant-

ly and assiduously observed by such men as Schwabe, Oarring-

ton, Secchi, and Spoerer, none of whom have ever recorded

anything of the sort. That planets in such numbers should

pass over the solar disk, and be seen by amateur observers,

and yet escape all these skilled astronomers, is beyond all

moral probability.

In estimating this probability we must remember that a

real planet appearing on the sun would be far more likely to

be recognized by a practised than by an unpractised observer,

much as a new species of plant or animal is more likely to be

recognized by a naturalist than by one who is not rach. One
not accustomed to the close study of the solar spots might

have some difficulty in distinguishing an unusually round spot

from a planet He is also liable to be deceived in various
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ways.* For instance, the snn, by his apparent diurnal motion,

presents different parts of the edge of his disk to the hori-

JEon in tlie course of a day ; he seems, in fact, in the north-

em hemisphere to turn round in the same direction with the

hands of a watch. Hence, if a spot is seen near the edge of

his disk it will seem to be in motion, though really at rest

On the other hand, should an experienced observer see a planet

projected on the snn's face, he could hardly fail to recognize it

in a moment ; and should any possible doubt exist, it would be

removed by a very brief scrutiny.

The strongest argument against these appearances being

planets is, that the transit of a planet in such a position could

not be a rare phenomenon, but would necessarily repeat itself

at certain intervals, depending on its distance from the snn

and the inclination of its orbit For instance, supposing an

inclination of 10°, which is greater than that of any of the

principal pUnets, and a distance from the snn one-half that

of Mercury, the planet would pass over the face of the snn,

on the average, about once a year, and its successive transits

would occur either very near the same day of the year, or on

a certain day of the opposite season. The supposed transits

to which we have referred occur at all seasons, and if we sup*

pose them real, we must suppose, as a logical consequence,

that the transits of these several planets are repeated many
times a year, and yet constantly elude the scrutiny of all good

observers, though occasionally seen by unskilled ones. This is

a sufficient reductio ad abmrdum of the theory of their reality.

It is therefore certain ihAt if the motion of the perihelion

of Mercury is due to a group of planets, they are each so small

as to be invisible in transit across the sun. It is, however, poa-

* Some readen may recall Bnder'a nrcaatic poem of the " Elephant in the

Moon," a* illnatratiTe of the poesibUitjr of an oheerrer being deoei?ed by some pe-

ealiaif^ of hia teleacope. In one initanoe, about thirty years aince, a taleMopie

ohiarTation of aomethfaic whioh we now know mnit hare been flighu of distant

birds over the disic of the son was recorded, and pnUiihed in one of the leading

astronomical journals, as a wonderful transit of meteors. The publication was

probaUy not seriously intended, the description being a dose parallel to that of

4he satirioal poet. SeaAtlmwmKkt Naektiekttn, Mo. S49.

-'TO'^HaiMriHvy* i.-ni ijirifitfr mil flJWBJflil ^MMMmO^



otion,

e hori>

north-

ith the

idge of

^t rest

planet

gnize it

ronld be

THE PLANET VENUS. 295

sible that they might be seen during total eclipses, either in-

dividually as small stars, or in tlie aggregate as a cloud-like

mass of light. During the total eclipse of July 29th, 1878,

Professor J. 0. Watson observed two objects which he consid-

ered to bo such planets, but there was a known star in the

neighborhood of each object, and it is considered by some as-

tronomers that his observations may have been really made on

these stars. It is certain that even if the objects seen by Pro-

fessor Watson are intrameronrial planets, they are too small

to influence the motion of Mercury. A mass three or four

times that of the latter planet is required to produce the ob-

served effect. The smaller we suppose the bodies the mora

numerous they must be, and since telescopic observations seem

to show that most of them must be below the sixth magni-

tude, their number must be counted by thousands, and prob-

ably tens of thousands. Now, the zodiacal light must arise

from matter revolving around the sun, and the question arises

whether this matter can be that of which we are in search.

One diflSculty is, that unless we suppose the hypothetical group

of planetoids to move nearly in the plane of the orbit of Mer-

cury, they must change the node of that planet as well as its

perihelion. But no motion of the node above that due to the

action of the known planets has been found. We thus reach

the enforced conclusion that if the motion of the perihelion is

due to the cause assigned by Leverrier, the planetoids which

cause it must, in the mean, move in nearly the same plane

with Mercury. But it has not yet been shown that the axis

of the zodiacal light deviates from the ecliptic by so great an

angle as the erbit of Mercury, namely 7°.

§ 3. The Planet Venus.

The rlanet Venus is very nearly the size of the earth, its di-

amete:' being only about 800 mile^ less than that of our globe.

Next o the sun and moon, it is the most brilliant object in

the heavens, sometimes casting a very distinct shadow. It

never recedes more than about 46° from the sun, and is, there-

O
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fore, seen by night only in the western sky in the evening, or

the eastern sky in the morning, according as it is east or west

of the snn. There is, therefore, seldom any difficulty in rec-

ognizing it When at its greatest brilliancy, it can be clearly

seen by the naked eye in the daytime, provided that one knows

exactly where to look for it It was known to the ancients by

the names of Heaperua and Phosphorus, or the evening and

the morning star, the former name being given when the

planet, being east of the sun, was seen in the evening after

snnset, and the latter when, being to the west of the snn, it

was seen in the east before sunrise. It is said that before the

birth of exact astronomy Hesperus and Phosphorus were sup-

posed to be two different bodies, and that it was not until

their motions were studied, and the one was seen to ^emei^

from the sun's rays soon after the other was lost in them, that

their identity was established.

Aspect of Venus.—To the unaided eye Venus presents the

appearance of a mere star, distinguishable from other stars

only by its intense brilliancy. But when Oalileo examined

this planet with his telescope, he found it to exhibit phases

like those of the moon. Desiring to take time to assure him-

self of the reality of his discovery, without danger of losing

his claim to priority through some one else in the mean time

making it independently, he published the following anagram^

in which it was concealed:

"H«c immiitium a me jam frnstn hguntar o. j."

(ThoM nnripa thingi are now rainly gathered by me).

By transposing the letters of this sentence he afterwards

showed that they could be made into the sentenced

"CynthiK fignnu nmnhtnr mater amornm"
(JVba mother of the lores imitatea the phaeei of Pjmthia).

That the disk of Venus was not round was first noticed by
Gkilileo in September, 1610. A computation of its position

at that time diows that it must have been a little gibbous,

more than half of its face being illuminated; but after a

j.MiniiHtPiiilWiii.-
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few months it ohangod into a crescent. Therefore Galilc

could not have found it necessary to wait long before explain-

ing his anagram.

The variations of the aspect and apparent magnitude of

Venus are very great When beyond the sun, it is at a dis-

tance of 160 millions of miles, and presents tiie appearance

of a small round disk 10" in diameter. When nearest the

earth, it is only 25 millions of miles distant ; and if its whole

face were visible, it would be more than 60" in diameter.

€) # m
(»

TM. Ti.—PhMM ofVmM, ihowinff alipumt flgnre and magattade ofUm bright and dark
potttoii* of Um planet In Tariooa pointa of lla orbit.

Bnt, being then on the same side of the sun with us, its dark

hemisphere is turned towards ns, except, perhaps, an extreme-

ly thin crescent of the illuminated hemisphere. Between

tiiese two positions it goes through all the intermediate

phases, the universal rule of which is that the nearer it is

to the earth, the smaller the proportion of its apparent disk

which is illuminated ; bnt the laif;er that disk would appear

conld the whole of it be seen. Its greatest brilliancy occors

between the time of its greatest elongation from the sun and

its inferior conjunction.

Supposed Eolation of Venus.—^The earlier telescopists natu-

rally scrutinized the planets very carefully, with a view of find-

.

ing whether there were any inequalities or markings on their

snrfaoes from which the time of rotation on their axes could

be determined. In April, 1667, Gassini saw, or thonght he

saw, a bright spot on Yenus,by tracing which for several sno-

oessive evenings he fonnd that the planet revolved in between

28 and 24 hours. Sixty years later Blanchini, an Italian as-

l.iH.-MJL
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tronomer, whose telescope is shown on page 112, supposed that

he found aeven spots on the planet, which he considered to be

seas. By watching them from night to night, he concluded

that it required mure than 24 days for Venus to revolve on

its axis. This extraordinary result was oritioised by the sec-

ond Cassini, who showed that Blanchini, only seeing the plan*

et a short time each evening, and finding the spots night after

night in nearly the same position, concluded that it had moved
very little from night to night ; wiiereas, in fiu}t, it had made
a complete revolution, and a little more. At the end of 24

days it would be seen in its original position, but would have

made 25 revolutions in the mean time, instead of one only, as

Blanchini supposed. This would make the time of rotation

28 honrs 2^ minutes, while Cassini found 28 hoars 15 minutes

from his father's observations.

Between 1788 and 1798 Schroter applied to Venus k nnde
of observation similar to that he used to find the rotation of

Mercury. Watching the sharp horns when the planet appoftr*

ed as a orescent, he thought ^at one of them was blunted at

certain intervals. Attributing this appearance to a high moun-

tain, as in the case of Mercury, he found a time of rotation

of 28 hours 21 miautee.

On the other hand, Herschel was neve* ?ble to see any per-

manent markings on Venus. He thought he saw occasional

spots, but they viiried so much and disappeared so rapidly that

he could not gather any evidence of the rotation of the plan-

et. He therefore supposed th«t Venus was snrronnded by an

atmosphere, and that whatever markings might be occasional-

ly seen were due to donds or other varying atmospheric phis-

nomena.

In 1842, De Vioo, of Rome, came to the resone of the older

astronomers by publisliing a series of observations tending to

show that he had redisooviered the markings fonnd by Blan-

chini more than a century before. He deduced for the time

of rotation of the planet 28 honrs 21 minutes 22 seconds.

The best-informed astronomers of the present day look with

suspicion on nearly all these observations, being disposed to

. •-ihmi.-K^vwfSii*-^
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snBtain the view of HerBchol, thongh on gronnda entirely dif-

ferent from those on which he founded it. It is certain that

there are plenty of observers of the present day, with instru-

ments much better than those of their predecessors, who have

never been able to see any permanent spots. The close agree-

ment between the times of rotation found by the older ob-

servers is indeed striking, and might seem to render it certain

that tliey must have seen spots which lasted several days. It

must also be admitted in favor of these observers that a fine

steady atmosphere is as neceasaiy for snob observations as a

fine telescope, and it is possible that in this respect the Italian

astronomers may be better situated than those farther north.

But the ciromnstanoe that the deduced times of rotation in

the cases both of Mercury and Venus differ so little from that

of the earth is somewhat suspicions, because if the appearance

were due to any optical illusion, or imperfection of the tele-

scope, it might repeat itself several days in sncoession, and

thus give rise to the belief that the time of rotation was near^

ly one day. Hie case is one on which it is not at present pos-

sible to pronounce an anthoritative decision ; bnt the balance

of probabilities is largely in fitvor of the view that the rota-

tation of Venus on its axis has never been seen or determined

by any of the astronomers who have made this planet an ob-

ject of study.*

Atmotiihere of Vmua.—The appearance of Venns when nea^

ly between ns and the sun affords very strong evidence of the

existence of an atmosphere. The limb of the planet farthest

from the sun is then seen to be illuminated, so that it appears

as a complete circle of light. If only half the globe of the

planet were illuminated by the sun, this appearance oould

never present itself, as it is impossible for jin observer to see

more than half of a lai^ sphere at one view. There is no

* The Utflit physical obMmuknM on Vmu with which I am aeqnaintad an
thoM of Dr. Vogal at Bothkamp, in Part II. of tha " Bothkamp ObMnraUom"
(Ldpiig, Engelmann, 1878). TIm raralt to which theae obaenrationa point ia that

the atoMispkera of Venns ia filled with dooda ao denae that the aolid body of tha

planet ean not be aean, and no tine of rotation can be determined.

1^
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known wsj in which the inn can illuminate bo mnoh more

than tlie half of Veniu a§ to permit a complete circle of light

to 1)6 seen except bj the refraction of an atmosphere.

The appearance to which we allude was firat noticed by

David RittenliouM, of Philadelphia, while obcerving the tran*

it of Venns on June 8d, 1769. When Yennt had entered

about half-way upon the sun's disk, so as to out out a notch of

the form of a half«oircle, that part of the edge of the planet

which was off the disk appeared illuminated so that tlie out-

line of the entire planet oould be seen. As this appearance

was not confirmed by other observers, it seems to have excit-

ed no attention. But it was found by Miidler in 1849 that

when Venus was near inferior conjunction, the visible crescent

extended through more than a hidf-oircle. This showed that

more than half the globe of Venus was illuminated by the

nn, and Miidler, computing the refractive power of the atmos-

phere which would be necessary to produce this effect, found

that it would exceed that of our own atmosphere ; the hori-

xontal refraction being 44', whereas on the earth it is only

84'. He therefore concluded that Venns was surrounded by

an atmosphere a little more dense than that of the earth.

The next important observation of th** kind was made by

Professor 0. S. Lyman, of Tale College. In December, 1866,

Venns was very near her node at inferior oonjnnction, and
passed unusually near the line drawn from the earth to the

sun. Examining the minute orescent of the planet with a

moderate-sized telescope, he found that he could see the entire

circle of the planet's disk, an exceedingly thin thread of light

being stretched ronnd the side farthest from the sun. So far

as known, this was the first time that the whole circle of Venns
had been sew in this way since the time of Bittenhouse. It

is remarkable that both observations should have been inade

by Uolated ol servers ip America.

Notwikhsta iding liie ooncnrrent tebUmony of Bittenhonse,

If&dior, zzi Ljuian, the bearing of their observations on what

was to be expected during the transit of Venus in December,

1874, was entirely overlooked. Accordingly, many of the ob-

'mm^.. S&^SSBS.
-
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servers woi-o quite taken by surprise to find that when Vonus
was partly on and partly off the sun, the outline of that part

of her diiik outside the sun could be distinguished by a deli-

cate line of light extending around it. In some cases the

time of iitomal contact at egress of the planet was missed,

through the observer mistaking tliis line of light for the limb

of the sun.

That no one but Rittenhonse saw this line of light during

the transit of 1769 is to be attributed to the low altitude of

the planet at most of the stations, a>id to the imperfect char-

acter of many of the instruments used. It is also to be re-

marked that the observers of that time had an erroneous no-

tion of the appearance which would be presented by an atmos-

phere of Venus. It was supposed that the atmosphere would

give the planet a nebulous border when on the sun, caused by

the partial absorption of the light in passing through it Gap-

tain Cook, at Otaheite, made separate observations of the

contacts of the supposed' atmosphere and of the planet with

the limb of the sun. In fact, however, it would not be possi-

ble to see any indications of an atmosphere under such cir-

cumstances, for the reason that the light passing through its

denser portions would be refracted entirely out of its course,

so as not to reach an observer on the earth at all.

The spectroscope shows no indication that the atmosphere

of Venus exerts any considerable selective absorption upon

the light which passes through it. No new and well-marked

spectral lines are found in the light reflected from the planet,

nor has the spectrum been certainly found to differ from the

regular solar spectrum, except, perhaps, that some of the lines

are a little stronger. This would indicate that the atmosphere

in question does not differ in any remarkaUe degree from our

own, or, at least, does not contain gases which exert a powei>

fnl selective absorption on light.

Supposed VisibUity of the Dark Hemiaphere of Ventu.—Many
astronomers of high repute have seen the dark hemisphere of

Venus slightly illuminated, the planet presenting the appear-

ance known as " the old moon in the new moon's arms," which
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may be seen on nny clear evening three or fonr days after the

change of the moon. It is well known that in the case of

the moon her dark hemisphere is thns rendered visible by the

light reflected from the earth. But in the case of Yenus,

there is no earth or other body large enough to shed so much
light on the dark hemisphere as to make it visible. There

being no sufScient external source of light, it has been attrib-

uted to a phosphorescence of the surface of the planet. If

the phosphorescence were always visible under favorable cir-

cumstances, there would be no serious difliculty in accepting

this explanation. But, being only rarely seen, it is hard to

conceive how any merely occasional cause could act all at

once over the surface of a planet the size of our globe, so as

to make it shine. Indeed, one circumstance makes it'ex«

tremely difficult to avoid the conclusion that the whole ap<

pearance is due to some unexplained optical illusion. The
appearance is nearly always seen in the daytime or during

bright twilight—rarely or never after dark. But such an il-

lumination would be &r more easily seen by night than by

day, because during the day an appearance easily seen at

night might be effaced by the light of the sky. If, then, the

phenomenon is real, why is it not seen when the circumstances

are such that it should be most conspicuously visible f This

is a question to which no satisfactory answer has been given,

and until it is answered we are justified in considering the ap
pearance to be purely optical.

Supposed Satellite of Venus.—^No better illustration of the er-

rors to which observations with imperfect instruments are lia-

ble can be given than the supposed observations of, a satellite

of Yenus, made when the telescope was still in its infancy.

In 1673, and again in 1686, Cassini saw a faint object near

Yenus which exhibited a phase similar to that of the planet

But he never saw it except on these two occasions. A similar

object was reported by Short, of England, as seen by him on

October 23d, 1740. The diameter of the object was a third

of that of Yenus, and it exhibited a similar phase. Several

other observers saw the same thing between 1760 and 1764.
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One astronomer went so far as to compute an orbit from all

tiie observations ; but it was an orbit in which no satellite of

Venus could possibly revolve unless the mass of the planet were

ten times as great as it really is. A century has now elapsed

without the satellite having been seen, and the fact that dur-

ing tliis century the planet has been scrutinized with better

telescopes than any which were used in the observations re-

ferred to affords abundant proof that the object was entirely

mythical.

How the observers who thought they saw the object could

have been so deceived it is impossible, at this distance of

time, to say with certainty. Had they been inexperienced,

we could say with some confidence thal^ they were misled by
the false images produced to son\e extent in every telescope

by the light reflected from the cornea of the eye against the

nearest surface of the eye-piece, and thence back again into

the eye. Similar images are sometimes produced by the re-

flection of light between* the surfaces of the various lenses of

the eye - piece. They are well known to astronomers under

the name of " ghosts ;" and one of the first things a young ob-

server must learn is to distinguish them from real objects.

They may also arise from a slight maladjustment of the lenses

of the eye-piece, and if, proceeding from this cause, they are

produced only when the actual object is in the centre of the

field, they may, for the moment, deceive the most experienced

observer.* If, in an ordinary achromatic telescope, in which

the interior curvatures of the lenses are the same, the latter

are not exactly at the same distance all the way round, a ghost

will be seen along-side of every bright object in all positions.

It is probable that all the observations alluded to were the re-

sults of some sort of derangements in the telescope, prodaolng

&lse images by reflection from the glasses.

* One of the eye-piecee of the great Washington telescope showi » (Mtatiful

little satellite along -tide the planet Uranus or Neptane when the image of the

planet is brought exactly in the centre of the field of view, but it disappears as

soon as the telescope is moved. The writer was deceived by this ^pearanoe on

two occasions while sonitiniaing these planets for close satellites.

SI
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§ 4. 7%c Earth.

Oar-«Mrt}i is tihe third planet in tbe order of distance from

the Ban, and slightly the largest of the inner gronp of fonr.

Its mean distance from the sun is about 92^ millions of miles

;

but it is a million and a half less than this mean on January

1st of every year, and as much greater on July Ist. That

is, its actual distance varies from 91 to 94 millions of miles.

As already remarked, these numbers are uncertain by several

hundred thousand miles.

Mnch of what we may call the astronomy of the earth

—

such"^M its %nre and mass, the length of the year, the obliq-

uity- of the ecliptic, the causes of the changes in the seasons

and in the: length of the days—has already been treated in

the tihapter on gravitation, so that we have little of a purely

astronomical character to add here. The features of its sur-

face and the phenomena of its atmosphere belong rather to

geognqphy and meteorology than to astronomy. But its consti-

tution gives rise tb several questions in the treatment of which

astronomical considerations come into play. Prominent among
these is that of the state of the great interior mass of our

globe, whether solid or liquid. It is well known that wher-

ever we defloend into the solid portions of the earth, we fin^ a

rise in temperature, going on uniformly with the depth, at a

rate which nowhere differs greatly from V Fahrenheit in 60

feet. This rise of temperature has no connection with the

sea-level, bnt is found at all points of the sur^ute, no matter

how elevated they may be. Wherever a difference of temper-

ature like this exists, there is necessarily a constant transfer of

heat from the warmer to the cooler strata by oonduetion. In

this way, the inequality would soon disappear by the warmer
strata cooling off, if there were not a constant supply of heat

inside the earth. The rise of temperature, therefore, cannot

be something merely superficial, but must continue to a great

depth. If we trace to past times the conditions which must

have existed in order that the increase might show itself at the

present time, we shall find it almost certain that, a thousand
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years ago, the whole earth was red-hot at a distance of ten or

fifteen miles below its surface ; because otherwise its interior

could not have furnished the supply of heat which now causes

the observed increase. This being the case, it is probably red-

hot still, since it would be absurd to expect a state of things

like this to be merely temporary. In a word, we have every

reason to believe that the increase of say 100° a mile contin-

ues many miles into the interior of the earth. Then we shall

have a red heat at a distance of 12 miles, while, at the

depth of 100 miles, the temperature will be so high as to

melt most of the matenals which form the solid crust of the

globe.

We are thus led to the theory, very generally received by

geologists, that the earth is really a sf^fire of molten matter

surrounded by a comparatively thin solid crust, on which we
live. This crust floats, as it were, on the molten interior. It

must be confessed that geological facts are, on the whole, fa-

vorable to this view. Obnervations on the pendulum have

been supposed to show that the specific

gravity of the earth under the great

mountain chains is generally less than in

the adjoining plains, which is exactly the

result that would flow from the theoiy.

The heavier masses, pressing upon the in-

terior fluid, would tend to elevate the sur-

rounding lighter masses, and when the two fm.Ts—showingtiuekMH

were in equilibrium, the latter would be itrSS."S
the higher, as a floating block of pine ly or • moitan intwior.

wood will rise higher out of the water pX»tUon ikJdWitoM
than a block of oak. Boiling springs in <»™^

many parts of the globe show that there are numerous

gions in the earth's interior, and this heat cannot be

local, because then it would soon be dissipated. But the

ogist finds the strongest proof of the theory in volcanoes and

earthquakes. The torrents of lava which have been thrown

out of the former through thousands of yeare show that there

are great volumes of molten matter in the earth's interior.
\s
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while the latter show this interior to be snbjeot to violent

changes which a solid could not exhibit

But mathematicians liave never been able entirely to rec-

oncile the theory in question with the observed phenomena of

precession, nntation, and tides. To all appearance, the earth

resists the tide-prodacing action of the snn and moon exactly

as if it were solid from centre to circumference. Sir William

Thomson has shown that if the earth were less rigid than steel,

it would yield so much to this action that the tides would be

much smaller than on a perfectly rigid earth ; that is, the at-

traction of the bodies in question would draw the earth itself

out into an ellipsoidal form, instead of drawing merely the

waters of the ocean. Earth and ocean moving together, we
conld see no tides at alL If the earth were only a thin shell

floating on a liquid interior, the tjdes would be produced in

the latter ; the thin shell would bend in such a way that the

tides in the ocean would be nearly neutralized. Again, the

question has arisen whether the liquid interior would be af-

fected by precession ; whether, in fact, the crust would not slip

over it, so that in time the liquid would rotate in one direc-

tion, and the crust in another. Altogether, the doctrine of the

earth's fluidity is so fraught with difllculty that, notwithstand-

ing the seeming strength of the evidence in its favor, it must

be regarded as at least very doubtful. It may be added that

no one denies that the interior of our planet is intensely hot

—

hot enough, in fact, to melt the rocks at its sur&oe— but it

is <?npposcd that the enormous pressure of the outer portions

te ds to keep the inner part from melting. Nor is it ques-

tioned by Sir William Thomson that there are great volumes

of melted matter in the earth's interior from which vdcanoes

are fed; but he maintains that, after all, these volumes are

small compared with that of the whole earth.

Befraction of the Atmosphere.—If a ray of light pass through

our atmosphere in any other than a vertical direction, it is

constantly curved downwards by the refractive power of that

medium. The more nearly horizontal the course of the ray,

the greater the onrvatore. In consequence of this, all the

''''!l!"'Bi '«'t>
'
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heavenly bodies appear a little nearer the zenith, or a little

higher above the horizon, than they actually are. The dia-

placement is too small to be seen by the naked eye except

quite near the horizon, where it increases rapidly, amounting

to more than half a degree at the horizon itself. Consequent-

ly, at any point where we have a clear horizon, as on a prairie,

or the seanshore, the whole disk of the sun will be seen above

the horizon when the true direction is below it A slight in-

crease is thus given to the length of the day. The snn in our

latitudes always rises three or four minutes sooner, and sets

three or four minutes later, than he would if there were no

atmosphere. At the time of the equinoxes, if we suppose the

day to begin and end when the centxe of the snn is on the

horizon, it is not of the same length with die night, but is six

or eight minutes longer. If we suppose the day to begin with

the rising of the sun's upper limb, and not to end till the same

limb has set, then we must add some thi-ee minutes more to

its length.

If, standing on a hill, we watch the snn rise or set over the

ocean, one effect of refraction will be quite clearly visible.

When his lower limb almost seems to touch the water, it will

be seen that the form of his disk is no longer round, bnt ellip-

tical, the horizontal diameter being greater than the vertical.

The reason di this is that the lower limb is more elevated by

.refraction than the upper one, and thus the vertical diameter

is diminished.

In practical astronomy, all observations of the altitude of

ihe heavenly bodies above the horizon must be corrected for

refraction, die true altitude being always less than that ob-

served. Yery near the zenith the refraction is about 1" for

every degree, or s^^ part the distance from the zenith. But
it increases at first in the proportion of the tangent of the ze-

nith distance, so that at 45°, or half-way between the zenith

and the horizon, it amounts to 60" ; at the horizon it is 34'.

The Awrvra BoreaUs.— This phenomenon, though so well

known, is one of which great difficulty has been found in giv-

ing a satisfactory explanation. That it is in some way oon<

,iiwr^'^ -t5*«*i « mm



SOS THE aOLAB STSTEM.

Vm. TC—Dtitribntton ofaorotM, •(!« Loomlc. The dwker the color, tho mora fraqMiitly

•aronu are aeeu.

neoted with the pole of the earth is shown by the fiust that

its frequency depends on the latitude. In the equatorial re-

gions of onr globe it is quite rare, and increases in freqnenoy

as we go north. Bat the region of greatest frequenoy seems
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to be, not the poles, bnt the neighborhood of the Arctic Cir-

cle, from which it diminishes towards both the north and the

south. This is tthown more exactly in Professor Ixwmis's

auroral map, of which we give a copy on the preceding page.

A close study of the aurora indicates that '.ts connection is

not with the geographical, bnt with the magnetic pole. Two
distinct kinds of light are seen in the aurora; or wo might

say that the light assumes two distinct forms, of which some-

times the one and sometimes the other preponderates. They
are as follows

:

1. The cloud-like form. This consists of a large irrtgnlar

patch of light, frequently of a red or purple tinge. It is seen

in every direction, but more frequently in or near the northern

horizon, where it assumes the form of an arch or crown of

light The two ends of the arch rest on the horizon, one on

each side of the north point. The middle of the arch rises a

few degrees above the horizon.

no. n.—Vlaw of wiron.

2. The streamer or pillar form. This form consists of long

streamers or pillars, which extend in the direction of the dip-

ping magnetic needle. Thiy look curved or arched, like the

celestial sphere on which they are projected, but they are re-

ally straight They are in a state of constant motion. Some-

:- >»-^^E:9«aeMmEY4vwuiPPUMiuHwm
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times they are spread ont in the form of an immense flag

with numerous folds, danuing, quivering, and andulatiug, as

if moved by tlie wind.

Electric Nature of the Aurora.—There is abundant evidence

that the aurora is intimately connected with the electrici^

and magnetism of the earth. During a brilliant aurora such

strong aud irregular currents of electricity pass through the

telegraph wires that it is difficult to send a despatch. Some-

times the current runs with such force that a message may
be sent without a battery. The magn atic needle is also in a

state of great agitation. Before the spectroscope came into

use, these electric phenomena gave rise to the opinion that

the aurora was due entirely to currents of electricity passing

through the upper regions of the atmosphere from one pole to

the other. But recent researcbes seem to show that, though

this view may be partly true, it is far from the whole trutli,

and does not afford a complete explanation. The great height

of the aurora and the nature of its spectrum both militate

against it.

Height of the Aurora.—Reveral attempts have been made in

recent times to determine the height of the aurora above the

surface of the earth, by simultaneous observations of some

prominent streamer or patch of light from several far-distant

stations. The general result is tliat it extends to the height of

from 400 to 600 miles. But the evidence of shooting -stars

and meteors seems to indicate that t|e limit of the atmoepliei-e

is between 1,00 and 110 miles in height If it extends above

this, it must be too rare to conduct electricity long before it

reaches the greatest lieight of the aurora ; indeed, it is doubt-

ful whether it does not attain this rarity at a height of 40 or

60 mileSb If, then, the aurora really extends to the great

height we have mentioned, and still exists in a gaseous medi-

um, it seems difficult to avoid the conclusion that this medium
is something far mOre ethereal than the gases which fonn our

atmosphere. It would, however, be unphilosophical to assume

the existence of such a medium without some other evidence

in its favor than that affoi-ded by the aurora. We must in^

S
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dude the aurora among those things in which modem ob-

servations have opened up more diflioulties than modem theo-

ries have explained.

Spectrum of the Aurora.—The spoctrnm of the aurora is so

far from uniform as to be quite puzzling. Tliere is one char-

acteristic bright line in the green pert of the spectrum, known

as Angstrom's lino, from its first discoverer. Tliis was tlie

only line Augatrom could see: he therefore pronounced the

li^ht of the aurora to be entirely of one color. Subsequent

observers, however, saw many additional lines, but they were

different in different auroras. Among those who have made
careful studies of the aurora with the spectroscope are the

late Professor Wiulock, of Harvard University; Professor

Barker, of Philadelphia; and Dr. IL C. Yogel, formerly of

Bothkamp.

Wm. I&-4|Netra« of twa sfUm giMt Mranu afini, after Dr. H. O. Vofil.

Fig. 78 shows the spectra of two auroras, as drawn by Dr.

Yogel. It will be seen that there is one fine bright line be-

tween D and E, which would fitll in the yellowish-green part

of the spectmm, while the others are all broad, ill -defined

bands. Dr. Yogel notices a remarkable connection between

these lines and several groups of lines produced by the vapor

of iron, and inquires whether this vapor can possibly exist in

the upper regions of our atmosphere. A more complete study

of the spectra of vapors at different pressures and tempera-

tures is necessary before we can form a decided opinion as to

what the aurora really is.

'w^mmi i)iiiw'"ttr'"i.£.
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Of the Rapposod periodioity of the aurora, and ita oonneotion

with sun-spots, we have already spoken. Granting the reality

of this conneution, we may expect that auroras will be very

frequent between the years 18S0 and 1884 ; and if this ex-

peotatiou is realized, little doiibt of the oonneotion will remain.

§ 5. T}u Moon.

The moon is mnoh the nearest to us of all the heavenly

bodies ; no other, except possibly a comet, ever coming nearer

than a hundred times her distance. Her mean distance is, in

round numbers, 240,000 miles. Owing to the elliptioity of her

orbit and the attractive force of the sun, it varies from ten to

twenty thousand miles on each side of this mean in the course

of each monthly revolution. The least possible distance is

321,000 miles ; the greatest is 269,600 miles. It very rarely

approaohes either of these limits, the usual oscillation being

dlwut 18,000 miles on each side of the mean distance of

240,800. The diameter of the moon is 2160 miles, or some-

what less than two^evenths that of the earth. Her volume is

abont one-fiftieth that of the earth, and if she were as dense

as iJw latter, her masa would be in the same proportion.

O
Ww, n.—B«I«Ut« liaa of earth and moon.

But her actual mass is only about one-eightieth that of the

earth, showing that her density, or the specific gravity of the

material of which she is composed, is little more than half that

""..."Tf-r'
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of onr globe. Her weight is, in faot, about 8| timee that of

her bulk of water.

The most remarkable foatnre of the motion of the moon it,

that she makes one revolution on her axis in the same time

tliat she revolves aronnd the earth, and so always presents the

same face to us. In oonsequenoe, the other side of the moon
must remain forever invisible to human eyes. The reason of

tliis peculiarity is to be found in the elliptioity of her globe.

That she should originally have been set in revolution on her

axis with precisely the same velocity with which she revolved

around tlie earth, so that not the slightest variation in the re-

lation of the two motions should ever occur in the course of

ages, is highly improbable. If such had been the state of

things, the correspondence of the two motions oould not have

been kept up without her axial rotation varying; because,

owing to the secular acceleration already described, the moon,

in the course of ages, varies her time of revolution, and so

the two motions would cease to correspond. But tlie effect of

the attraction of the earth upon the slightly elongated lunar

«;;lobe is such that if the two motions are, in the beginning,

' ary near together, not only will the axial rotation accommo-

date itself to the orbital revolution aronnd the earth, bi '' ••

the latter varies, the former will vary with it, and thus vhe

correspondence will be kept up.

Figtvre, Rotation, and LAratian of the Moon.—Supposing the

shape of the moon to be the same as if it were a fluid mass,

or covered by an ocean, it will be an ellipsoid with three un-

equal axes. The shortest axis will be that around which it

revolves, which is not very far from being perpendicular to

the ecliptic. The next longest is that which lies in the direc-

tion in which the moon moves; while (he longest of all is

that which points towards tlie earth. The reason that the

polar axis is the shortest is the same which makes the polar

axis of the earth the shortest, that is, tlie oentrifugrl force

generated by the revolution round that axis. If we consid-

ered only the action of this force, we should conclude that the

moon, like the earth, was an oblate spheroid, the equator be-

'?.
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iiig a perfect oirole. Bat the attraction of the earth npon the

moon tends to elongate it in the direction of the line joining

tlie two bodiei, in the same way that the attraction of the moon
upon the earth generates a tide-producing force which we have

already explained. At the centre of the moon the attraction

of the earth and the oentrifngal force of the moon in its or-

bit exactly balance each other. But if we go to the farther

side of the moon, the centrifugal force will be greater, owing

to the larger orbit which that part of tlie moon luw to de-

scribe, while the attraction of the earth will be less owing to

the greater distance of the particles it attracts. Hence, that

part of the moon tends to fly off from the centre and from the

earth. On this side of the moon the case is reversed, the at-

tractive force of the earth exceeding the centrifugal force of

those ))arts of the moon, whence those parts are impelled by a

force tending to draw them to the earth. The effect would

be much the same as if a rope were fastened to this side of

the moon, and constantly pulled towards the earth, while an-

other were fastened to the opposite side, and as constantly

pulled from the earth. Supposing the moon to be a liquid,

o as to yield freely, it is clear tliat the effect of these forces

would be to elongate her in the direction of the earth.

The deviations from a spherical form produced by these

causes are very minute. Taking the results of Lagrange and

Newton, the mean axis would be 46^ feet longer than the

horiest one, and the longest 186 feet longer than the mean
one, or 282^ feet longer than the shortest one.* These differ^

ences are so much smaller than the average height of the

lunar mountains that the Irregularities produced by the latter

might entirely overpower them ; but the correspondence be-

tween the motions of rotation and revolution of the moon
•hows that there miut be, on the average, a real elongation in

* Thaie nnmbera are, perh«|M, not itrictly correct. Tha extendon of 1^6 foot

was dadnced by Newton from a oompariMn of the diftorting powers of the centrif-

ngai force of the earth with that of the force we hare Jnst deacribed. He seems

to hare overlooked the ikct that the snail density of the moon will cause the

«longatioa to be greater.

'
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the direction of the earth. Tliia oorrespondenoe is kept up by

the p^'ght additional attraction of the earth npon this extension

of the moon towards the earth, combined witit the additional

centrifugal force of the extension on the other side. Although

these foraes are n^t by any means the same as tlie distorting

forces already described, they may be represented in the same
way by two ropes, one of which pulls the protuberance on this

side towards the earth, while the other pulls the protuberance

on the other side from it If the two protuberances do not

point exactly towards the earth, the effect of these two minnte

forces will be to draw them very slowly into line. Conse-

quently, notwithstanding the slow variations to which the mo-
tion of the moon around the earth is subject in the course

of ages, the attraction of the earth will always keep this pro-

tuberant face turned towards us. Human eyes will never be-

hold the other side of the moon, unless some external force

acts npon her so as to overcome the slight balancing force

just described, and set her in more or less rapid motion on

her axis. If it is disappointing to reflect that we are for-

ever deprived of the view of the other side of our satellite, we
may console ourselves with th< uilection that there is not the

slightest reason to believe that it differs in any respect from

this side. The atmosphere with which it has been covered,

and the inhabitants with which it has been peopled, are no

better tlian the products of a poetic imagination.

The forces we have just described as tending to keep the

same face of the moon pointed towards us would not produce

this effect unless the adjustment of the two motions— that

around the earth, and that on Imr axis—were almost perfect

in the beginning. If her axial rotation were accelerated by so

small an amount as one revolution in two or three years, there

is every reason to believe that she would keep on revolving at

the new rate, notwithstanding the force in question. The case

is much like that of a very easy-turning fly-wheel, which is

slightly weighted on one side. If we give the wheel a gentle

motion in one direction or another, the weight will cause the

wheel to torn till the heavy side is die lowest, and the wheel

.
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will then vibrate very slowly on one side and the other of this

point. Bnt if we give the wheel a motion rapid enough to

carry its lieavy side over the highest point, then the weight

will accelerate the wheel while it is falling as much as it will

l«tard it while rising ; and if there were nu friction, the wheel

would keep on turning indefinitely. The qu>^3tion now arises,

How does it happen that these two motions are so exactly ad-

justed to each other that not only is the longer axis of the

moon pointed exactly towards the earth, but not the slightest

swing on one side or the other can be detected ? That this

adjustment should be a mere matter of chance, without any

physical cause to produce it, is almost infinitely improbable,

while to suppose it to result from the mere arbitrary will of

the Creator is contraiy to all scientific philosophy. But if the

moon were once in a partially fluid state, and rotated on her

axis in a period different from her present one, then the enor-

mous tides produced by the attraction of the earth, combined

with the oentrifngal force, would be accompanied by a fric-

tion whichi would gradually retard the rate of rotation, until

it was reduced to the point of exact coincidence with the rate

of revolution round the earth, as we now find it. We there-

fore see in the present state of things a certain amount of

probable evidence that the mOon was once in a state of par-

tial fluidity.

The force we have just described as drawing the protuber-

ant portion of the moon towards the earth is so excessively

minute that it takes it a long time to produce any sensible ef-

fect ; consequently, although the moon moves more rapidly in

some points of her orbit than in others, the force in question

produces no corresponding change in the moon's rotation.

The protuberance does not, therefore, always point exactly at

the earth, but sometimes a little one side, and sometimes a lit-

tle the other, according as the moon is ahead of or behind her

mean place in the orbit The result is, that the face which

the moon presents to ns is not always exactly the same, there

being a slight apparent (not real) oscillation, due to the real

inequality in her orbital motion. This apparent swaying is

mssz
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called libration, and in consequence of it there is nearly six-

tenths of the lunar surface which may, at one time or another,

come into view from the earth.

The Lunar Day.—In conseqaence of the pecnliari^ in the

moon's rotation which we have described, the lunar day is 29^

times as long as the terrestrial day. Near the moon's equator

the sun shines without intermission nearly fifteen of our days,

and is absent for the same length of time. In conseqnence,

the vicissitudes of temperature to which the surface is exposed

must be very great. During the long Innar night the temper-

ature of a body on the moon's surface would probably foil

below any degree of cold that we ever experience on the earth,

while during the day it must become hotter than anywhere

on our globe.

Astronomical phenomena, to an obJbrver on the moon, would

exhibit some peculiarities. The earth would be an immense

moon, going through the same phases that the moon does to

us ; but instead of rising and setting, it would only oscillate

back and forth through a few degrees. On the other side of

the moon it wonld never be seen at all. The diurnal motion

of the stars wonld take place in twenty -seven of our days,

much as they do here every day, while, as we have said, the

sun would rise and set in 29^ of onr days.

Oeography of the Moon.— With the naked eye it is quite

readily seen that the brilliancy of the moon is far from uni-

form, her disk being variegated with irregular dark patches,

which have been supposed to bear a rude resemblance to a

human foce. It is said to have been a fancy of some of the

ancient philosophers that the light and dark portions were

caused by the reflection of the seas and continents of tlie ter-

restrial globe, though it is hard to conceiye of such an opin-

ion being seriously entertained. The first rude idea of the

real nature of the lunar surface was gained by Galileo with

his telescope. He saw that the brighter portions of the disk

were broken up with inequalities of the nature of monntains

and craters, while the dark parts were, for the most part,

smooth and nnifonn. Here he saw a striking resemblance to

i..i
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the geographical features of onr globe, and is said to have sug-

gested that the brighter and rougher portions might be conti-

nents, and the dark, smooth portions oceans. This view of the

resemblance to terrestrial scenery is commemorated in Mil-

ton's description of Satan's shield

:

" Uke the moon, whoie oift

Through optic glaia the Tusoui artiat viewt

At erening, from the top of Fetoltf,

Or in Valdamo, to deiery new Innda,

Riren, or monntains in her spotty glohe."

The opinion that the dark portions of the lunar disk were

seas was shared by Kepler, Hevelius, and Ricciolus. The last

two made maps of the moon in which they gave names to tlie

supposed seas, which names the regions still bear, though they

are strikingly &nciful. * Among them are Oceanut Procella-

turn (the Oceau of Storms), Mare TranquiUUatia (Sea of Tran-

quillity), Mare Imbrivm (Bainy Sea), etc. The names of great

philosophers and astronomerB were given to prominent feat-

ures, craters, etc.

If this resemblance between the earth and moon had been

established ; if it had been found that onr satellite really had

seas and atmosphere, and ^ras fitted for the support of or-

ganic life ; still more, if any evidence of the existence of in-

telligent beings had been found, our interest in lunar geogra-

phy would have been immensely heightened. But the moi-e

the telescope was improved, the more dearly it was seen that

there was no similarity between lunar and terrestrial scenery.

A very slight increase of telescopic power showed that there

was no more real smoothness in the regions of the supposed

seas than elsewhere. The inequalities were smalleir and hard-

er to see on account of the darkness of color; but that was

all. The sun would have been brilliantly imaged back from

the surfaces of the oceans in certain positions of the moon

;

but nothing of the kind was ever seen. The polariscope

showed that the sun's rays did not pass through any liquid at

the moon's surface. Positive evidence of an atmosphere was

ought in vain. Supposed vol<Minoes were traced to bright

; .in'..^ | JVUMi!V(ii.i,MHIiJ*''> 'ijij' i| i, 1 I
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spots, iUnminated by light from the earth. InequBlitie* of

surface there were; but in form they were wholly different

from the mountaing of the earth. So the beautiful fancwB of

the earlier astronomers all faded away, leaving our satellite as

lifeless as an arid rock. ^ l

As the moon is now seen and mapped, the difference be-

tween the light and dark portions is due merely to a differ^

enoe in the color of the material, much of which seems to be

p 22
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darker than the average of terrestrial objecrts. The moa;itain8

consist, for the most part, of ronnd saucer-shajjed elevations,

the interior being flat, with small conical mounds nsing here

and there. Sometimes there is a single mound in the centre.

It is very curious that the figures of these inequaUties in ttie

lunar surface can be closely imitated by throwing pebbles

upon the surface of some smooth plastic mass, as njud or

mortar. Tlwjy may bo well seen during an eoUpse of Ae sun,

when the contrast between the smoothness of the suns limb

and the roughness of that of the moon cannot escape notice.

Their appearance is most striking when the eclipse is annular

or total. In the latter case, as the U»8t streak of sunlight is

disappearing, it is broken up into a number of points, which

have been known as «Baily's beads," from the observer who

first described them, and which are caused by the sun shimng

through the depressions between the lunar mountains.

To give the reader an idea what the formation of the lunar

sur6u» is, jve present a view of the spot or «"»*«'" Coper-

nicus." by Secohi, taken from the « Memoirs of the Koyal As.

tronomical Society," vol. «xii. The diameter of the central

portion, so much like a fort, is about 46 or 60 miles.

Among the most curious and inexplicable features of the

moon's surface are the long narrow streaks of white material

which radiate froin certain points, especially from the great

crater Tycho. Some of these can be traced more than a

thousand miles. The only way in which their formation has

been accounted for is by supposing that in some former age

immense fissures were formed in the lunar surface which were

subsequently filled by an eruption of this white matter which

forms the streaks.
^

Hoe the Moon an Atmosphere f—Thia question may be, an-

swered by saying that no evidence of a lunar atmosphere

entitled to any weight has ever been gathered, and that if

there is such an atmosphere, it is certainly not ^U pw* the

density of the earth's atmosphere. The most delicate known

test of an atmosphere is afforded by the behavior of a star

when in apparent contact with the limb of the moon. In tins

iHip
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position the rays of light coming from the star woiild pass

through the Innar atmosphere, and be refracted by twico the

horizontal refraction of that atmosphere. The star would

then be apparently thrown out of its true position in the di-

rection from the moon's centre by the amoant of this doable

refraction. Bnt observations of stars in this position, at the

moment when the limb of the moon passes over them, have

never indicated the slightest displacement It is certain that,

had the displacement been decidedly in excess of half a sec-

ond, it wonld have been detected ; tiierefore, the donble hori-

zontal refraction of the lunar atmosphere, if any exist, mnst

be as small as half a second.* The corresponding refraction

of the earth's atmosphere is 4000 seconds. Therefore, the re-

* A limilar toit is afforded by the ocoultation of a planet, especially Satan or

Venus, the Ifeab of which would be a little flaiilened as it touched the moon. The
writer looked rery carefblly for this appearance during an nnnsually favorable oc-

cnltatkm of Satom which oconrrad on Aug. 6tb, 1876, without seeing a tnoe of it;

•SSft/aSsSKri
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fraetiTe power of the Innar atmosphere cannotbe much in ex-

oeM of -nVr that of the earth's, and certainly &ll8 below iiArv

Without an atmosphere no water or other volatile fluid can

exist on the moon, beoanse it would gradually evaporate and

form an atmosphere of its own vapor. The evaporation would

not cease till the pressure of the vapor became equal to its

elastic force at the mean temperature of the moon. If this

temperature were as low as the freezing-point, the pressure of

an atmosphere of water vapor would be tK that of our at-

mosphere. So dense an envelope could not fail of detection

with our presMit means of observation.

The question whedier any change is taking place on the

snr&oe of the moon is one of interest Hitherto, the pre-

ponderance of evidence has been against the idea of any

change. It is true that a few years ago there was a great

discussion in the astronomical world about a supposed change

in die aspect of the spot linneus, which was fonnd not to

present the same appearance as on Beer and Miidlei's map.

But careful scrutiny showed that, owing to some peculiarity

of its surface, this spot varied its aspect according to the

manner in which it was illuminated by the sim, and these

variations appear to be sufficient to account for the supposed

change. To whatever geological convulsions the mow may
have been subjected in ages past, it seems as if she had now
reached a state in which no further change was to take place,

unless by the aotion of some new cause. This will not seem

surprising if we reflect what an important part the atmosphere

plays in the change^ which are going on on the sui-face of the

earth. The growth of forests, the formation of deltas, the

washing^iway of mountains, the disintegration and blacken-

ing of rocks, and the decay of buildings are all due to the

action of air and water, the latter acting in the form of rain.

Ohaoges of temperature powerfully re-euforoe the action of

these causes, bat are not of themselves sufficient to produce

any effect. Now, on the moon, there being neither air, wa-

ter, rain, frost, nor organic matter, the causes of disintegra-

tion and decay are all absent A marble building erected
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npon the sarlkce of tlie moon would remain century after

century juBt aa it was left It is true that there might be

bodies so friable that the expansions and contractions due to

the great changes of temperature to which the surface of the

moon is exposed would cause them to crumble. But whatev*

er crumbling might thus be caused would soon be done with,

and then no further change would occur.

Light and Heat cf Ikt Moon.—That the sun is many times

brighter than the moon is evident to the eye; but no one

judging by the unaided eye would snppc* •» *h^ disparity to be

so great as it really is. It is found by .^Ai trial that the

light of the sun must be diminished several hundred thousand

times before it becomes as faint as the full moon. The results

of various experiments range between 800,000 and 800,000.

Professor G. B. Bond, of Cambridge, found the ratio to be

470,000. Tlie most careful determination yet made is by

Zollner, who finds the sun to give 619,000 times as much
light as the full moon. This result is probably quite near

the truth.

The moon does not shine by sunlight alone. Whenever

the narrow crescent of the new moon is seen through a clear

atmosphere, her whole surface may be plainly seen faintly il-

luminated. This appearance is known as << the old moon in

the new moon's arms." The faint light thus shed upon ihe

dark parts of tlie moon is reflected from the earth. An ob-

server on the moon would see the earth in his rSsj as a large

moon, much larger than the moon is seen by us. When it is

new moon with us, it would hefuU earth, if we may be allowed

the term, to an obeorver on this side of the moon. Homce,

under those circumstances, most of the lunar hemisphere hid-

den by the sun is illuminated by earth-light, or by sunlight re-

flected by the earth, and is thus rendered visible. The case

is the same as if an observer on the moon should see the dark

hemisphere of the earth by the light of the full moon.

As the moon reflects the light of the sun, so also must she

reflect his heat Besides, she must radiate off whatever heat

she absorbs from the sun. Henoe^ we must receive some heat

om^mtmiiimiot'M .
"pjn' !it»0ismtm0'm^
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from the moon, though calculation will show the quantity to

be BO small as to defy detection with the most delicate ther*

mometer, the average quantity being only xw^vw pai^ of that

received from the sun. As the direct rays of the sun will not

i-aise the black-bulb thermometer r^ore ^han 50 or 60 degrees

above the tenipemtnre of the air, ttiose of the moon cannot

raise it ipora than -^lAnr of a degree, fiy concentrating the

rays in the foons of a telescope of large aperture and compar-

atively short focal length, the temperature might be increased

a hundred times or more ; but even then we should only have

an increase of i^ of a degree. Even this increase might be

unattainable, for tlie reason that the heat radiated by the

moon would not pass through glass. It is, therefore, only

since the discovery of thermo electricity and the invention of

the thermo-electric pile that the detection of the heat from

the moon has been possible. The detection is facilitated b^

using a r^ecting telescope to concentrate the lunar rays,

because the moon is not hot enough to radiate such heat as

will penetrate glass. Lord Bosse and M. Marie - Davy, of

Paris, have thus succeeded in measuring the heat emanating

from the moon. The former sought not merely to determine

the total amount of heat, but how much it varied from one

phase of the moon to the ether, and what portion of it was

the reflected heat of die sun, and what portion was radiated

by the moon herself, as if she were a hot body. He found

that from new to full moon, and thence round to new moon
again, the quantity of heat received varied in the same way
with the quantity of light ; that is, there was most at full-

moon, and scarcely any when the moon was a thin orescent

That only a small proportion of the total heat emitted was the

reflected heat of the sun, was shown by the fact that while 86

per cent of solar heat passes through glass, only 12 per cent,

of lunar heat does so. This absorption by glass is well knovm
to be a property of the heat radiated by a body which is not

itself at a high temperature. The same result was indicated

in another way, namely, that while the sun is found by Z5ll-

ner to give 618,000 times as much light as the moon, it only
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gives 82,600 times as mnoh heat Thus both the ratio of solar

to lunar heat, and the praportiou of the latter whiuh is ab-

sorbed by glass, agree in indicating that aliout six-sevenths of

the heat received from the moon is radiated by the latter,

owing to the temperaturo of her surface produced by the ab-

sorption of the sun's rays.

Lord Rosse was thus enabled to estimate the change of

temperature of the moon's surface according as it was turned

towards or from the sun, and found it to be more than 500"

Fahrenheit. But there was no way of determining the tem-

peratures themselves with exactness. Probably when the sun

does not shine the temperatura is two or three hundred de-

grees below zero, and therefore below any ever known on the

earth; while under the vertical sun it is as much above zero,

and therefore hotter than boiling water.

I^ect of the Moon on the Earth.—We have already explained,

in treating of gravitation, how the attraction of the moon
causes tides in the ocean. This is one of the best-known ef-

fects of lunar attraction. It is knowm from tlieory that a sim-

ilar tide is produced in the air, affecting the height of che ba-

rometer ; but it is so minute as to be entirely masked by the

changes constantly going on in the atmospheric pressure from

other causes. There is also reason to believe tliat the occur-

rence of earthquakes may be affected by the attraction of the

moon; but this is a subject which needs further investiga-

tion before we can pronounce with certainty on a law of con>

neotion.

Thus far there is no evidence that the moon directly affects

the earth or its inhabitants in any other way than by her at-

traction, which is so minute as to be entirely insensible except

in the ways we have described. A striking illustration of the

fallibility of the human judgment when not disciplined by sci-

entific training is afforded by the opinions which have at vari-

ous times obtained currency respecting a supposed influence

of the moon on the weather. Neither in the reason of the

case nor in observations do we find any real support for such

a theory. It must, however, be admitted that opinions of this

\
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character are not confined t^ tlie nnedncated. In scientific

literature several papers are found in which \on\j series of me-

teorological observations are collated, which indicate that tlie

mean temperature or the amount of rain had been subject to

a slight variation depending on the age of the moon. But

there was no reason to believe that these changes arose from

any other cause than the accidental vicieaitudos to which the

weather is at all times subject There is, perhaps, higher au-

thority for the opinion that the rays of the full moon clear

away clouds ; but if we refiect that the effect of the sun it-

self in this respect is not very noticeable, and that the full

noon gives only iwirv ^^ ^^ ^^^ of the sun, this opinion

will appear extremely improbable.

§ 6. The Planet Mara.

The fourth planet in tlie order of distance from the sun,

and the next one outside the orbit of the earth, is Mars. Its

mean distance from the sun is about 141 millions of miles.

The eccentricity of its orbit is such that at perihelion it is only

128 millions of miles from the sun, while in aphelion it is 154

millions distant. It is, ndxt to Mercury, the smallest of the

primary planets, its diameter bei'ig little more than 4000

miles. It makes one revolntior in its orbit in less than two

years (more nearly in 687 days, or 43^ days short of two Ju-

lian years). If the period were exactly two years, it would

make one revolution while the earth made two, and the oppo-

sitions wonld occur at intervals of two years. But, going a

little faster than inis, it takes the earth, on the average, fifty

days over the two yearb to catch np to it The times of oppo-

sition are shown in the following table

:

1876... .June aoth.

1877....8eplanber Stb.

1879....NoTember 12th. I 1884.... Jenuarr Slit.

l88I....U«iemlwr8«tli. 1886....March 'stb.

The times of several subsequent <^positioiis may b»' found

with sufficient exactness for the identification of the planet by

addii^ two years and two months for every opposition, except

during tlie spring months, wl^en only one month is to be
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added. OppositioiiB will oouiir in April, 1888, and May, 1890.

At the times of oppoaition Mara riaea when the aun aeta, and

may be aeen during the entire night.

Aspect of Mara.—Mara ia eaaily recognized with the naked

eye when near ita opposition by ita flery-red light. It ia mnoh
more brilliant at some oppositions than at others, bat always

oxceeda an ordinary atar of the fint magnitude. The varia-

tions of its brilliancy arise from the eocentrioity of its orbit,

and the conaequeut variations of its distance from the earth

and the sun. The perihelion of Mars is in the same longitude

in which the earth is on August 27th; and when an opposition

occurs near that date, the planet is only 85 millions of miles

from the earth. Tiiis is aboat the closest approach which the

two planets can ever make. When an opposition oconrs in

February or March the planet is near its aphelion—164 mill-

iona of miles from the sun and 69 millions from the earth.

The result of these variations of distance is that Mars is more

than four times brighter when an opposition occurs in August

or September tlian when it occurs in February or March. The
opposition of 1877 (September 6th) was quite remarkable in

this respect, as i occurred only 9 days after the planet passed

its perihelion. The near approach to the earth at this time is

rendered memorable by the discovery of two satellites.

Mara has been an interesting object of telescopic research

from the fact that it is the planet which exhibits the greatest

analogy with our earth. The equatorial regions, even with a

small telescope, can be distinctly seen to be divided into light

and dark portions, which some observers suppose to be conti-

nents and oceans. Around each pole is a region of brilliant

white, which the same class of aatronomers suppose to be due

to a deposit of snow. The outlines of the dark and light por-

tions are sometimes so hard to trace as to give rise to the sus-

picion of clouds in a Martial atmosphere. At the same time,

a single look at Mars through a large telescope would convince

most observers that these resemblances to our earth have a

very small foundation in observation, the evidence being neg*

ative rather than positive. It must be saiii in their &vor that

w-
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if onr earth woro viewed at the distance at whiuh we view

Man, and with the same optical power, it wonld present a

similar telescopic aspect Bnt it is also possible that if the

optical power of onr tele*

scopes were so increased

that we could see Mara as

from a distance of a thou*

saud miles,the resemblances

would all vanish as com*

pletely as they did in the

case of the moon.

So many drawings of

Mara in various positions

have been made by the nu*

niorous observen who have

«„.. «v .^« , .u.«« .« studied it, that it has be-
VM.SI.—ThaplMMtllanoaJnMaM,lll%Mlt .,,

kMin4BmlaatM,MM«Dl»)rPR>lk«orHold« OOmO possible tO construct
with UM pMt WMbtogtoD totoMop*. tolerably accurate maps of

the surface of the planet We give a copy of one of these

sets of maps by Kaiser, the late Leyden astronomer. Kaiser

does not pretend to call the different r^ons continents and

oceans, bnt merely designates them as light and dark portions.

.an^Bili

fff«,1I^^VH||||BI|l|>3t^;

tok..4lllk.
itiHAAiUAU

Vm. 88.—Map ofMan, aftar Kalaar, oa Mareatofa proJactiou.

Rotation of Mars.—Mara is the only planet besides the earth

of which we can be sure that the time of axial rotation ad-

mits of being determined with entire precision. Drawings by

Hooke, two oentnries ago, exhibit markings which can still be

recognized, and from a comparison of them with recent ones

Mr. Proctor has fonnd for the period of rotation 24 lionn 87

Nu.
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nunutes 22.73 seconds, which he considers correct within tliroo

or four hundredths of a second. The equator of Mars is in-

clined to the plane of its orbit about 27°,so that tl»e vicissitudes

of the seasons are greater on Mara than on the earth in the pro-

portion of 27° to 281". Owing to this great obliqnity, we can

Bometimes see one pole of the planet, and sometimes the other,

from tlie earth. When in longitude 860% that is, in the same

Fio. 84.-North.ni hemtapher. ofM.* Fw 8B.-8ontb.ni h.m».Dhor« of M.r..

direction from the snn in which the earth is situate* o: Sep-

tember 10th, the sooth pole of the planet is incline, ^ov^^^n

the sun; and if the planet is then in opposition, it will be in-

clined towards the earth also, so that we can see the region of

the planet to a distance of 27° beyond the pole. At an op-

position in March the north pole of the planet is inclined tow-

ards the sun, and towards the earth also. We have just seen

that Mara is ranch farther at the latter oppositions than at the

former, so that we can get much better views of the south pole

of the planet than of the north pole.

SateUite* of Mars.—On the night of August 11th, 1877,

Professor Asaph Hall, while scrutinizing the neighborhood of

Mars with the great equatorial of tb- An^hington Observato-

ry, found a small object about 80 secotids east of the planet.

Cloudy weather prevented further observation at that time;

but on the night of the 16th n was again found, and two

hours' observation showed thnt it followed the planet m its
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orbital motioti. Still, fearing that it might be a small planet

whidi diaiiced to be in the neighborhood, Professor Hall

waited for another observation before announcing his discov*

ery. A rough calculation from the observed elongation of the

satellite and tiie known mass of Mars showed that the period

of revolution would probably be not far from 29 hours, and

diat, if the object were a satellite, it would be.hidden during

most of the following night, but would reappear near its orig-

inal position towards morning. This prediction was exactly

fulfilled, the satellite emerging from the planet about four

o'clock on the morning of August 18th.

Bnt this was not all. The reappearance of the satellite was

followed by the appearance of another object, mnch closer to

the planet, which pro%'ed to be a second and inner satellite.

The reality of both objects was abundantly confirmed by obser-

vations on the following nights, not only at Washington, bnt at

the Oambridge Observatory, by Professor Pickering and his as-

sistants, i^nd at Gambridgeport, by Messrs. Alvan Clark & Sons.

The most extraordinary feature of the two satellites is the

proximity of the inner one to the planet, and the rapidity of

its revolution. The shortest period hitherto known is that of

the inner satellite of Satiim>-^22 hours 87 minutes. Bnt the

inner satellite of Mars goes round in 7 hours 38 minutes. Its

distanoe from the oentre of the plaint ia about 6000 miles,

and from the surfaee less than 4000. If ^re are any as-

tronomers on Ma» with telescopes and eyes like ours, they

can readily find ont whether this satellite is inbabited,the dis-

tance being less than one^ixtioth that of the moon from n».

That kind of near approadi to simple relationshipatbetween

the times of revolution is found h^re which we see in tlie sat-

ellites of Jupiter and Saturn. The inner satellite of Mars re-

volves in very nearly one-fourth the period of tiie outer one,

these times being, h». »..

Onter ntallite........... SO 18

Om-ftmrth tliia psriod. 7 84|

Ptriod of inner Mtdlita 7 89

These satellites may also be put down as by far the smallest

iitifmft0mi0¥£i^iiiiiiAm MHiHIHl
M«M|MMMI|lMa«l^idMMiw*fiiMibH
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heavenly bodies yet known. It is hardly possible to make
anything like a numerical estimate of their diameters, because

they ai-e seen in the telescope only as faint points of light

;

and, having no seiwible surface, no such thing as a measure

of the diameters is possible. The only datum on which an

estimate can be founded is the amount of light which they

give. The writer judged the magnitude of the outer one to

be between the eleventh and twelfth. According to the esti-

mate of Zollner, Mars itself, at this opposition, is three magni-

tudes brighter tiian a first-magnitude star. The difference of

brilliancy between Mars and the outer satellite is, therefore,

represented by thirteen or fourtera ordera of magnitude

From this, it would follow that Mars gives from 200,000 to

600,000 times as much light as tlie satellite ; and if both are of

tlie same light-reflecting power, the diameter of Ae satellite

would be from 6 to 10 miles. It may be as small as 5 miles,

or as great as 20, but is not likely to li^ far without these

limits. The inner satellite is much brighter than the outer

one, and its diameter probably lies between 10 and 40 miles.

tn. asu—Appumt orbit* of ilM iwMHIw ofllra is WIT.m obwrftd nd taU down tv
rttkl).

%7. The SmjU Planets.

It was impossible to study the solar system, tm it was known
to modem astronomy before the beginning of the present oen-

tnry, widiont being stmck by the great gap which existed be-

tween M^ and Jupiter. Except this gap, all the planets then

known sncoeeded each other a(Mx>rding to a tolerably regular

s
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law, and by interpolating a single planet at nearly double the

distance of Mars tlie order of distances would be complete.

The idea that an unknown planet might really exist in this

r^on was entertained from the time of Kepler. 80 sure

were some astronomers of this that, in 1800, an association of

twenty-four observers was formed, having for its object a sys-

tematic search for the planet. The ssodiac was divided into

twenty-four parts, one of which was to be searched through

by each observer. But by one of those onrious coincidences

which have so frequently occurred in the history of science,

the planet was acoidentidly discovered by an outside astrono-

mer before the society conld get fairly to work. On January

Ist, 1801, Piazzi, of Palermo, found a star in the constellation

Taurus which did not belong there, and on observing it the

night after, he fonnd that it had changed its position among
the surrounding stars, and must, therefore, be a planet He
followed it for a period of about six weeks, after which it was

lost in the rays of the sun without any one else seeing it

When it was time to emei^ again in the following antnmn,

its rediscovery became a difficult problem. But tlie skill of the

great mathematician Oanss came to the rescue with a method

by which the orbit of any planetary body oonld be complete-

ly and easily determined from three or four observations. He
was thus able to tell observers where their telescopes must be

pointed to rediscover the planet, and it was fonnd without dif-

ficulty before the end of the year. Piaasi gave it the name
Cettt. The orbit found by Gktnss showed it to revolve between

Mars and Jupiter at a little less than double the distance of

the former, and tlierefore to be the long-thon^t-of planet

But the diseovery had a sequel which no one anticipated, and

of which we have not yet seen the end. In March, 1802, Ol-

bers discovered a second planet, which was also fonnd to be

revolving between Mars and Jupiter, and to which he gave

die name PaUaa. The most extraordinary feature of its orbit

was its great inclination, which exceeded 84". Olbers there-

npon sn^^ted his celebrated hypothesis that the two bodies

might be fragments of a single planet which had been shat*

MhtMMttMgaai
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tered by sorrv^ - 7)losion. If such wore the case, the orbits of

all the frag:''.:jt8 would at first intersect each other at the

point where the explosion occurred. He therefore thought it

likely that other fragments would be found, especially if a

searah were kept np near the point.of intersection of the orbits

of Geres and Pallas. Acting on this idea, Harding, of Lilien-

thal, found a third planet in 1804, while Olbera found a

fourth one in 1807. These were called Juno and Vesta. The

former came quito near to Olbers's theory that the orbits

should all pass near the same point, but the latter did not

Olbers oontiuued a search for additional planets of this group

for a number of years, but at length gave it np, and died

without tlie knowledge of any but these, four.

In December, 1845, thirty-eight years after the discovery of

Vesta, Hencke, of Driesen, being engaged in the preparation

of star-charts, found a fifth planet o^ the group, and thus re-

commenced a series of discoveries which have continued till

the present time. No less than three were discovered in 1847,

and at least onft has been found every year since. To show

the rate at which discovery has gone on, we divide the time

since 1846 into periods of five years each, and give thu num-

ber found during each period

:

In 1846-M> 8 were difcorerad.

" 1861-66 24 '• "

" 1866-60 26 " "

" 1861-66 88 •• "

Total

In 1866-70 27 vera diicoverad.

" 1871-76 46 " •'

" 1876-80 68 "
" 1881 1 WHS "

, 220.

It will be seen that the rate of discovery has been p:etty

steadily increasing during thirty years. This is not because

the number of those visible, but not yet found, is so great that

it is as easy as ever to find one, but because they are now
sought after with more skill and more system than formerly.*

* In illustnition of thb the writer lUM been informed bj Frofewor Peters that

in Marching for these bodies he falb npon several already kno«m for every new

one that he finds. Consequently, were they all lost, he atone could now redis-

cover them at a mora rapid rata than they actually have been discovered by th«

efforts of all the observers engaged in the search.
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Of those disooTered daring the last ten yean, nearly half

have been fonnd by two American observen, Prafeason Pe>

ten and Watson.. American discoveries uf these 'xKlies were

commenced by Mr. James Fei^uson, who discovered Eaphros-

yne at Washington on September 1st, 1864.

All the planets of this group are remarkable for their mi-

nntenesBi The disks are all bo small as to defy exact meas*

nrement, presenting the appearance of mere stan. A ron^^

estimate of their diameten can, however, be made from the

amount of light which they reflect ; and althongh, in the ab-

sence of exact knowledge of their reflecting power, the results

of this method are not veiy certain, they are the best we can

obtain. It is thus fonnd that Ceres and Yesta are the laigest

of the gronp, tJieir diameten lying somewhere between 200

and 400 miles ; white, if we omit some very lately dkoovered,

the smallest are Atalanta, Maja, and Sappho, of which the di-

ameten may be between 20 and 40 miles. We may safely

say that it would take several thousand of the lai^gest of these

mall planets to make one as lai^ as the earth.

It has sometimes been said that some of these bodies are of

irregnlar shape, and thns favor Olben's hypothesis that they

are fragments of an exploded planet. But this opinion has

no other foundation than a snspeoted variability of their light,

which may be an illusion, and which, if it exiuts, might remtlt

from one side of the planet being darker in color than ibio

other. The latter snppdHiition is not at all improbable, as many
of the satellites are known to be variable from this or some

analogous iDause. As the supposed irregnlaritielB of form have

never been seen, and are not necessary to account for the va-

riations of brilliancy, there is no suflteient reason for believing

in their existence.

(Mera'a HypoAm$.— The question whether these bodies

oould ever have formed a single one has now become one of

ooamogouy rather tlum of astronomy. If a planet were shat-

tered, the orbit of each fragment would, at first, pass tbrongh

tiie point at which the explosion occnrred, however widely

they might be separated through the rest of their course. But
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owing to the seonlar changes produced by the attractions of

the other planets, this coincidence would not oontinne. The
orbits would slowly move away, and after the lapse of a few

thousand years no trace of a common intersection would be

seen. It is, therefore,curious that Olbers and his contempora-

ries should have expected to find such a region of intersection,

as it implied that the explosion had occurred within a few

thousand years. The &ct that the required conditions were

not fulfilled was no argument against ihe hypothesis, because

the explosion might have occurred millions of years ago, and

in the mean time the perihelion and node of each orbit

would have made many entire revolutions ; so that the orbits

wonld have been completely mixed np.

Desirous of seeing whether the orbits passed nearer a com-

mon point of intersection in times past than at present, Eucke
computed their secular variations. The result seemed to .be

adverse to Olbers's hypothesis, as it showed that the orbits

were Luther from having a common point in ages past than

at present. But this result was not conclusive either, because

he only determined the rates at which the orbits are now
changing, whereas, as previously explained, the orbits ci all

the planets really go through periodic oscillations ; and it is

only by calculating these oscillations that their positions can

be determined for very remote epochs. They have since

been determined for some of the planets in question, and the

result seems to show that the orbits coold neverhave intersect-

ed unless some of them have, in the mean time, been altered

by the attraction of the small planets on each other. Such an

action is not impossible ; but it is impossible to determine it,

owing to the great number of these bodies, and our ignorance

of their massfBS. We can, however, say^^that if the explosion

ever did occur, an immense interval, probably millions of

years, must have elapsed in the mean time. A different eat.-

planation of the group is given by the nebular hypothesis, of

which we shall hereafter speak, so that Olbers's hypothesis is

no longer considered by astronomers.

The planets in question are distingnished from the othen^

28

-i^i;-



8B6 rax aoLAB ststem.

not ouly by their small sice, but by the great eooentricitiee

and inclinationB of their orbits. If we except Heronry, none

of the larger planets has an eccentricity amounting to one-

tenth the diameter of its orbit, nor is any orbit inclined more

than two or three d^rees to the ecliptic. Bnt the inclina-

tions of many of the small planets exceed ten degrees, and

the eccentricities frequently amount to a fourth of the radii

of their orbits. The result is that the same small planet is at

ery different distances from the sun in various points of its

orbit. Add to this the fact that the mean distances of these

bodies from the sun have a pretty wide range, and we shall

find that they extend through a quite broad zone. The inside

edge of this zone seems pretty well marked, its distance being

about 180 millions of miles from the sun, or between 80 and

40 millions beyond the orbit of Mars. On the outside, it ter>

rojnatee more gradually, but nowhere extends within 60 mill-

ions of miles of the orbit of Jupiter. If any of the small

planets ever ranged outside of certain limits, the attraction of

Mars or Jupiter was so great as to completely derange their

orbits, so that we have a physical law which sets a limit to the

zone; but whether the limit thus set would coincide with the

actual limit we cannot at present say.

There are also within Uie limits of the group certain posi-

tions, in which, if the orbits were placed, they would be greatly

Changed by the action of Jupiter. These positions are those

in which tiie time of revolution would be some simple ezaet

fraction pf that of Jupiter, as f, ^, f, ^, etc Professor Daniel

,
Earicwoodhas pointed out the curious fact that there are gaps

in the serieli of small planets corresponding to these periodic

times. "V^ether these gape are really due to the relations of

the periodic times, or are simply the result of chunoe, cannot

yet be settled. The fact that quite a number of the small

planets have a period very nearly three-eighths that of Jn|nter,

may lead ns to ^rait for further e^iJence before eonduding

that we have to deal witn a real law of nature in the oases

pointed out by Professor Kirkwood.

NumJber and Total Mass of^ &ncdi Planda.—^At present it

mim:m^ i- !' > '«;
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t present it

is not possible to set any certain limits to the- probable nnmber
of the small planets. Altliotigh a hundred aud seventy-two

are now known, there is as yet no sensible diminution in the

rate at which they are being discovered. The qnestion of

their total number depends very largely on whether there is

any limit to their minuteness. If there is no such limit, then

there may be an indefinite number of them, too small to be

found widi the telescopes now engaged in searching for them;

and the larger the telescopes engaged in the search, the more
will be found. On the other hand, if they stop at a certain

limit—say twenty miles in diameter—we may say with con-

siderable confidence that their total number is aJso limited,

and that by far the laif;est part of them will be discovered

by the present generation of astronomers.

So far as we can now see, the preponderance of evidence is

on the side of the nnmber and magnitude being limited. The
indications in this direction are that the newly discovered ones

are not generally the* smallest objects which could be seen

with the telescopes which have made the discovery, and do
not seem, on the average, to be materially smaller than those

which were discovered ten years ago. It is not likely that the

nnmber of this average magnitude which still remain nndis^

oovered can be very great, and new ones will probably be

fonnd to grow decidedly rare before another hundred are dis-

covered. Then it will be necessary to employ greater o^ioal

power in the search. If this results in finding a nnmber of

new ones too small to be found with the former telescopes, wa
shall have to regard the group as unlimited in nnmber. But
if QO such new ones are tlius fonnd, it will show that the end
haa been nearly rertohed.

In gravitational astronomy, the qnestion of the total mass

«f tiie small pli^ets is more important than that of their total

nnnaber, because on this mass depends thmr efiiect in altering

the motions of the large planets. Any individual small planet

is so minute that its attraction on the other planets is entirely

insensible. Bnt it is not impossible that the whole group

might, by their combined action, produce a secular variation

•ikMMM
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In the form of the orbiti of Man Mid Japiter whidi, in the

uonne of j^xtf^, will be clearly shown by the obaervations.

Bat, althoogh aocnrate observations of these planets have been

made for more than a oentnry, no snch effect has ^et been no*

ticed. The sum total of their masses most, therexore, be mnoh
less than that of an average planet, though we cannot say pre-

cisely what the limit is. The apparent magnitnde of those

which have been discovered is entirely accordant with the

opinion that the mass of the entire group is so small that it

cannot make itself felt by its attraction on the other planets

for many yean to come. In Cut, if their diameten be esti-

mated from their brightness, in the manner already indicated,

we sliall find that if all that are yet known were made into a

single planet the diameter would be less than 400 miles ; and

if a thousand more, of the average sice of those discovered

since 1860 should exist, their addition to the consolidated

planet would not increase its diameter to 500 miles. Such a

plMiet would be only^^ of the bulk of the earth, and, nn-

ksB we supposed it to possess an extraordinary specific gravi^,

could not much exceed ^lAnr of the mass of the earth, or -^ of

the mass <^ Mercury. We may UxAy conclude that unless

the group of small planets actually conasts of tens of thou-

sands of minute bodies, of which only a few of the brightest

have yet been discovered, their total volume and mass are far

less than those of any one of the major planets.

Thenumber of dtese bodies now known is so great that the

mere labor of keeping the run of their motions, so that they

shall not be lost, is out of proporticm to the value of its results.

It is mainly through the assiduity of Gennan students that

most of them are kept from being lost Should many more

be found, it may be necessary to adopt iSb» suggestion of an

taiinent German astronomer, and let such of them as seem

unimportant go again, and punne their orbit undisturbed by

telescope or computer.
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CHAPTER IV.

THK OOTBE OROITP OF PLAHBTS.

§ 1. 2Re Pbmd JupUer,

Jvrrm is the « giant planet " of onr system, his mass large-

ly exceeding that of all the other planets combined. Hit

mean diameter is abont 85,000 miles; but owing to his rapid

roUtion on his axis, his equatorial exceeds his polar diameter

MalBMMmMtlBt. jjnwn or RtMHMiv hvmnh.

by 5000 miles. In volume he exceeds our earth abont 1800

times, while in mass he exceeds it abon^218 times. His sp^

cifio gravity is, therefore, far less than that of the earth, and

even kes than that of water. His mean distance from the

sun is 480 millions of miles, but, owing to the eccentricity of

his orbit, his actual distance ranges between 457 and 608 mill-

ions. His time of revolution is fifty days less than twelve

years.

1

:i

n

-^^ i

^^^ ''***"«

^ r>



mgmi

840 TBB SOLAS araTMM.

Jupiter ia ewWy recognized bj his brilliant white light, with

which he ontsUines every otiier planet except Vonns. To fa-

cilitate his recognition, we give the dates of opposition during

a lew years.

188> .-...Dwwnbar 17th.

1884 Jaoaarjr 19th.

1880 Febniarjr 20th.

1886 March 90th.

During the four years following 1886 he will bo in opposi-

tion, on the average about a month, and two or three days

later each year, naiq,ely, toward i the end of April, 1887;

abont the end of Ifay, 1888, and so on. A month or two

before opposition he can be seen rising late in the evening,

while during the three months following opposition he will

always be ueen in the early evening somewhere between south-

east and south-west.

I%e Surface o/JupUer.—Except the sun and moon, there is

no object of our system which has during the last few years

been the subject of more careful examination than th.i planet

Unlike Mars, there are no really permanent markings on his

surface, and a map of Jnpiter is therefore impossible. But

this surface always presents a very diversified appearance.

The earlier telescopic observers described li|^t and dark belts

as extending across it. Until a qnite recent period, it has

been cnstoraMj to describe these belts as two in number, one

north of the equator, and the other south of it Commonly,

they are seen as dark bands on the bright disk of the planet

;

but it is cnrions that Hnyghens represents them as brighter

than the rest of the surface. As telescopic power was in-

creased, it was seen that these so-called bands were of a far

more complex structure than had been supposed, and consisted

of great numbers of stratified, clond-like appearances of the

most variegated forms. These forms change so rapidly that

the face of the planet hardly ever presents the same appear-

ance on two successive nights. They are most strongly

marked at some distance on each side of the Jovian equator,

and thus give rise to the appearance of two belts when a very

•mall or imperfect telescope is used.
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Both the ontlines of these belts and the color of some parts

of the planet, seem subject to considerable changes. The
equatorial regions, and indeed the spaces between the belts

generally, are often of a rosy tinge. Tltis coloring is some>

times BO strongly marked as to be evident to the most super-

ficial observer, while at other times hardly a trace of it can be

seen.

Spots which are much more permanent than the ordinary

markings on the belt are sometimes visible. By watching

these spots from day to day, and measuring their distance

from the apparent disk, the time of rotauon of Jupiter on his

axis has been determined. Commonly the spots are dark;

but ou some rather rare occasions the planet is seen with a

number of small, round, bright spots like satellites. Of these

bright spots no explanation has been given.

Via. ar.—Vtew of Jnptttr, M Men im Lnrd Biwwl gnat talMOOM oa Vabnuiy irib,

1881, at It bovi ao'Biantw.

From the changeability of the belts, and indeed of nearly all

the visible features on the surface of Jupiter, it is clear that

what we see on that planet is not the surface of a solid nn-

oleus, bnt vaporous or cloud-like formations which cover the

entire surface and extend to a great depth below. To all ap-

pearance, the planet is covered with a deep and dense atmos'

J'
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pbere, throngh which light cannot penetrate on account of

thick mMiM of dond* and vapor. In the arrati^t ni^nta of

tiieie doade in strealu parallel to the eqnator, and in the

change of their fonns with the latitude, there may be some*

thing analogouB to tho zones of cloudfl and rain on the earth.

Bat of late yeara it haa been noticed tliat the physical consti*

tation of Jnpiter seems to offer more analogies to that of the

son than to that of the earth. Like the snn, he is brighter in

the centre than near tlie edges. This is shown in the most

striking manner in the transits of his satellites over his disk.

When the satellite first enters on the disk, it commonly seems

like a bright spot on a dark background ; but ae it approaches

the centre, it appears like a dark spot on the bright back*

gronud of the jjanet. The brightness of the centre is prob*

ably two or three times greater than that of the limb. This

diminution of light towards the edge may arise, as in the case

of the snn, from the light near the edge passing through a

greater depth of atmosphere, and thus becoming fainter by

absorption.

A still more itemarkable rofiomblance to the snn has some*

times been suspected—nothlug less, in fact, than that Jnpiter

shines partly hj his own lighi. It was at one time supposed

that he actually emitted more lig^t than fell upon him from

the snn ; and if this were proved, it would show conclusive*

ly that he was seif-lnminons. If all the light which the sun

shed upon the planet were equally reflected in every direction,

we might speak with some certainty on this qnestion ; but in

the actual stiie of our knowledge we oannot ZsUner has

foand that the brightness of Jujrfter may be accounted for by

supposing him to reflect 69 per cent of the sunlight which he

receives. But if this is his average reflecting power, the re*

fiaoting power of his brighter portions must be much greater;

in taalt, they are so bright that they must shine partly by their

own light, unless they reflect a disproportionate share of the

sunlight back in, the direction of die earth and sun. Otoucb

would not be likely to do this. On the other hand, if we as*

some that the planet emits any great amount of light, we aro

..a^Ot^^^^^^i^ ""f'rarigjiimaii wmmmtm mAk
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met by the fact tliat, if this were the case, the satellites would

shine by this light when they were in tlie shadow of the

planet. As tliese bodies totally disappear in this position, the

quantity of light emitted by Jupiter must be quite small. On
the whole, there is a small probability that tlie brighter spots

of this planet are from time to time slightly self-lumlrons.

Again, the interior of Jupiter seems to be the seat of an

activity so enormous that we can attribute it only to a very

high temperature, like that of the sun. This is shown by tlie

rapid movements always going on in his visible surface, which

frequently olianges its aspect in a few hours. Such a power-

ful effect could hardly be produced by the rays of the sun,

because, owing to the great distance of the planet, he receives

only between one-twenty-fifth and one-thirtieth of the light

and heat which we do. It is therefore probable that Jupiter

is not yet covered by a solid crust, as our earth is, but that

his white-hot interior, whether liquid or gaseous, hau nothing

to cover it but the dense vapors to which that heat gives rise.

In this case the vapors may be self-luminous when they have

freshly arisen from the interior, and may rapidly cool off after

reaching the upper limit to which they ascend.

Botatum (^JupUer.—Owing to the physical condition of Jn-

piter, no precisely determinate time of rotation can be assign-

ed him, as in the case of Mars. Without a solid crnst which

we can see from time to time, the observed times of rota-

tion will be those of liquid or vaporous formations, which may
have a proper motion of their own. A spot has, however, on

some occasions been observed for several months, and it has

thus been pretty certainly determined that the time of rota*

tion is about 9 hours 56^ minntea. The first observation of a
spot of this kind was made by Gassini, who found the time of

rotation to be 9 hours 66 minutes 68 seconds. No further

exact observations were made until the time of Schr^ter, who
observed a number of transient spots during 1786 and 1786.

The times of rotation varied from 9 hours 66 minntes to 9
hours 66 minutes, from which he concluded that heavy storms

raged on the tiarhoo of the planet, and gave the cloudy masses

Q
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which formed the spots a motion of their own. In Novem<
her, 1834, a remarkable spot was observed by MMler, of Doi>

pat, which lasted until the following April, from which the

time of rotation came out 9 hours 65 minutes 80 seconds ; but

the observations showed that the spot did not move uniformly.

Professor Airy, who observed the same spot at Cambridge,

found the period to be 9 hours 65 minutes 21.8 seconds.

Becent observations and researches indicate that the equa-

torial regions of Jupiter rotate in less time, and with more ir-

regularity, than the others, thus showing still another analogy

between that planet and the sun. Thus, in 1871, Dr. Lohse,

of Bothkamp, observed a spot near Jupiter'ii equator, which

during several days performed its revolution in a period of

9 hours 51 minutes 47 seconds. Other eqnatorif^l spots had a

very irregular motion, but their period was generally less than

that found by Madler and Airy.

%2. 77ie SatelUtea o/JupUer,

One of the earliest telescopic discoveries by Gklileo was

that Jupiter was accompanied 'by four satellitos, which re-

volved round him as a centre, thus forming a miniature copy

of the solar system. As in the case of spots on the sun, Gal-

ileo's announcement of this discovery was received with in-

credulity by those philosophers of the day who believed that

everything in nature was described in the writings of Aris-

totle. One emin<3nt astronomer—Olavius—said that to see

the satdlites one nust have a telescope which would produce

diem ; but he ohan^jied his mind as sotm as ho saw them him-

self. Another philosopher, more prudent, refused to put his

eye to the telescope lest he should see them and be con-

vineod. He died i^ortly afterwards. " I hope," said the caus-

tic Oalileo, ** that he saw them while on his way to heaven."

A very small telescope, mr even a good operaFglaBS,is suf-

ficient to show these bodies. Indeed, very strong evidence is

on record that they have been seen with the naked eye. That

they oould be seen by any good ^e, if the planet were out of

the way, there is no doubt, the diifioulty in seeing them aris'

aL
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VHE SATELLITES OF JUPITEB. 815

' iiig from the glare of the plp«net on the eye. If the lenses of

the eye are so transparent and pore that there is no such

glare, it is qnite possible that the two enter satellites might

be seen, especially if they should happen to be dose to-

gether.

According to the best determinations, which are, however,

by no means certain, the diameters of the satellites of Jupiter

range between 3200 and 8700 miles, the third from the planet

being the lai^gest, and the second the smallest The volume of

the smallest is, therefore, very near that of onr moon.

The light of these satellites varies to an extent which it

b difficult to account for, except by supposing very violent

changes constantly going on on their surfaces. It has some-

times beon supposed that some of them, like our moon, always

present the same face to Jupiter, and tliat the changes in their

brillianoy are due to differences in the color of the parts of

the satellites which are successively turned towards us during

one revolution round the planet Bat the careful measures

of their light made by Auwers, of Berlin, and Engelmann, of

Leipsic, show that this hypothesis does not account for the

changes of brilliancy, which are Boraetimes sudden in a sur-

prising degree. The satellites are bo diatant as to elude tel^

Boopio examination of their surfaceB. We cannot, therefore,

hope to give any certain explanation of these changes.

The satellites of Jupiter offer problems of great difficulty

to the mathenwtician who attempts to Miloulate the effect of

their mutual attractiona. The secular variations of their or-

bits are so rapid that the methods applied in the oaae of the

planets cannot be applied here without material alterations.

The most ouriouB and interesting effect of their mutual at-

traotion is that there is a connection between the motions of

the three inner BatelUtes sach as ^'^xists nowhere else in the

Bolar system. The connection is shown by tAtese two laws

:

1. 7%at the mean motion of the first eaidlite added to ttoice Ae
mean motion of the Aird ia exactly e^ual to three timet the vriean

m/riion of the eecond.

SI. That if to ihe mean bmgUude of the first sateUite we add

mmmmmm
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twice Ae mean lonffitude of the Aird^ and etibtract three timee ike

mean longitude of the aecondf the d^erenceiaalwaya 180°.

The fint of these relations is shown in the following table

of the mean daily motions of the satellites:

Sutellite I. in one day norat. 208°.4890

" II. " • 101*.8748

" IIL " •• 500.8177

I

" IV. •• " Sl°.5711

IfOrion of SatelliMi I. 808°.4890

TwiM Uutt of SaMllite lU. 100°.68ft4

Son 804M344
^

wm Three rimee modoB urSeteUit* II. DOVMU
'

It vasfint found from observations that die three satellites

movei! together so nearly according to this law that no certain

deviation could be detected. But it was not known whetiber

tliis was a mere chance coincidence, or an actual law of nat>

ure, till Laplace showed that, if they moved so nearly in tiiis

way as observations had riiown them to, there wonld be an ex>

tremely minate force arising from their mutual gravitation,

snffident to keep them in this relative positi(m forever. There

is, in this case, some analogy to the rotation of the moon,

which, being once stakted presenting the same face to the

earth, is always held in that position by a minute residual of

the earth's attraction.

We have already spoken of the discovery of the progressive

motion of light from the eclipses of these satdlites, and of

the usM of tliese eclipses for die rongh determination of

longitudes. Botli the eclipses, and the transits of their bodies

over the face of Japiter afford interesting subjects of obser*

vation with a telescope of sufficient pow«r, say four inches ap-

erture or upwards. To facilitate such observations the times

of these phenomena are predicted in bodi die American and

British Kaudoal Almanacs.

S 8. Saturn and ite <^fe»t, Physieal Aspect, Beits, BotatiM.

Saturn is the sixth of the major planets in the oMer of dis«

tanee init> the suui around which it revolves in 99^ yeaiii at

"* ,•"
"

' »mummt(imimimmiimitii^^
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a mean distance of abont 880 millions of miles. In mass and

sise it stands next to Jupiter. To show the disparity in the

masses of the planets we may refer to the table already given,

showing that although Satnm is not one • third the mass of

Jnpiter, it has abont three times the mass 'of the six planets,

which «re smaller than itself put together. Its surroundings

are such as to make it the most magnificent object in the solar

system. While no other planet is known to have more than

Ita. as—Tteir or SatWB anS Ma rty^t.

foar satellites, Saturn has no lest *h)n e^;,;<'U It is also sur*

ronnded by a pair of rings, the interior diay.^riter of which is

abont 100,000 miles. The aspect of '•\'3m> rings is subject to

great, variations, for reasons which wih soon aprMiar. The

great distance of die planet ren^.cKi the shidy ot tvs details

diflknlt cnless the highest telesoopic power is Applied. The

whole combination of Saturn, his rings, and his satellUa. is

often called the Satumian Syttem.

. The planet Satnm generally shines with the brilliancy of a

\

:'4

%

'i
'

\

]
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moderate first-magnitnde star, and with a dingy, reddisli light;

as if seen through a smoky atmosphere. Its apparent bright*

nesB is, however^ difierent at different times: during the years

1876-1879 it is fainter than the average, owing to its ring be-

ing seen nearly edgewise. From 1878 till 1885 it will con-

stantly grow brighter, on acoount both of the opening out of

the ring and the approach of the planet to its perihelion.

The times of opposition are as follow

:

1879.... October 6th.

1880..!.Octoberl8th.

1881... .October Slit.

1888. ...NoTember 14th.

188S....No««Bber 28th.

188*. ...December 11th.

In subsequent years opposition will occur about thirteen days

later every year, so that by adding this amount to the daite for

each year (he oppositions can be found until the end of the

century without an error of more than a few days.

The physical constitution of Satcm seems to bear a great

resemblance to that of Jupiter; but, being twice as &r away,

it cannot be so well studied. The forther an object is from

the sun, the less brightly it is illuminated ; and the &rther

from ibe earth, the smaller it looks, so that there is a double

difficulty in getting the finest views of the more distant plan-

ets. "Vnien examined fmder favorable cirouinstt\nces, the snr-

faM oi Saturn is seen to be diversified with very faint maric-

ii^; and if high tsleseopio powers are used, two or more

very faiut strealn <Mr belts may be seen parallel to its equator,

the strongest ones Iving on, or veiy near, die equator. As in

die case of Jupiter, whese belts change their aspect ftom time

to time, but they are so faint that the changes cannot be

easily followed. It is therefore, in genen^ difficult to say

with certainty whether we do or do not see the same face of

Saturn on different ni^^tb ; . and, oonseqnently, it is only on

extraordinary occasions that, she time of rotation can be de-

termined.
•

The first occanon on which a well-defined spot was known

to remain long enough on Saturn to determine the period of

its rotation was in tlie time of Sir W. Herschel, who, from

observations extending over several weeks, found the time of

I 'iii>«iifin MMMMMM^--^-'
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rotation to be 10 hoars 16 minutes.* No further opportu-

nity for determining this period seems to have offered itself

until 1876, when an appearance altogether new suddenly

showed itself on the globe of thin planet. On the evening of

December 7th, 1876, Professor Hall, who had been engaged

in measures of the satellites of Saturn with the great Wash-

ington telescope, saw a brilliant white spot near the equator

of the planet. It seemed as if an immense eruption of white-

hot matter had suddenly burst up from the interior. The
spot gradually spread itself out in the direction which would

be east on the planet, so as to assume the foim of a long light

streak, of which the brightest point was near the following

oud. It continued visible until January, when it became faint

and ill-defined, and the planet was lost in the rays of the sun.

Immediately upon the discovery of this remarkable phenom-

enon, messages were sent to other observers in various parts of

the country, and on the 10th it was seen by several observers,

who noted the time at which it crossed the centre of the disk

in consequence of the rotatfon of the planet From all the

observations of this kind. Professor Hall fonnd the period of

Saturn to be 10 hours 14 minutes, taking the brightest part

of the streak, which, as we have said, was near one end.

Had the middle of the streak been taken, the time would hare

been less, because the bright matter seemed to be carried

along in the direction of the plane t's rotation. Attributing

this to a wind, the velocity of die latter would have been be-

tween 50 and 100 miles an hoi^A

§ 4. J%c Ringn <fSaturn.

The most extraordinary fenlure of Saturn is the magnitfoent

nystem of rings by which he Lj eurrocrvded. To the early

teleeoopists, who could not command sufficient optical power

to see exactly what it was, this future was a source of great

* It U veiy cnrio'^i that nearij all modem writeta give aboat 10 boon M min-

atM ai the tftae of rotation of Satarn which Henchel flnalljr deduced. I can

Ind nb raeh raeidt in Henchel'i papen. A inipidoiu coincidence ie that this

period agreee with that auigned for tin tiaw of rotation of the ring.

witmmueiKr-'
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perplexity and differauoe of opinion. To Galileo it made the

planet appear triform—a lai|;e globe with two small ones af>

fixed to it, one on each side. After he had obeerved it for a

year or two, he was greatly perplexed to find that the append*

age* had entirely disappeared, leaving Satam a single ronnd

globe, like the other planets. His chagrin was heightened by
the fear, not anuatnral nnder the circnmstances, that the cnri>

ons lorm he bad before seen might be doe to some optical iU

lusion connected with his telescope. It is said (I do not know
on what authority) thkt his annoyance at the snppcsed decep-

tion into which he had fallen was so great that he never again

looked at Saturn.

vA. very few yean sufficed to show other observeiii», who had

command of more powerful telescopes, that tlia singalf&rity of

form was no illusion, but that it varied from tttne to time.

We give several pictures from Hnygheus's SyBicnia iMumium,
showing how it was represented by various observers during

the first forty years <tf the teleseopa If the reader will com-

pare these wi^ the p;»turd of l^turTi and his rings as they

actually are, he will t'oe Iv/W neaji' many of the observers came

to a representation of the proper apparent form, though n(nie

divined to what sort erf an appendage the appearance was

due.

The man who at last solved the riddle was Huyghens, of

whose long telescopes ^ve have already spoken. Examining

Saturn in March and April, 1656, he saw that instead of the

apptindsges presenting the appearance <rf curved handles, as

in previous years, a long narro^v arm extended straight out on

each r;ide of the planet. The spring following, this arm had

disappeared, and the planet appeared perfectly ronnd as Gal-

ileo bad seen it in 1612. In October, 1655, the handles had

reappeared, much as he had seen them a year and a half be>

fore. To his remarkably acute matliematical and mechanical

mind th a ?noce of disappearance of the handles sufficed to

suggest ;1)8 cause which led fo their apparent form. Waiting

for enti; confirmation by future observations, he communica-

ted his theory to his fellow-astronomers in th* following com-

MaWMMk"
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TEE RJNOa OF SATUBX. m

c©> (O) <m>

fta.8fc—SpwUawit df 4r»wiii||* of Sutnra by vwlom obMr««n beSw* th« fliigt wtni

ncognlMdM •aeh: I. Form h xtven \tj 0«Ulao In IttO; n. Dmwiiif; by SdMlner, in

in4, •••howtng Ml* to Satan ;" m. Drawing by Riedolm, in 1M> and 164S i IT^V^
I^ and VII. at* by Harclini^ and abow tbe ebangaa dn« to tb« diflbnat anglaa iindar

wbleb tbe rtnipi ware aean % Vm. and IX. are by Riodolna, between 1648 and ItBO,

when the ring waa feen at tbe gmateat angle ; Z. ia by a Jeantt wbo paaaed under

tbe peendonyns of >M(a«k<M d* DMmk; XI. U by Vontaat; XIL by Oaaaandi and
Blancanos, and Xm. by Bicetolna.

bination of letters, printed withont explanation at the end of a

little pamphlet on his discovery of the satellite of Satnm

:

aaaaaaa eeeee d eteat g h iiiiiii lilt nm wnnnmnnn oooo ppqrr » tUtt mmnw,

which^ properly arranged, read

—

**Aiumlo dt^tur, tand, piano, nnnquam eokiKrentt, ad eetiptieam inelinato'

(It if girdled by a thin plane ring, nowhere touching, inclined to the ecliptic).

This description is remarkably complete and aconrate ; and

enabled Hayghens to give a satisfactory explanation of the

24
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varions phases which the ring had assumed as seen from the

earth. Owing to the extreme thinness and flatness of the ob-

ject, it was completely invisible in the telescopes of that time

when its edge was presented towards the observer or towards

the sun. This happens twice in each revelation of Saturn, in

much the same way that the earth's equator is twice directed

towards the sun in the course of the year. The ring is in-

clined to the plane of the planet's orbit by 27°, corresponding

to the angle of 29^" between the earth's equator and the

ecliptic. The general aspect from the earth is very near the

same as from the sun. As the planet revolves around the

sun, the axis and plane of the ring pi-eserve the same absolute

diwotion in space, just as the axis of the earth and the plane

of the equator do.

When the planet is in one part of its orbit, an observer at

the sun or on the earth will see the upper or northern side of

the ring at an inclination of 27". Tliis is the greatest angle

at which the ring can ever be seen, the position occurring

when the planet is in 262" of longitude, in the constellation

Sagittarius. When the planet has moved through a quarter

of a revolution, the edge of the ring is turned towards the sun,

and, owing to its extreme thinness, it is visible only in the

most powerful telescopes as an exceedingly fine line of light,

stre'ushing out on each side of the planet In this position the

planet, is in longitude 852% in the constellation Pisces. When
the planet has moved 90" farther, an observer on the sun or

earth again sees the ring at an angle of 27" ; but now it is the

lower or southern side which is visible. The planet is now in

longitude 82", between the constellations Taurus and Gemini.

When it has moved 90" farther, to longitude 172", in the con-

stellation Leo, the edge of the ring is again turned towards

the earth and sua

Thus there are a pair of opposite points of the orbit of Sat-

urn in which the rings are turned edgewise to us, and another

pair half-way between the first in which the ring is seen at

its maximum inclination of about 27". Since the planet per-

forms a revolution in 29^ years, these phases occur at average
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THE RINGS OF SATUBN. 8S8

intervals of ai'x)nt seven years and four months. The follow-

ing are some of the times of their occurrence

:

1870. The planet being between Scorpio and Sagittarius,

the ring waf> seen open to its greatest breadth, the noi-th side

being visible. The same phase recurs at the end of 1899.

1878 (February 7th). The edge of the ring was turned to-

wards the sun, so that only a thin line of light was visibla

The planet was then between Aquarius and Pisces.

1886. The planet being in Taurus (the Bull) the south side

of the rings will be seen at the greatest elevation.

1892. The edge of the ring is again tnmed towards the sun,

the planet being in Leo (the Lion).

Owing to the motion of the earth, the times when the edge

of the ring is turned towards it do not accurately correspond

to tliose when it is tnmed towards the sun, and the points of

Saturn's orbit in which this may occur range over a space of

several degrees. The most interesting times for viewing the

rings with powerful telescopes are on those rare occasions

when the sun shines on one side of the ring, while the dark

side is directed towards the earth. On these occasions the

plane of the ring, if extended out far enough, would pass be?

tween tlie sun and the earth. This was the case between Feb-

ruary 9th and March 1st, 1878 ; but, unfortunately, at that time

the earth and Saturn were on opposite sides of the sun, so that

the planet was nearly lost in the sun's rays, and could be ob-

served only low down in the west just after sunset In 1891

the position of Saturn will be almost equally unfavorable for

the observation in question, as it can be made only in the early

mornings of the latter part of October of that year, just after

Saturn has risen. In fact, a good opportunity will not occur

till 1907. In northern latitudes the finest telescopic viows of

Satnm and his ring may be obtained between 1881 aud 1889,

because during that interval Saturn passes his perihelion, and

also the point of greatest northern declination, while the ring

is opened out to its widest extent. In fact, these three most

favorable conditions all fall nearly together during the years

1881-'86.

. (
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After Hayghens, the next step forward in discoveries on

Saturn's ring was made by an English observer, named Ball,

otherwise unknown in astronomy, who fonnd thhl there were

really two rings, divided by a narrow dark line. T ..^ breadth

of the rings is very nneqnal, the inner ring being several times

broader than the outer one. A moderate - sized telescope is

sufficient to show this division near the extreme points of the

ring if the atmosphere is steady ; but it requires both a large

telescope and iine seeing to trace it all the way across that

part of the ring which is between the observer and the ball of

the planet Otiier divisions, especially In the outer ring, have

at times been suspected by various observers, but if they real-

ly existed, they must have been only temporary, forming and

dosing np again.

In December, 1850, the astronomical world was surprised

by the announcement that Professor Bond, of Cambridge, had

discovered a third ring to Saturn. It lay between the rings

already known and the planet, being joined to the inner edge

of the inner ring. It had the appearance of a ring of crape,

being so dark and obscure that it might easily have been

overlooked in smaller telescopes. It was seen in England by
Messrs. Lassell and Dawes before it was formally announced

by t'le Bonds. Something of the kind had been seen by Dr.

Galle, at Berlin, as hr back as 1838; but the paper on the

subject by Encke, the director of the observatory, did not de-

scribe the appearance very clearly. Indeed, on examining the

descriptions of observers in the early part of the eighteenth

century, some reason is fonnd for suspecting that they saw

this dusky ring ; bnt none of the descriptions are sufficiently

definite to establinh the fitct, though it ia strange if an object

HO plain as this ring now is should have been overlooked by
all the older obenrvers.

The question whether changes of various sorts are going on

in the rings of Saturn is one which is still unsettled. Tliere

is some reason to believe that the supposed additional divis-

ions noticed in the rings from time to time are only errors of

vision, due partly to the shading which is known to exist op
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THE BINOff OF SATURN. 855

varions parts of the ring. By reforenoo to the diugram of

Saturn, it will be seen that the outer ring has a shaded line

extending around it about two-thirds of the way from its in-

ner to its outer edge. This line, however, is not fine and

sharp, liko the known division, but seems to shade off gradual-

ly towards each edge. As observers who have supposed them-

selves to see a division in this ring -aw it where this shaded

line is, and do not speak of the latter as anything distinct

from the former, there is reason to believe that they mistook

this permanent shading for a new division. The inner ring is

brightest near its outer edge, and Bhades off gradually towards

its inner edge. Here the dusky riii; joins itself to it, and ex-

tends about half-way in to the planet

As seen with the great Washing' natorial in the au-

tumn of 1874, there was no gren. budden contrast be-

tween the inner or dark edge of tbo bright ring and the out-

er edge of the dusky ring. There was some suspicion that

the one shaded into the other by insensible g^datious. No
one could for a moment suppose, as some observers have, that

there was a separation between these two rings. All these

considerations give rise to the question whether the dusky

ring may not be growing at the expense of the inner bright

ring.

A most startling theory of changes in the rings of Saturn

was propounded by Strnve, in 1851. This was nothing less

than that the inner edge of the ring was gradually approach-

ing the planet in consequence of the whole ring spreading in-

wards, and the central opening thus becoming smaller. The
data on which this theory was founded were the descriptions

and drawings of the rings by the astronomers of the seven-

teenth century, especially Huyghens, and the measures ex-

ecuted by later astronomers up to the time at which Strnve

wrote. The rate at which the space between the ring and the

planet was diminirhing seemed to be about 1".S per century.

The following are the numbers used by Struve, which are de-

duced from the descriptions by the ancient observers, and the

measures by the modem ones:
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Tw. iUii«w4ruMi.
BfMMlUlW

Iliiyghetia I6n7
1605
1719
1790
1836
1888
18fil

6.A

6.0

8.4
8.19

4.86

4.04

8.67

4.6

8.1

8.7

6.98

6 74
7.06

7.48

Iluyghent ud CMtini
Bnufler
Henchel
W. Struve
Eneke and 0«lle

Otio Htrnv*.

If these estimates and measures were certainly accurate,

they would place the fact of a progressive approach of the

rings to the ball beyond doubt, an approach which, if it con-

tinned at the same rate, would bring the inner edge of the

ring into contact with the planet about the year 2160. But

in measuring such an object as the inner edge of the ring of

Saturn, which, as we have just said, seems to fade gradually

into the obscure ring, different ol^ervers will always obtain

different results, and the differenc ; among the four observ-

era commencing with W. Struve are no greater than are often

sppn in measuring an object of such nncertain outline. Hence,

oi'usidering the graat improbability of so stupendous a cosmi-

cal change going on with so ranch rapidity, Struve's theory has

always been vievr'Hl with doubt by other astronomera.

At the same iiinae, ^r U4 impossible to reconcile the descrip-

tions by the -^ oL rera with the obvious aspect of the

ring M seen n m «vithont supposing some change of the kind,

llie most • V J observer who now looks at Saturn will see

that the bK.;iClth of the two bright rings together is at least

hali as great again, if not twice as great, as that of the dark

space between the inner edge of the bright ring and the plan-

et Bnt Hnyghens describes the dark space as about equal

to the breadth of the ring, or a little greater. Supposing the

ring the satne then as now, conld this error have arisen from

the imperfection of his telescope I No ; because tho effect of

the imperfection would have been directly the opposite. The
old telescopes all represented planets and other bright objects

too large, and therefore would show dark spaces too small,

owing to the irradiation produced by their imperfect glasses.

A strong confirmation of Struve's view is found in the old
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i)iotnres given in Fig. 80 by thoBO observers who conid not

clearly make out the ring. In nearly all cases the dark spaces

were more conspicnous than the edges of the ring. But if

we now look at Satnm through a very bad atmosphere, though

the elliptical outline of the ling may be clearly made out,

the dark space will be almost obliterated by the encroachment

of the light of the planet and ring upon it. The question is,

therefore, one of those the complete solution of which must

be left to future observers.

§ 5. Constitution of the Ring.

The difficulties which investigators have met with in ac-

counting for the rings of Saturn are of the same nature as

those we have described as arising from spectroscopic discov-

eries respecting the envelopes of the sun. They illustrate the

philosophic maxim that surprise—in which term we may in-

clude all difficulty and perplexity which men meet with in

seeking to account for the phenomena of nature—is a result

of partial knowledge, and cannot exist either with entire ig-

norance or complete knowledge. Those who aiB perfectly

ignorant are surprised at nothing,, because they expect noth-

ing, while perfect knowledge of what is to happen also pre-

cludes the same feeling. The astronomers of two centuries

ago saw nothing surprising in the fact of a pair of rings sur-

rounding a planet, and accompanying it in its orbit, because

they were not acquainted with the effects of gravitation on

snch bodies as the rings seemed to be. But when Laplace in-

vestigated the subject, he found that a homogeneous and

uniform ring surrounding a planet could not be in a state

of stable equilibrium. Let it be balanced ever so nicely, the

slightest external force, the attraction of a satellite or of a

distant planet, would destroy the equilibrium, and the ring

would soon be precipitated npon the planet He therefore

remarked that the rings must have irregularities in their

form, such as Herschel supposed he had seen; but he did

not investigate the question whether with those irregularities

the equilibrium would really be stable.

??« MiMH
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The question was next taken np in this country by Profess-

ors Feirce and Bond. The latter started from the supposed

result of observations— that new divisions show themselves

from time to time in the ring, and then close up again. He
thence inferred that the rings must be fluid, and, to confirm

this view, he showed the impossibility of even an irregular

solid pair of rings fulfilling all the necessary conditions of

stability and freedom of motion. Professor Peirce, taking up

the same subject from a mathematical point of view, found

that no conceivable form of irregular solid ring would be in a

state of stable equilibrium; he therefoi-e adopted Bond's view

that the rings were fluid. Followhig up the investigation,

he found that even a fluid ring would not be entirely stable

without some external support, and he attributed that support

to the attractions of tlie satellites. But as L^iplace did not

demonstrate that irregularities would make the ring stable, so

Peirce merely fell back upon the attraction of the satellites as

a sort of forlorn hope, but did not demonstrate that the fluid

ring would really be stable under the influence of their attrac-

tion. Indeed, it now seems very doubtful whether this at-

traction would have the effect supposed by Peirce.

The next, and, we may say, the last, important step was
taken by Professor J. Clerk Maxwell, of England, in the

Adams prize essay for 1856. He brought forward objections

which seem unanswerable against both the solid and the fluid

ring, and revived a theory propounded by Gassini about the

beginning of the last century.* This astronomer considered

the ring to be formed by a cloud of satellites, too small to

be separately seen in the telescope, and too close together to

admit of the intervals between them being visible. This is

the view of the constitution of the rings of Saturn now most

generally adopted. The reason why the ring looks solid and

continuous is that the satellites are too small and too numerous
to be seen singly. They are like the separate little drops of

* See Memoirs of the French Academy of Science* for 1716, p. 47 ; or €>•
ini't "tl6tDana d'Aitrononiie,"p. 888, Paris, 1740.

I
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THE SATELLITES 07 SATURN. 859

water of which clouds and fog are composed, which, to our
eyes, seem like solid masses. In the dusky ring the particles

may be so scattered that we can see through the cloud, the

reason that it looks dnskv being simply the comparatively

small number of the particles, so that to the distant eye they

appear like the faint stippling of an engraving.

The question arises whether the comparative darkness of

some portions of the bright ring may not be due to the paucity

of the particles, which allows the dark background of the sky
to be seen through. This question cannot be positively an-

swered until further observations are made ; but the prepon-
derance of evidence favors the view that the entire bright

ring is opaque, and that the dark shading is due entirely to a
darker color of that part of the ring. Indeed, for anything
we certainly know, the whole ring may be continuous and
opaque, the darker shade of some parts arising solely from the

particles being there black in color. The only way to settle

conclusively the questions whether these parts of the ring look

black, owing to the sky beyond showing through openings, as

it were, or from a black color of the ring, is to find whether a
star or other object can be seen through the dark spaces. But
an opportnnitv for seeing a bright star through the ring has

never yet presented itself. The most obvious way of settling

the question in respect to the dusky ring is to notice whether
the planet itself can be seen through it ; but this is much more
difficult than might be supposed, owing to the ill -defined as-

pect of the ring. The testimony of both Lassell and Trouve-

lot ib in favor of the view that this ring is partially transpar-

ent ; but their observations will need to be repeated when the

ring is opened out to our sight after 1882. ,.

§ 6. The Satellites of Saturn.

When Huyghens commenced his observations of Saturn in

1655, he saw a star near the planet which a few days' observa-

tion enabled him to recognize as a satellite revolving round it

in about fifteen days. In his " Systema Satumium,'' he vent-

ured to expi'ess the opinion that tiiis discovery completed the
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solar system, which now comprised six planets (Saturn being

then the ontertiiost known planet) and six satellites (one of

the earth, four of Jnpiter, and this one of Saturn), making
the perfect number of twelve. He was, therefore, confident

that no more satellites were left to discover, and through fail-

ing to search for others, he probably lost the honor of addi-

tional discoveries.

Twelve years after this prediction, C^issini discovered a sec-

ond satellite outside that found by Huyghens, and within a

few years more he found thi'ee others inside of it. The dis-

covery cf four satellites by one astronomer was so brilliant a

result of French science that the Government of France

struck a medal in commemoration of it, bearing the inscrip-

tion ScUumi /Satellites prtmum cogniti. These five satellites

completed the number known for more than a century. In

1789 Herschel discovered two new ones still nearer the ring

than those found by Cassini. The space between the ring and

the inner one is so small that the satellite is generally invisible,

even in the most powerful telescopes. Finally, in September,

1848, the Messrs. Bond, at the Observatory of Harvard Col-

lege, found an eighth satellite, while examining the ring of

Saturn. By a singular coincidence, this satellite was found by

Mr. Lassell, of England, only a couple of nights after it was

detected by the Bonds. The names which have been given to

these bodies are shown in the following list, in which the sat-

ellites are arranged in the order of their distance from the

planet. The distances are given in semidiametera of Saturn.

More exact elements will be found in the Appendix to this

volume.

No. Nam*.
PUntt.

Dwoomvfi D*to.

1 MimftH 8.8 Herschel.. 1789, September 17th.

8 Enceladus. 4.8 Hei-fichel.

.

1789, Augnst 28th.

8 Tethys 6.8 Casiini..., 1684, March.
4 Dione i.» CaBsini.... 1684, March.
5 Khea 9.5 Cassini.... 1672, December 28d.

6 Titan 20.7 Hayghens. 1656, March 25th.

7 Hypeiion

.

26.8 Bond 1848, September 16th.

8 Japetus.... 64.4 Cassini.... 1671, October.
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The brightness, or rather, the visibility, of these satellites

follows the same order as their discovery. The smallest tel-

escope will show Titan, and one of very moderate size will

show Japetus in the western part of its orbit. Fonr or five

inches aperture will show Rhea, and perhaps Tethys and Di-
one, while seven or eight inches are required for Enceladns,

and even with that aperture it will probably be seen only near
its gi-eatest elongation from the planet. Mimas can be seen
only near the same position, unless the ring is seen edgewise,

and will then require a large telescope, probably twelve inches

or upwards. Finally, Hyperion can be recognized only with
the most powerful telescopes, not only on account of its faint-

ness, but of the difficulty of distinguishing it from minute stare.

All these satellites, except Japetus, revolve very nearly in
the pkne of the ring. Consequently, when the edge of the

ring is turned towards the earth, the satellites seem to swing
from one side of the planet to the other in a straight line, run-

ning along the thin edge of the ring, like beads on a string.

This phase affords the best opportunity of seeing the inner

satellites Mimas and Enceladns, because they are no longer

obscured by the brilliancy of the ring.

Japetus, the outer satellite of all, exhibits this remarkable
peculiarity, that while in one part of its orbit it is the bright-

est of the satellites, except Titan, in the opposite part it is al-

most as faint as Hyperion, and can be seen only in large

telescopes. When west of the planet, it is bright ; when east

of it, faint. This peculiarity has been accounted for only by
supposing that the satellite, like our moon, always presents

the same face to the planet, and that one side of it is white
and the other intensely black. The only difficulty in the way
of this explanation is that it is doubtful whether any known
substance is so black as one side of the satellite must be to

aocoant for such great changes of brilliancy.

§ 7. Urarnis and its Satellites.

Uranus, the next planet beyond Saturn, is at a mean dis-

tance from tlie sun of about 1770 millions of miles, and per-

ESUi
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forms a revolution in 84 years. It shines as a star of the sixth

magnitude, and can therefore be seen with the naked eye, if

one knows exactly where to look for it. It was in opposition

February 20th, 1879, and the time of opposition during the

remainder of the present century may be found by adding 4^

days for every year subsequent to 1879. To find it readily,

either with a telescope or the naked eye, recourse must be had

to the Nautical Almanac, whera the position (right ascension

and declination) is given for each day in the year.

Of course the smallest telescopes will show this planet as a

star, but to recognize its disk a magnifying power of at least

100 should be used, and 200 will be necessary to any one who
is not a practised observer. As seen in a large telescope, the

planet has a decided sea-green color. No markings have ever

been certainly seen on the disk, and therefore no changes

which could be due to an axial rotation have ever been estab-

lished ; but it may be regarded as certain that it does rotate

in the same plane in which the satellites revolve around it.

Discovery of Uranus.— This planet was discovered by Sir

William Herschel, in March, 1781. Perceiving by its disk

that it was not a star, and by its motion that it was not a neb-

nla, he took it for a coioet The possibility of its being a new
planet did not at firet occur to him ; and he therefore com-

municated his discovery to the Hoyal Society as being one of

a new comet. Various computing astronomers thereupon at-

tempted to find the orbit of the supposed comet, from the ob-

servations of Herschel and others, assuming it to move in a

parabola, like other comets. But the actual motion of the

body constantly deviated from the orbits tlius computed to

such an extent that new calculations had to be repeatedly

made. After a few weeks it was found that if it moved in a

parabola, the nearest distance to the sun must be at least four-

teen times that of the earth from the sun, a perihelion distance

many times greater than that of any known comet. This an-

nouncement gave the hint that some other hypothesis must be

resorted to, and it was then found that all the observations

could be well represented by a cii'cular orbit, with a radius
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nineteen times that of the earth's orbit. The object was, there-

fore, a planet moving at double the distance of Saturn.

With a commendable feeling of gratitude towards the royal

patron who had afforded him the means of making his dis-

coveries, Herschel proposed to call the new planet Oeorgium

Sidus (the Star of the Georges). This name, contracted to '* the

Georgian," was employed in England until 1860, but never

came into use on the Continent. Lalande thought the most
appropriate name of the planet was that of its discoverer, and
therefore proposed to call it Herschel. But this name met
with no more favor than the other. Several other names were
proposed, but that of Uranus at length met with universal

adoption. It was proposed by Bode as the most appropriate,

on the ground that the most distant body of our system might

be properly named after the oldest of the gods.

After the elliptic orbit of the planet had been accurately

computed, and its path mapped out in the heavens, it was
found that it had been seen a surprising number of times as a
star without the observers having entertained any suspicion of

its planetary nature. It had passed through the field of their

telescopes, and they had noted the time of its transit, or its

declination, or both, but had entered it in their journals simply
as an unnamed star of the constellation in which it happened
to be at the time. It had been thus seen five times by Flam-'

steed, the first observation being in 1690, nearly a century be-

fore the discovery by Herschel. What is most extraordina-

ry, it had been observed eight times in rapid su i?«ion by
Le Monnier, of Paris, in December, 1768, and Janu&:y, 1769.
Had that astronomer merely taken the trouble to reduce and
compare his observations, he would have anticipated Herschel
by twelve years. Indeed, considering how easily the planet

can be seen with the naked eye, it is illastrative of the small
amount of care devoted to cataloguing the stars that it was
not discovered without a telescope.

SateUitea of Urantis.— In January and February, 1787,
Herschel found that Uranus was accompanied by two satel-

lites, of which the inner performed a revolution in a little lest

mm
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than nine days, and tlie outer in thiiteen days and a lialf.

The existence of these two satellites was well authenticated

by his observations, and they have been frequently observed

in recent times. They can be seen with a telebcope of one-

foot aperture or upwai'ds. Afterwards Uerschel made a very

assiduous search for other satellites. He encountered many
difficulties, not only from the extreme faintness of the objects,

but from the difficulty of deciding whether any object he

might see was a satellite, or a small star which liappened to

be in the neighborhood. He at length announced the probable

existence of four additional satellites, the orbit of one being

inside of those of the two certain ones, one between them, and

two outside them. This made an entire number of six; and

though the evidence adduced by Herschel in favor of the ex-

istence of the four additional ones was entirely insufficient,

and their existence has been completely disproved, they figure

ill some of our books on astronomy to this day.

For half a century no telescope more powerful than that of

Herschel was turned upon Uranus, and no additional light was

thrown upon the question of the existence or non-existence of

the questionable objects. At length, about 1846, Mr. William

Lassell, of England, constructed a reflector of two feet aper-

ture, of which we have already spoken, and of very excellent

definition, which in optical power exceeded any of the older

instruments. With this he succeeded in discovering two new
satellites inside the orbits of the two brighter ones,* but found

no trace of any of the additional satellites of Herschel. In the

climate of England, he could make only very imperfect obser-

vations of these bodies ; but in 1852 he moved his telescope

temporarily to Malta, to take advantage of the purer sky of

that latitude, and there he sncoeeded in determining their or-

bits with considerable accuracy. Their times of revolution

are about 2^ and 4 days respectively. They may fairly be

* TheM diflScalt objecu were also eonght for by Otto Strove with the fifteen-

inch telescope of the Palkowa Obienratorj, and occasional glimpses of them were,

he beliered, attained before they were certainly found by Mr. Lassell, bat he was

•ot able to follow them so continoousljr at to fix upon their timet of rerolution.
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regarded as the most difficult known objects in the planetary
system; indeed, it is only with a few of the most powerful
telescopes in existence that they have certainly been seen.

The non-existence of Ilerachel's suspected satellites is proved
by the fact that they have been sought for in vain, both with
Mr. Lassell's great i-eflectors and with the Washington twen-
ty-six-inch refractor, all of which are optically more powerful
than the telescopes of Herschel. There may be additional
satellites which have not yet been discovered ; but if so, they
must be too faint to have been recognized by Hei-schel. Pro-
fessor Holden, of the Naval Observatory, has sought to show
that some of Herschel's observations of his supposed inner sat-

ellites were really glimpses of the objects afterwards discov-
ored by Mr. Lassell. This he has done by calculating the po-
sitions of those inner satellites from tables for the date of
each of Herschel's observations, and comparing them with the
position of the object noted by Herschel. In four cases, the
agi-eement is sufficiently close to warrant the belief that Her-
schel actually saw the real satellites; but Mr. Lassell attributes

these coincidences to chance, and contests Professor Holden's
views.

The most remarkable peculiarity of the satellites of Uranus
is the great inclination of their orbits to the ecliptic. Instead
of being inclined to it at small angles, like the orbits of all

the other planets and satellites, they are nearly perpendicular
to it ; indeed, in a geometrical sense, they are more than per-

pendicular, because the direction of the motion of the satel-

lites in their orbits is retrograde. To change the position of
the orbit of an ordinary satellite into that of the orbits of
these satellites, it would have to be tipped ovw 100° ; so that,

supposing the orbit a horizontal plane, the point correspond-

ing to the zenith would be 10° below the horizon, and the up-

per surface would be inclined beyond the perpendicular, so as
to be the lower of the two surfaces.

Observations of the satellites afford the only accurate way
of determining the mass of IJranns ; because, of the adjoining
planets, Saturn and Neptune, the observations of the first are
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too uncertain and those of the last too recent to give any oer<

tain result. Measures made with tlie great Wasliington tele<

scope show this mass to be -rthnr \ a result which is probably

correct within ^^ part of its whole amount.*

§ 8. Neptune and its Satellite.

The discovery of this planet is due to one of the boldest and

most brilliant conceptions of modern astronomy. The planet

was felt, as it were, by its attraction upon Uranus; and its di-

rection was thus calculated by the theory of gravitation before

it had been recognized by the telescope. An observer was

told that if he pointed his telescope towards a certain point in

the heavens, he would see a new planet. He looked, and there

was the planet, within a degree of the calculated place. It is

difficult to imagine a more striking illustration of the certain-

ty of that branch of astroromy which treats of the motions of

tiie heavenly bodies and is founded on the theory of gravi-

tation.

To describe the researches which led to this result, we shall

have to go back to 1820. In that year, Bouvard, of Paris,

prepared improved table? of Jupiter, Saturn, and Uranus,

which, although now very imperfect, have formed the basis of

most of the calculations since made on the motions of those

bodies. He found that while the motions of Jupiter and Sat-

urn were fairly in accord with the theory of gravitation, it

was not so with those of Uranus. After allowing for the per-

turbations produced by the known planets, it was impossible

to find any orbit which would satisfy both the ancient and the

recent observations of Uranus. By the ancient observations

we mean those accidental ones made by Flamsteed, Le Mon-
nier, and others, before the planetary character of the object

was suspected ; and by the recent ones, those made after the

discovery of the planet by Herschel, in 1781. Bouvai*d, there-

fore, rejected the older observations, founding his tables on the

modem ones alone; and leaving to future investigators the

* Washington Observation! for 1878 : Aftpendix.
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arose from the inacciirauy of the ancient observations, or from

the action of some extruneons inilnonce upon the planet.

Ouly a few yeara elajwed, wlien the planet began to deviate

from the tables of Bonvard. In 1830 the error amounted to

20"; in 1840, to 90"; in 1844, to 2'. From a non- astro-

nomical point of view, these deviations wore very minute.

Had two stars moved in the heavens, the one in the place

of the real planet, tlie other in that of the calculated planet,

it would have been an eye of wonderful keenness which

could have distinguished the two from a single star, even in

1844. But, magniiied by the telescope, it is a large and

easily measurable quantity, not for a moment to be neglect-

ed. The probable cause of the deviation was sometimes a

subject of discussion among astronomers, but no very deiinite

views respecting it seem to have been entertained, nor did

any one express the decided opinion that it was to be attrib-

ntcd to a trans-Uranian planet, natural as it seems to us such

an opinion would have been.

In 1845, Arago advised his then young and unknown friend

Leverrier, whom he knew to be an able mathematician and

an expert computer, to investigate the subject of the motions

of Uranus. Leverrier at once set about the task in the most

systematic manner. The first step wa« to make sure that the

deviations did not anse from errora in Bouvard's theory and

tables ; he therefore commenced with a careful recomputatiou

of the perturbations of Uranus produced by Jupiter and Sat-

urn, and a critical examination of the tables. The result was
the discovery of many small errors in the tables, which, how-

ever, were not of a character to give rise to the observed de-

viations.

The next question was whether any orbit could be assigned

which, after making allowance for the action of Jupiter and
Saturn, would represent the modem observations. Tlie an-

swer was in the negative, the best orbit deviating, first on one
side and then on the other, by amounts too great to be attrib-

uted to errors of observation. Supposing the deviations to be
B 25

amm
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dne to the attraction of some tinknown planet, Loverrier next

inquired wliere this planet must be Bitnated. Its orbit conld

not lie between those of Satnrn itnd Uranus, becanse then it

wonld disturb the motions of Saf'irn as well as those of Uranns.

Outside of Uranns, therefora, the planet must be looked for,

and probably at not far from double the distance of that

body ; this being the distance indicated by the law of Titins.

Complete elements of the orbit of the unseen planet were

finally deduced, making its longitude 325° as seen from the

earth at the beginning of 1847. This conclusion was reached

in the summer of 1846.

Levenier was not alone in reaching this result. In 1843,

Mr. John C. Adams, then a student at Cambridge University,

England, having learned of the discordances in the theory of

Uranns from a report of Professor Airy, attacked the same

problem which Leverrier took hold of two years later. In

October, 1845, he communicated to Professor Aiiy elements

of the planet so near the truth that, if a search had been made
with a large telescope in the direction indicated, the planet

conld hardly have failed to be found. The Astronomer Soyal

was, however, somewhat incredulous, and deferred his search

for further explanations from Mr. Adams, which, from some

unexplained cause, he did not receive. Meanwhile the planet,

which had been in opposition about the middle of August,

was lost in the rays of the sun, and conld not be seen before

the following summer. A most extraordinary circumstance

was that nothing was immediately published on the subject of

Mr. Adams's labors, and no effort made to secure his right to

priority, although in reality his researches preceded those of

Leverrier by nearly a year.

In the summer of 1846, M. Leverrier's elements appeared,

and the coincidence of his results with those of Mr. Adams
was so striking, that Professor Challis, of the Cambridge Olf-

servatory, commenced a vigorous search for the planet Un-

fortunately, he adopted a mode of search which, although it

made the discovery of the planet certain, was extremely la-

borious. Instead of endeavoring to recognize it by its disk,
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he sought to detect it by its motion among the stars— a

course which required all the stars in the neighborhood to

have their positions repeatedly determined, so as to find

which of them had changed its position. Obtervations of

the planet as a star were actually made on August 4th, 1846,

and again on August 12th ; but these observations, owing to

Mr. Challis's other engagements, were not reduced, and so the

fact that the planet was observed did not appear. His mode
of proceeding was much like that of a man who, knowing that

a diamond had dropped near a (^ei-tain spot on the sea-beach,

should remove all the sand in the neighborhood to a conven-

ient place for the purpose of sifting it at his leisure, and

should thus have the diamond actually in his possession with-

out being able to recognize it.

Early in September, 1846, while Professor Challis was still

working away at his observations, entirely unconscious that

the great object of search was securely imprisoned in the pen-

cilled figures of his note-book, Leverrier wrote to Dr. Galle, at

Berlin, suggesting that he should try to find the planet. It

happened that a map of the stars in the region occupied by

the planet was just completed, and on pointing the telescope

of the Berlin Observatory, Galle soon found an object which

had a planetary disk, and was not on the star map. Its posi-

tion was carefully determined, and on the night following it

was re-examined, and found to have changed its place among
the stars. No further doubt could exist that the long-songht-

for planet was found. The date of the optical discovery was

September 2dd, 1846. The news i-eached Professor Challis

October 1st, and, looking into his note-book, he found his own
observations of the planet, made nearly two montlis before.

As between Leverrier and Adams, the technical right of

priority in this wonderful investigation lay with Leverrier, al-

though Adams had preceded him by nearly a year, for the

double reason that the latter did not publish his results Iiefore

the discovery of the planet, and that it was by the directions

of Leverrier to Dr. Oalle that the actual discovery was made.

But this does not diminish the credit due to Mr. Adams for

1^!^
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j
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his bold.o3s .n attackh.g,and his BkiU m «™«<»«**"^ly

^^J^^f'
«, noble a problem. The spirit of true science is advancing

Z as^ iu which contests about priority are looked upon as

tLT. dignity. Discoveries are made for the beneht of

mankind; and if made independently by several persons, it is

fitUng tJit each should receive all the edit due to success m

maSng it. We should consider Mr. Adams as entit ed to the

^me imqualified admiration which is due to a sole discoverer

;

XTalver claims to priority he may ^-ejost^by the more

fortunate Leverrier will be compensated by the sympathy

wWch must ever be felt towards the talented young s^ident

Tn his fXre to secure for his work that immediate publicity

^hich was due to its interest and importance.

The discovery of Neptune gave rise to a senes of fMarcn-

es, in which American astronomer, took aft^°g««^^^
J^j^;

One of the ii«t questions to be considered was whether tl^

planet had,like Uranus, been observed as a «»tarj>y Bome pre-

Lus astronomer. This question was taken up by M .
Sears^

Walker of the Naval Observatory. A few months' observa-

In s'ffic d to show that the distance of the planet from the

Tun was not far from 30 (the distance of the earth beu^,as

usual, unity), and, assuming a circular orbit, he computed the

Z^ximSe place of the planet in past years He traced ito

^S^ back Lm year to year in order to find whether at any

S^Ht passed through a region which was at t^e »ameJ^«
Wng sSept by the telescopes of observers engaged in prepar-

Satalogues of stars. He was not successful till he reached

Z year 1795. On the 8th and 10th of May of hat year

Lalande, of Paris, had swept over the place of the planet. It

J^ "now be deJided whether any of the stars observed o„

J^ose nights could have been Neptune. Although the exact

p'^ ofthe planet could not yet be fixed for an epoch so

remote it was easy to mark out the apparent position of its

S ai a Ze among the stars, and it must then have been

!^mewhere on that line. After taking out the stars ^ uch

rreTooTar from the line, and those which had been sec^y

•nbsequent observers, there remained one, observed on May
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10th, which was very near the computed orbit. Walker at
once ventured on the bold prediction that if this region of
the heavens were examined with a telescope, that star would
be found missing. He communicated this opinion officially

to Lieutenant Maury and otlier scientific men in Washington,
and asked that the search might be made. On the first clear
evening the examination was made by Professor Hubbard,
and, sui-ely enough, the star was not there.

There was, however, one weak point in the conclusion that
this was really the planet Neptune. Lalande had marked his
observation of the missing star with a colon, to indicate that
there was a doubt of its accuracy : therefore it was possible
that the record of the supposed star might have been the sim-
pie i-esult of some error of observation. Happily, the original
manuscripts of Lalande were carefully preserved at the Paris
Observatory; and as soon as the news of Walker's researches
reached that city an examination of the observations of May
8th and 10th, 1795, was entered upon. The extraordinary dis-

covery was made that there was no mark of uncertainty in the
original record, but that Lalande had observed the planet both
on the 8th and 10th of May. The object having moved slight-

ly during the two days' interval, the observations did not
agree ; and Lalande supposed that one of them must be wrong,
entirely unconscious that in that little discrepancy lay a dis-

covery which would have made his name immortal. Without
farther examination, he had rejected the firet observation, and
copied the second as doubtful on account of the discrepancy,
and thus the pearl of great price was dropped, not to be
found again till a half-century had elapsed.

For several years the investigation of the motion of the new
planet was left in the hands of Mr. Walker and Professor
Peirce. The latter was the first one to compute the perturba-
tions of Neptune produced by the action of the other planets.
The results of these computations, together with Mr. Walk-
er's elements, are given in the Proceedings of the American
Academy of Arts and Sciences.

Physical Aspect of Neptune.—On the physical appearance of
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this planet very little can be said. In the largest telescopes

and through the finest atmosphere, it presents the appearance

of a perfectly ronnd disk about Z" in diameter, of a pale-bine

color. No markings have been seen npon it When first

seen by Mr. Lassell, he suspected a ring, or some sach append-

age; but future observations under more favorable circum-

stances showed this suspicion to be without foundation. To
recognize the disk of Neptune with ease, a magnifying power

of 300 or upwards must be employed.

Satellite of Neptune.—Soon after the discovery of Neptune,

Mr. Lassell, scrutinizing it with his two-foot reflector, saw on

various occasions a point of light in the neighborhood. Dur-

ing the following year it proved to be a satellite, having a pe-

riod of revolution of about 6 days 21 hours. During 1847

and 1848 the satellite was observed, both at Cambridge by the

Messrs. Bond, and at Pulkowa by Struve. These observations

showed that its orbit was inclined about 30° to the ecliptic,

but it was impossible to decide in which direction it was mov-

ing, since there were two positions of the orbit, and two di-

rections of motion, in which the apparent motion, as seen from

the earth, would be the same. After a few years the change

in the direction of the plabet enabled this question to be de*

oided, and showed that the motion was retrograde. The case

was more extraordinaiy than that of the satellites of Uranus,

since, to represent both the position of the orbit and the di-

rection of motion in the usual way, the orbit would have to be

tipped over 150" ; it is, in fact, nearly upside down. The de-

terminations of the elements of the satellite have been ex-

tremely discordant, a circumstance which we must attribute

to its extreme faintness. It is a minute object, even in the

most powerfnl telescopes.

Measures of the distance of the satellite from the planet,

made with the great Washington telescope, show the mass of

Neptnne to be Tv4nr- ^^ naan deduced from the perturba-

tions of Uranus is TTTinr> ^^ agreement as good as could be

expected in a quantity so difficult to determine.
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CHAPTER V.

COMETS AND METB0B8.

§ 1. Aspects and Forms of Oomets.

The celestial motions which we have hitherto described
take place with a majestic niiiformity which has always im-
pressed the minds of men with a sense of the unchangeable-
uess of the heavens. But this uniformity is on some occasions
broken by the apparition of objects of an extraordinary as-

pect, which hover in the heavens for a few days or weeks, like

some supernatural visitor, and then disappear. We refer to

comets, bodies which have been known from the earliest times,

but of which the nature is not yet deprived of mystery.

Comets bright enough to be noticed witli the naked eye
consist of three parts, which, however, are not completely dis-

tinct, but run into each other by insensible degrees. These
are the nucleus, the coma, and the tail

Tlie nucleus is the bright centre which to the eye presents
the appearance of an ordinary star or planet It would hard-
ly excite remark but for the coma and tail by which it is ac-

companied.

The coma (which is Latin for hair) is a mass of cloudy or
vaporous appearance, which surrounds the nucleus on all sides.

Next to the nucleus, it is so bright as to be hardly distinguish-

able from it, but it gradually shades off in every direction.

Nucleus and coma combined present the appearance of a star,

more or less bright, shining through a small patch* of fog, and
are together called the head of the comet.

The tail is a continuation of the coma, and consists of a
stream of milky light, growing wider and fainter as it recedes
from the comet, until the eye can no longer trace it. A curi-
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0118 feature, noticed from the earliest times, is that the tail is

always turaed from the sun. The extent of the tail is very

different in different comets, tliat appendage being brighter

and longer the more brilliant the comet. Sometimes it might

almVist escape notice, while in many great comets recorded in

history it has extended half-way across the heavens. The

actual length, when one is seen at all, is nearly always many

millions of miles. Sometimes, though rarely, the tail of the

comet is split up into several branches, extending out in

slightly different directions.

Such is the general appearance of a comet visible to the

naked eye. When the heavens were carefully swept with tel-

escopes, it was found that comets thus visible formed but a

small fraction of the whole number. If a diligent search is

kept up, as many comets are sometimes found with the tele-

scope in a single year as would be seen in a lifetime with the

unaided eye. These "telescopic comets" do not always pre-

sent the same aspect as those seen with the naked eye. The

coma, or foggy light, generally seems to be developed at the

expense of the nucleus and the tail. Sometimes either no

nucleus at all can be seen with the telescope, or it is so faint

and ill-defined as to be hardly distinguishable. In the oases

of such comets, it is generally impossible to distinguish the

coma from the tail, the latter being either entirely invisible,

or only an elongation of the coma. Many well-known oometa

consist of hardly anything but a patch of foggy light of more

or less irregular form.

Notwithstanding these great apparent differences between

the large comets and the telescopic ones, yet, when we close-

ly watch their respective modes of development, we find them

all to belong to one class. The differences are like those be-

tween some animals, which, to the ordinary lookerK)n, have

nothing in common, but in which the zoologist sees that every

part of the one has its counterpart in the other—indeed, the

analogy between what the astronomer sees in the growth of

comets and the zoologist in the growth of animals is quite

worthy of remark. As a general rule, all comets look nearly
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alike when they first comia within reach of the telescope, the
subsequent diversities arising from the different developments
of corresponding parts. The first appearance is that of a lit-

tle foggy patch without any tail, and very often without any
visible nucleus. Thus, in the case of Donati's comet of 1858,
one of the most splendid on record, it was more than two
months after the first discovery before there was any appear*
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ance of a tail. To enable the render to see the relation of

this to a verj diffnsed telescopic comet, we present a telescopic

view of the head of this great comet when near its brightest,

and three drawings of Encke's comet, made by Dr. Vogel, in

November and December, 1871.

When the nucleus of a telescopic comet begins to show it*

self, it is commonly on the side farthest from the snn. Sev.

eral little branches will then be seen stretched out in the di-

rection of the sun, so th^t it will appear as if the comet had

a small fan-shaped tail directed towards the snn, instead of

from it, as is nsual. Thus, in the pictures of Encke's comet

in Figs. 1 and 2, the sun is towards the left, and we see what

Fw. ll.-«Md of]>MUtrt gtMt eooMt orUBB, anw Bond.

looks like three little tails, the middle one pointed towards the

Bun. But if we look at the view of Donati's cornet, Fig. 91,

we see several little lines branching upwards from the centre

of the head, and it is to these, and not to the tail, that the lit-

tle tails in the figures of Encke's comet correspond. In fact,

the general rule is that the heads of comets have a fan-shaped

structure, the handle of the fan being in the nucleus, and the

middle arm pointing towards the sun ; and it is this append*

age which first shows itself.

In the larger comets, this fan is surrounded by one or more
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Boiuicircular arches, op envelopes, the inner one forming its
curved border; but this arch does not show itself in very faint
comets. The true tail of the co.net, when it appeai-s, is always
directed fi-oin the sun, and thei-efore away from the fan. In
Fig. 90, No. 3, a very faint true tail will be seen extending
out towards the lower right-hand corner of the picture, which
was opposite to the direction of the su/i. On the other hand
though the branches turned towards the sun have disappeared'
the fanlike form can still be traced in the head. In Fig 91

'

the true tail is turned downwards: owing to the large scale of
tlie picture, only the commencement of it can be seen The
central line of the tail, it will be remarked, is comparatively
dark. This is very generally the case with bright comets.

§ 2. Motions, Origin, and Number of CkmeU.

When it was found by Kepler that all the planets moved
around the sun in conic sections, and when Newton showed
that this motion was the necessary result of the grantation of
the planets towai-ds the sun, the question naturally arose wheth-
er comets moved according to the same law. It was found by
Newton that the comet of 1680 actually did move in such an
orbit, but instead of being, like the planetary orbits, nearly
circular, it was very eccentric, being to all appearance a pa-

A parabola being one of the orbits which gravitation would
cause to be described, it was thus made certain that comets
gravitated towards the sun, like planets. It was, however, im-
possible to say whether the orbit was really a parabola or a
very elongated ellipse. The reason of this difficulty is that
comets are visible in only a very small portion^ of their orbits,
quite close to the sun, and in this portion the forms of a pa-
rabola and of a very eccentric ellipse are so nearly the same,
that they cannot always be distinguished.
There is this very important difference between an elliptical

and a parabolic orbit— tliat the former is closed up, and a
comet moving in it must come back some time, whereas the
two branches of the latter extend out into infinite space with-
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out ever meeting. A comet moving in a parabolic orbit will,

therefore, never return, but, after once sweeping past the sun,

will continue to recede into infinite space forever. Tlie same

thing will happen if the comet moves in an hyperbola, which is

Fi«. M.—Ftnbolie mi emptlc orbit of • comet The comet ie tnviilble In tiM dotted pert

of the orblU, ud the forme of the vUlble parte, a, b, cannot be dIatinBnIiihed In the

two orMta. But the elllpae forma • eloaed cunre, while the two branchee of the pe-

rabola continne forever wltLont meeting.

the third class of orbit that may be described under the influ-

ence of gravitatitn. In a parabola, the slightest retardation

of a comet would change the orbit into an ellipse, the velocity

being barely sufllcient to carry the comet off forever, whereas

in an hyperbola there is more or less velocity to spare. Tims

the parabola is a sort of dividing curve between the hyperbola

and the ellipse.

The astronomer, knowing the position of an orbit, can tell

exactly what velocity is necesbary at any point of it in order

that a body moving in it may go off, never to return. A body

thrown from the earth's surface with a velocity of seven miles
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a second, and not retarded by the atmosphere, would never

return to the earth, but would describe sonie sort of an orbit

round tiie sun. It would, in fact, be a little planet. If the

earth wera out of the way, a body moving past the earth's

orbit at the rate of twenty-six miles a second would have just

the velocity necessary to describe a parabola. If tho \°elocity

of a comet exceeds this limit at that point of its orbit which

is 92^ millions of miles from tho sun, then the comet must

go off into infinite space, never to return to our system. But

with a less velocity the comet must be brought back by the

sun's attraction at some future time, the time being longer the

more nearly the velocity reaches twentynsix miles per second.

It is by the velocity that the astronomer must, in general, de-

termine the fonn of the orbit If it corresponds exactly to

the calculated limit, the orbit is a parabola ; if it exceeds this

limit, it is an hyperbola ; if it falls short of it, it is an ellipse.

Now, in the large majority of comets the velocity is so near

the [tarabolic limit that it is not possible to decide, from ob-

servations, whether it falls short of it or exceeds it. In the

case of a few comets the observations indicate an excess of

velocity, but the excess is so minnte that its reality cannot be

confidently asserted. It cannot, therefore, be said with cer-

tainty that any known comet revolves in a hyperbolic orbit,

and thus it is possible that all comets belong to our system,

and will ultimately return to it. It is, however, certain that

in the majority of cases the return will be delayed many cen-

turies, nay, perhaps many thousand years. There are qnite a

number of comets which are known to be periodic, returning

to the snn at regular intervals in elliptic orbits. Some of

these have been observed at several retnms, so that their exact

period has been determined with great certainty : in the case

of others, the periodicity has been inferred only from the fact

that the velocity fell so far short of the parabolic limit that

there could be no doubt of the fact that the comet moved in

an olli^Hie.

In this question of conietary orbits is involved tbe very in-

teresting one, whether comets should be considered as belon|^
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iiig to onr BjAtem, or m mere visitora from the stellar tpaoes.

We may coiicuivo of them as stray fragments of original neb-

ulous matter scattered through the groat wilderness of space

around us, drawn towards our sun one by one as the long ages

elapse. If no planets surrounded the sun, or if, surrounding

it, they were immovable, a comet thus drawn in would whirl

around the sun in a parabolic orbit, and leave it again, not to

return until millions of years had elapsed, because the veloci-

ty it would acquire by falling towards the ^im would be just

sufficient to carry it back into the inilnite void from which it

came. But owing to the motions of the several planets in

their orbits, the comet would have its velocity changed in

passing each of them, the change being an acceleration or a

retardation, according to the way in which it passed. If the

total accelerations produced by all the planets exceeded the

retardations, the comet would leave our system with more

than the parabolic velocity, and would certainly never return.

If the retarding forces chanced to be in excess, the orbit

wonld bo changed into an ellipse more or less elongated, ac-

cording to the amount of this excess. In the large majority

of cases, the retardation would be so slight that the most del-

icate observations could not show it, and it could be known
only by calculation, or by the return of the comet after tens

or hundreds of thousands of years. But should the comet

chance to pass very near a planet, especially a large planet

like Jupiter, the retardation might be so great as to make the

comet revolve in an orbit of quite short period, and thus be-

come a seemingly permanent member of our system. So near

an approach of a comet to a planet would not bo likely to oc-

cur more than once in a number of centuries, but every time

it did occur there would be an even chance for an additional

comet of short )wriod, the orbit of which would, at first, al-

most intersect that of the planet which had deranged it. It

might not, however, be a known comet, because the orbit

might be wholly beyond the reach of our vision.

AH the facts connected with periodic comets tend to

strengthen the view thfit they become members of onr system
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in this way. The iim^ority of tli se of ghort period ha.c been
eiitrapi)ed by Jupiter. Those orbits which do not pass near
Jupiter generally pass near to gome other planet, to whose
action the introduction of the comet is probably due. The
gradual fading away of most of the comets of short jieriod,
which we shall describe moi-e fully hereafter, gives additional
color to this view.

Number of Comets.—\\. was the opinion of Kepler that the
celestial spaces were as full of comets as the sea of fish, only
a small proportion of them coming within the range of our
telescopes. That only an insignificant fraction of all existing
comets have ever been observed, we may regard as certain.
Owing to their extremely elongated orbits, they can be seen
only when near their perihelion, and as it is probable that the
period of revolution of the large majority of those which have
been observed is connted by thousands of years—if, indeed,
they ever retum at all—our observations must be continued'
for many thousand yeara before we have seen all which come
within range of our telescopes. It is also probable that all
which can ever be seen will be but a small fraction of the
number which exist, because a comet can seldom be seen un-
less its perihelion is either inside the orbit of the earth, or but
little outside of it There are a few exceptions to the rule
that only such comets are seen, the most notable one being
that of the comet of 1729, which, at perihelion, was more than
four times the earth's distance from the sun. This comet must
have been one of extraordinary magnitude, as almost every
other known comet would have disappeared entirely from the
most powerful telescopes of that time, if placed at the dis-
tance at which it was observed.

The actnal number of comets recorded as visible to the
naked eye since the Christian era is given in the table on tlie
following page.*

Thi. ubie is taken at lecond-hand, prinfflpally from Arago ("A«tronomie
ropulaire, Hvre xvii., chap. xv.). Arago mentionii but eight as vi«hle di.rinir
the eighteenth century. I have coniidered the number thiity-wx, given by Klein!I mora probabw. '
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* YMnofonrKra. NanUr
OfCoOMU.

YMnofonr En. N«b*r
orcooMU.

From to 100 22
28
44
27
16
26
22
16
42
26

From 1001 to 1100 86
26
26
29
27
81
12
86
16

« 101 " 200 " 1101 " 1200
" 201 " 800 «• 1201 " 1800
" 301 " 400 " 1801 '• 1400
" 401 " 600 " 1401 " 1600
" 601 " 600 " 1501 " 1600
«• 601 " 700 *« 1601 " 1700
" 701 " 800 " 1701 " 1800
" 801 " 900 «' 1801 " 1876
•' 901 " 1000

In round nuinbere, about five hundred comets visible to the

naked eye have been recorded since our era, making a general

average of one every four years. Besides these, nearly two

hundred telescopic comets have been observed since the in-

vention of the telescope ; so that the total number of these

bodies observed during the period in question does not fall

fai' short of seven hundred. Several new telescopic comets

are now discovered nearly every year, the number sometimes

ranging up to six or eight It is probable that the annual

number of this class discovered depends very lately on the

skill, assiduity, and good -fortune of the astronomers who
chance to be engaged in searching for them.

§ 3. Remarkable Comets.

In unenlightened ages comets were looked on with terror,

as portending pestilence, war, the death of kings, or other

calamitous or remarkable events. Hence it happens that in

the earlier descriptions of these bodies, they are generally

associated with some contemporaneous event- The descrip-

tions of the comets themselves are, however, so vague and

indefinite as to bo entirely devoid of either instruction or in-

terest, as it often happens that not even their course in the

heavens is stated.

The great comet of 1680 is, as already said, remarkable for

being not only a brilliant comet, but the one by which New-
ton proved that comets move under the influence of the gravi-

tation of the sun. It first appeared in the autumn of 1680,

and continued visible most of the time till the following spring.

"4*
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It fell down almost in a direct line to the sun, passing nearer

to that luminary than any comet before known. It passed its

perihelion on December 18th, and, sweeping round a large

arc, went back in a direction not very different fi-om that from

which it came. The observations have been calculated and

the orbit investigated by many astronomers, beginning with

Newton; but the results show no certain deviation from a

parabolic orbit Hence, if the comet ever returns, it is only

at very long intervals. Halley, however, suspected, with some

plausibility, that the period might be 575 years, from the fact

that great comets had been recorded as appearing at that in-

terval. The first of these appearances was in the month of

September, after Julius Gsesar was killed ; the second, in the

year 631 ; the third, in Febrnary, 1106 ; while that of 1680

made the fotirth. If, as seems not impossible, these were four

returns of one and the same comet, a fifth return will be seen

by our posterity about the- year 2255. Until that time the

exact period must remain doubtful, because observations made
two centuries ago do not possess the exactitude which will

decide so delicate a point

HaUey^a Comet.—^Two years after the comet last described,

one appeared which has since become the most celebrated of

modem times. It was first seen on August 19th, 1682, and

observed about a month, when it disappeared. Halley com-

puted the position of the orbit, and, comparing it with previ-

ous orbits, found that it coincided so exactly with that of a

comet observed by Kepler in 1607, that there could be no

doubt of the identity of the two orbits. So close were they

together that, if drawn on the heavens, the naked eye would

almost see them joined into a single line. The ohances against

two separate comets moving in the same orbit were so great

that Halley could not doubt that the comet of 1682 was the

same that had appearad in 1607, and that it therefore revolved

in a very elliptic orbit, returning about every seventy-five years.

His conclusion was confirmed by the fact that a comet was

observed in 1531, which moved in apparently the same orbit

Again subtracting the period of seventy -five years, it was

26
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found that the comet had appeared in 1456, when it spread

such terror throughont Christendom that Pope Calixtus or-

dered prayere to be offered for protection against the Turks

and the comet. This is supposed to be the circumstance which

gave i-ise to the popular myth of the Pope's Bull against the

Comet
This is the earliest occasion on which observations of the

course of the comet were made with such accuracy that its

orbit could be determined. If we keep subtracting 75^ years,

we shall find that we sometimes fall on data, when the appar

rition of a comet was recorded ; but without any knowledge

of the orbits of these bodies, it cannot be said with certainty

that they are identical. However, in the returns of 1456,

1531, 1607, and 1682, at nearly equal intervals, Halley had

good reason for predicting that the comet would return again

'

about 1758. This gave the mathematicians time to investi-

gate its motions ; and the establishment, ip the mean time, of

the theory of gravitation showed them how to set about the

work. It was necessary to calculate the effect of the attrac-

tion of the planets on the motion of the comet during the en-

tire seventy-six years. This immense labor was performed by

Olairant, who found that, in consequence of the attractions of

Jupiter and Saturn, the return of the comet would be delayed

618 days, so that it would not reach its perihelion until the

middle of April, 1759. Not having time to finish his calcula-

tions in the best way, he considered that this resuH was uncer-

tain by one month. The comet actually did pass its perihelion

at midnight on Maroh 12th, 1759.

Seventy-six years more were to elapse, and the comet would

again appear about 1886. Meanwhile, great improvements

were made in the methods of computing the effects of planet-

ary attraction on the motions of a comet, so that matliemati-

ciani) without expending more labor than Clairaut did, were

enabled to obtain much more accurate results. The French

were still il»e leading nation of the world in this sort of inves-

tigation, and the computation of the return of the comet was

undertaken independently by two of their leading astronomen,
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De Daraoiseau and De Pontdcoulant. Of these, the first an-
nounced that it would reach its perihelion on November 4th,
1885

;
while De Pont6coulant, after revising his computations

with more exact determinations of the masses of the planets
assigned November 18th, at 2 a.m., as the date. The expected
comet was, of course, looked for with the greatest assiduity,
and was first seen on August 5th. Approaching the snn. it
passed Its perihelion on November 16th, at eleven o'clock in
the morning, only three days after the time predicted bv De
Pont^conlant.

''

This was the hist return of the celebrated comet of Halley
It was followed nntil May 17th, 1836, when it disappearwi
from the sight of the most powerful telescopes of the time
and has not been seen since. But the astronomer can follow
It with the eye of science with almost as much certainty as if
he had it in the field of view of his telescope. We cannot yet
tx the time of its return with certainty; but we know that it
reached the farthest limit

of its course, which ex-

tends some distance be-

yond the orbit of Nep-
tune, about 1873, and
that it is now on its re-

turn jonmey. We pre-

sent a diagram of its or^

bit, showing its position

in 1874. Its velocity

will constantly increase

from year to year, and
we may expect it to ^•••.-orwt of Htiieyg comet

reach perihelion about the year 1911. The exact date cannot
be fixed nntil tlie effect of the action of all the planete is com-
puted, and this will be a greater labor than before, not only
because greater accuraoy will be aimed at, but because the
action of more planets must be taken into account. When
Clainjut computed the return of 1769, Satnrn was the outer-
most known pUnet When the return of 1836 waa computed,
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Uranns had been added to the list, and its action had to be

taken into account. Since that time Neptune has been dis-

covered ; and the astronomer who computes the return of 1911

must add its action to that of the other planets. By doing so,

we may hope that the time of reaching perihelion will be pre-

dicted within one or two days.

The Tjost BiekCa Comet.—Nothing could more strikingly il-

lustrate the difference between comets and other heavenly

bodies than the fact of the total dissolution of one of the for-

mer. In 1826, a comet was discovered by an Austrian named
Biela, which was found to be periodic, and to have been ob-

served in 1772, and again in 1805. The time of revolution

was found to be six years and ei^ht months. In the next two

returns, the earth was not in the right part of its orbit to ad-

mit of observing the comet ; the latter was therefore not seen

again till 1845. In November and December of that year

it was observed as nsnal, without anything remarkable being

noticed. But in January following, the astronomers of the

Naval Observatory found it to have su£Fered an accident nev-

er before known to happen to a heavenly body, and of which

no explanation has ever been given. The oomet had sepa-

rated into two distinct parts, of quite unequal brightness, so

that there were two apparently complete comeis, instead of

one. During the montli following, the lesser of the two con-

tinually increased, until it became equal to its companion.

Then it grew smaller, and in March vanished entirely, though

its companion was still plainly seen for a month longer. The

distance apart of the two portions, according to the computa-

tions of Professor Hubbard, was about 200,000 miles.

The next return of the comet took place in 1862, and was,

of course, looked for with great interest It was found still

divided, and the two parts were far more widely separated

than in 1846, their distance having increased to about a mill-

ion and a half of miles. Sometimes one part was the bright-

er, and sometimes the other, so that it was impossible to de-

cide which ought to be regarded as representing the principal

comet The pair passed out of view about the end of Sep*
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tomber, 1852, and have not been seen since. They would,
since then, have made three complete revolutions, returning in
1859, 1865, and 1872. At the first of these returns, the reU-
tive positions of the comet and the earth were so unfavorable
that there was no hope of seeing the former. In 1865, it

could not be found ; but it was thought tliat this might be due
to the great distance of the comet from us. In 1872, the rela-
tive positions were extremely &vorable, yet not a trace of the
object could be seen.* It had seemingly vanished, not into
thin air, but into something of a tenuity compared with which
the thinnest air was as a solid millstone. Some invisible frag-
ments were, however, passing along the comet's orbit, and pro-
duced a small meteoric shower, as will be explained in a later

' section.

The Great Oomet ^1843.— This remarkable comet burst
suddenly into view in the neighborhood of the son about the
end of February, 1848. It was visible in fall daylight, so that
some observers actually measured the angular distance be-
tween the oomet and the sun. It was followed until the mid-
dle of April The most remarkable feature of the orbit of
this comet baa been already mentioned: it passed nearer the
sun than any other known body— so near it, in fact, that,
with a very slight change in the direction of its original mo-
tion, it would actually have struck it Its orbit did not cer-
tainly deviate from a parabola. The most careful investigation
of it—that of Professor Hubbard, of Washington—indicated
a period of 680 years ; but the velocity which would produce
this period is so near the parabolic limit that the difference
does noi exceed the uncertainty of the observations.
DomH'a Oomet of 1868.—This great comet,,one of die most

magnificent of modem times, which hung in the western sky
during the autumn of 1868, will be well remembered by all
who were then old enough to notice it It was finst seen at

Jutt sffanr the OMtemie thoww, Mr. Pogwn, of Madrai, obtained obMrv*.
tlOM of Ml object which, it WM rappoMd. might heTe been « fragment of this
comet. Bot the object wu lome two months behind the computed poaition of
the cMoet. 10 that the idenUor of the two baa liever been accepted bj aitnmomen.
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Florence, on Jane 2d, 1868, by Donati, who described it as a

very faint nebulosity, about 8' in diameter. Abont the end

of die month it was discovered independently by three Amer*
ican observers : H. P. Tattle, at Cambridge ; H. M. Parkharst,

at Perth Amboy, New Jersey ; and Miss Maria Mitchel, at

Nantacket Daring the first three months of its visibility it

gave no indications of its fntare grandeur. No tail was no-

ticed until the middle of Angnst, and at the end of that

month it was only half a degree in length, while the comet

itself was barely visible to the naked eye. It continued to

approach the sun till the end of September, and during this

fM. Ml—OfMtwnM of 1«SS.

month developed with great rapidity, attaining its greatest

brillian<^ abont the first half of October. Its tail was then

40" in length, and 10° in breadth at its oater end, and of a

curions feather-like form. About October 20th it passed so

iar south as to be no longer visible in northern latitudes. ; but

it was followed in the southern hemisphere until March fol-

lowing.

Observations of the position of this comet soon showed its

orbit to be decidedly elliptic, with a period of about 2000

years or less. A careful investigation of all the obsei'vations

was made by Mr. G. W. Hill, who found a perio<) ^* 1960

S;^»#iiSM»':a
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years. If this period is correct, the comet must have appeared

about ninety-two years before our era, and must appear again

about the year 8808 ; but the uncertainty arising from the im-

perfections of th.) observations may amount to fifty years.

The Cheat Southern Comet of 1880.—On the evening of

February 2d, 1880, astronomers in South America, the Gape

of Good Hope, and Australia were surprised to see what was

evidently the tail of a huge comet rising above the horizon

in the south-west. Its length was 40**. Detailed observations

were made by Dr. Oould, who observed it at Oordoba, in the

Argentine Ropublic. It was not until two days afterwards,

February 4th, that he finally saw the head of the comet through

the large telescope. It was then moving in a northerly direc-

tion, and, it was supposed, would soon pass the sun and be visi-

ble in the northern hemisphere. But, instead of continuing its

northern course, it moved rapidly around the sun, and bent its

course once more towards the south. In consequence, it did

not become visible in the northern hemisphere at all.

This rapid motion around the sun showed that the comet

must have passed very near that object, thus reminding astron-

omers of tiie great comet of 1848. When the elements of the

orbit were computed it was found that the two bodies moved
in almost the same orbit, so that it seemed scarcely possible

to avoid the eonolnsion that this comet was a return of the

former one. Notwithstanding the seeming evidence in favor

of this view, there are several difiUculties in the way of its un-

reserved acceptance. In the first place, the most careful com-

putations on the comet of 1848 showed no deviation from a

parabolic orbit In the next place, if this was a return of the

former comet, it should have appeared at regular intervals

of thirty-six years and eleven months in former times. Now,
there is no i«cord of such a comet hAving been seen at the

times when its return 'to perihelion should have occurred. It

is true, as ])r. Gould showed, that, by supposing a continuous

change in the period, certain comets which were in perihelion

in 1688 and 1702 might have been identical with the two in

question. This would have required the period to change

TiBSSfSjgSIK/miiKmmmmmm,
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from thirty-fonr yea» between the firet two returna to thirty-

six yeare and eleven months between the last two. Such a

change is so improbable that we can hardly regard the dif-

ferent appearances as belonging to absolutely the same bodies.

The most probable explanation seems to be that they were

originally two nebulous masses far out in the stellar spaces,

and that the nearer one was di-awn into the sun thirty-seven

years in advance of the more distant one.

Oreat Comet o/ 1881.—This comet is so recent that most

readers will remember it. It was fii-st heard of in our hemi-

sphere through a telegram from Dr. Gould, stating that the

comet of 1807 was in five hours of right ascension, and thirty

degrees south declination. Curiosity respecting the object was

not, however, gratified until the morning of June 28d, when

it was seen by observers in almost every part of the northern

hemisphere about the beginning of the morning twilight Con-

tinuing its northern course, it reached the circle of perpetual

apparition early in July, and during the remainder of the

period of its visibility neitlier rose nor set Passing near the

north pole of the heavens, it was visible all night for several

weeks. The length of the tail was variously estimated, as the

distance to which it could be traced depended lai^ly on the

acuteness of the observer's vision. To most observers it pre-

sented a length of ten or fifteen degrees, though some traced

it much fiupther.

There are two very remarkable features connected with the

motion of Uiis comet One is, that during almost its entire

period of visibility to the naked eye it moved on the same

meridian as the sun, and, indeed, while passing from the south-

em to the northern hemisphere, it may have passed over the

sun's disk. The other feature is the remarkable resemblance

between its orbit and that of the comet of 1807. It was this

resemblance which led Dr. Gould to telegraph it as a return

of this comet The most careful determination of the ele-

ments show, however, that Uie two bodies could not possibly

be identical, as both were moving in orbits differing so little

from a parabola that many centuries at least must elapse be-
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fore the return of either. We have, therefore, another case

similar to that of the great comets of 1843 and 1880—name-
ly, two different bodies following each other in nearly the

same orbit

§ 4. Encke^a Comet, and the Resisting Medium.

The comet which in recent times has most excited the atten-

tion of astronomers is that known as Encke's, from the astron-

omer who first carefnlly investigated its motion. It was first

s^n in January, 1786, but the observations only continued

through two days, and were insufficient to determine the orbit

In 1795, a comet was found by Miss Caroline Herschel, on

which observations were continued about three weeks; but no

very accurate orbit was derived from these observations. In

1805, the same comet returned again to perihelion, but its iden-

tity again failed to be recognized. As in the previous returns,

the observations continued through less than a month. It was

found, for the fourth time, by Pons, of Marseilles, in 1818.

When its orbit was calculated, it was seen to coincide so

closely with that of the comet of 1805 as to leave no doubt

that the two were really 'the same body. But the first astron-

omers who noticed this were unable to decide whether this

was its first return since 1805, or whether it had in the mean
time made several revolutions.

The motions of the comet were now taken np by Encke, of

l^rlin, and investigated with a thoroughness before unknown.

He found the period to be about 1200 days, four complete

revolutions having been made between 1805 and 1818. Know-
ing this, there, was no longer any difficulty in identifying the

comet of 1795 as also being the same, three complete revolu-

tions having been made between that date and 1805. In the

intermediate returns to perihelion, its position had been so

unfavorable that it had not been observed at all. This result

was received by astronomers with the greatest interest, be<»u8e

it was the first known case of a comet of short period. Its re-

turn in 1823 was duly predicted, but it was found that when

near its greatest brilliancy it would be visible only in the

999919091
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southern hemisphere. Happily, Sir Thomas Brisbane had an

observatory at Paramatta, New South Wales, and his assistant,

Bumker, was so fortunate as to find tlie comet. It was so

near the position predicted by Enoke that, by constantly point>

ing the telescope in the direction predicted by that astronomer,

the comet was in the field of view during its whole course.

Encke continued to investigate the course of the comet dur-

ing each revolution up to the time of his death, in 1866. At
some returns it could not be seen, owing to its distance from
the earth, or the otherwise unfavorable position of our planet

;

but generally very accurate observations of its conrse were

made. By a comparison of its motions with those which

would result from the gravitation of the snn and plsTiets, he

found that the periodic time was constantly diminishii'ig, and

was thus led to adopt the famous hypothesis of Olbers, that

the comet met with a resisting medium in space. The dimi-

nution of the period was about two hours and a half in each

revolution. The conclusion of Encke and Olbers was that the

planetary spaces are filled with a very rare medium—so rare

that it does not produce the slightest effect on the motion of

such massive bodies as the planets. The comet being a body

of extreme tenuity, probably far lightei inun air, it might be

affected by such a medium. The existence of this medium
cannot, however, be considered as established by Encke's re-

searches. In the first place, if we grant the fitct that the

time of revolution is continually diminishing, as maintained

by the great German astronomer, it does not follow that a re-

sisting medinm is the only canse to which we can attribute it.

But the main point is, that the computations on which Encke

founded his hypothesis are of such intricacy as to be always

liable to small errors, and their results cannot be received

with entire confidence until some one else has examined the

subject by new and improved methods.

Such an examination is now being made by Dr. Von Asten,

of Pnlkowa; and, although it is still unfinished, it seems like-

ly, in the end, to confirm Enoke's results, at least in part Dr.

Von Asten commenced by calcnlating the motion of the comet

.. .fiitr»iim'»i:.
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from the theory of gravitation during the period from 1866

to 1871, within which the comet made two entire revolutions,

and was surprised to find that during this time there was no

deviation from the computed positions which could be attrib-

uted to the action of a resisting medium. But on carrying

the calculation back to 1861, he found that between that epoch

and 1866 there most have been a votarding action like that

supposed by Encka Carrying his work forward to 1876, he

found that between 1871 and 1875 there was once more evi-

dence of a retardation about two-thirds as great as that found

by Encke. The absence of such an action between 1866 and

1871, therefore, seems quite exceptional, and diflicnit of ex-

planation.

To judge whether the deviations in the motion of Encke's

comet are really due to a resisting medium, we should know
whether the motions of other comets exhibit similar anom-

alies. So far as is yet known, no other one does. There is

at least one which hf*« returned a sufficient number of times,

and of which Lhc !::^kW «iave been computed with sufficient

care, to lead to an entirely definite conclusion on this point,

namely, the periodic comet of Faye, which has been investi-

gated by Moller.* This comet was discovered in 1848 by the

astronomer whose name it bears, and was soon found to move
in an elliptic orbit, with a period of a little more than seven

years. As it has been observed at several returns since, Holler

investigated its motions with a view of finding whether its

period was affected by any resisting medium. At first he

thought there was such an effect, his general result being of

the same nature with that reached by Encke. But on repeat-

ing his calculations with the improved data afforded by a first

calculation, he found that the result arose from the imperfec-

tion of the latter, and that the comet really showed no sign of

a change in its mean motion. It therefore seems certain that,

if there is a resisting medium, it does not extend out iar

enough from the sun to meet the orbit of Faye's comet

* Profesfor Axel MoUar, diractor of the obienretoiy at Land, Sweden.

P"S^ BIBS
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§ 6. Other Periodic Comets.

We give, in No. lY. of the Appendix, a table of eleven

periodic comets which have been seen at more tiian one re<

turn to the snn. Of these, Biela's may be regarded as totally

lost. All the othera have, however, been seen at tlieir several

retnms,when their position with respect to the earth and sun

admitted of it Besides this, there are quite a nnmber of com-

ets which observation showed were not moving in parabolic

orbits, and which, therefore, from this fact alone, we conclade

must return. A remarkable case of this kind is afforded by a

comet discovered in June, 1770, which was bright enough to

be seen by the naked eye. The astronomers of the time were

greatly surprised to find it moving in an ellipse, with a period

of less than six years. Therefore, not only should it have been

seen at previous returns, but at some twenty returns since.

But not only was it never seen before, but it has never been

seen since. Both its appearance and disappearance are now
known to be due to the attraction of Jupiter. On returning

to its aphelion, about the banning of 1770, it encountered

this planet, the attraction of which was so powerful as to

throw it into some entirely new orbit

Of periodic comets seen at only one return many have pe-

riods so long that no especial interest attaches to the ellipticity

of the orbits at the present time. In other cases the observa-

tions are so uncertain that great doubt attaches to the reality

of the period. The following are all the cases in which the

period is reasonably probable

:

A comet which passed its perihelion on November 19th,

1788, was found by Dr. G. H. F. Peters to have a period of

less than six years. But it was never seen before or since.

Its orbit was probably deranged by that of Jupiter, near

which it approaches.

The comet of 1812 was found by Encke to have a period

of seventy-one years, with an uncertainty of three years. It

may, therefore, be expected that this comet will reappear be-

fore the dose of 1886.
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Tlie comet of 1816 was found by Pessel to linve a period

of Boveiitv four years. Its return mrty, theraforo, be expected

within a low yeara of 1880.

The third comet of 1810 was found by Encke to have a

period of five 3'ears and seven months, but nothing more was

ever heard of it.

The fourth comet of the same year was found by the same

computer to have n period of less than five years, but it has

not been seen again.

The fourth comet of 1810 has a pi'riod of less than one

hundred years, but it is quite uncertain.

The same year Dr. 0. II. F. Petors, at Naples, discovered a

comet of quite short period, which should have returned sev-

eral times before now ; but it has not again been seen.

The same statement applies to De Vico's comet of 1844.

Therefore, besides the eleven comets which have actually been

observed at two returns, there arc* but three whose periods are

certain.

The next subject to which wo wonld ask the attention of

the reader is that of the physical constitution of comets. Bat

this snbjeot can be discussed only in connection with another,

to which, at first sight, it seomii to have no relation, though

so carious a relation has really been discovered as greatly to

modify our views of what a comet probably is. We refer to

the phenomena of meteors, meteoric showers, and shooting-

stars, which next claim our attention.

§ 6. Meteors and Shooting-stars.

If we carefully watch the lieavens on a cloudless night, we
shall frequently see an appearance as of a star rapidly shoot-

ing throngh a short space in the sky, and then suddenly dis-

appearing. Three or foar such shooting^tars may generally

be seen in the course of an hour. Generally they are visible

only for a second or two, but sometimes move slowly, and are

seen much longer. Occasionally they are so brilliant as to

illuminate the whole heav>dns, and they are then known as

meteors—a term which is eq lally applicable to the ordinary

,» '.
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shooting-Btars. In general, they are seen only one at a time,

and are so mini.te as hardly to attract attention. But they

have on some occasions shown themselves in snch numbers as

to fill the beholders with terror, lest the end of the world had

come. The Chinese, Arabian, and other historians have hand-

ed down to us many accounts of such showers of meteors,

which have been brought to light by the researches of Edward
Biot, Quetelet, Professor H. A. Newton, and others. As an ex-

ample of these accounts, we give one from an Arabian writer

:

" In the year 699, on the last day of Moharrem, stars shot

hither and thither, and flew against each other like a swarm

of locusts; this phenomenon lasted nntil daybreak; people

were thrown into consternation, and made supplication to the

Most High : there was never the like seen except on the com-

ing of the messenger of God, on whom be benediction and

peace."

In 1799, on the night of November 12th, a remarkable

shower was seen by Humboldt and Bonpland, who were then

on the Andes. Humboldt described the shower as commen-
cing a little before two o'clock, and the meteors as rising above

the horizon between east and north-east, and moving over tow-

ards the south. From not continuing his observations long

enough, or from some other cause, he failed to notice that the

lines in which the meteors moved all seemed to converge tow-

ards the same point of the heavens, and thus missed the dis-

covery of the real cause of the phenomenon.

The next great shower was seen in this country in 1838.

All through the Southern States, the negroes, like the Arabs of

a previous cantury, thought the end of the world had come at

last The phenomts ton was observed very carefully at New
Haven by Frofeesc>r Olmsted, who worked out a theory of its

cause. Although his ideas are in many respects erroneous,

they were the means of suggesting the true theory to others.

The recnnenoe of the shower at this time suj^ested to the

astronomer Olbers the idea of a thirty-fonr-year period, and

led him to predict a return of the shower in 1867. A few
yean before the expected time^ the subject was taken up by
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Professor Newton, of Yale College, to whose researches our
knowledge of the true cause of the phenomenon is very lai^e-

The phenomena of shooting-stars branch out in yet another
direction. As we have described them, they are seen only in
the higher and rarer regions of the atmosphere, far above the
clouds: no sound is heard from tliem, nor does a-thing reach
the surface of the earth from which the nature .f the object
can be mferred. But on rare occasions meteors of extreme
brilliancy ai-e followed by a loud sound, like the diwjharge of
heavy artillery

; While on yet rarer occasions large masses of
metallic or stony substances fall to the earth. These aerolites
were the puzzle of philosophers. Sometimes there was much
scepticism as to the reality of the phenomenon itself, it ap.
peanng to the doubtere more likely that those who describ^
such things were mistaken than that heavy metallic masses
should fall from the air. When their reality was placed be-
yond doubt, many theories were propounded to account for
them, the most noteworthy of which was that they were
thrown from volcanoes in the moon. The problem of the
motion of a body projected from the moon was investigated
by several great mathematicians, the result being that such a
body could not reach the earth unless projected with a veloci-
ty far exceeding anything seen on our planet.
When aerolites were examined by chemists and mineralo-

gists. It was found that although they contained no new chem-
loal elennents, yet the combinations of these elements were
qmte unlike any found on the earth, so that they must have
originated outside the earth. Moreover, these combinations
exhibited certain characteristics peculiar to aei^Utes, so that
the mineralogist, from a simple examination and analysis of
a sulMtance, could detect it as part of such a body, though
jt had not been seen to fall. Great masses of matter thusknown to be of meteoric origin have been found in various
parts of the earth, especially in Northern Mexico, where, atsome unknown period, an immense shower of these bodiesseems to have &llen.

"wiw
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Gttue of 8hooUng-4tar9.—It is now universally conceded tliat

the celestial spaces ai% crowded with innamerable minnte

bodies moving around the snn in every possible kind of orbit.

When we say crowded, we ase the word in a relative sense

;

they may not average more than one in a million of cubic

miles, and yet their total nnmber exceeds all calculation. Of
the nataro of the minuter bodies of this class nothing is cer-

tainly known. But whatever they may be, the eartli is con-

stantly encountering them in its motion around the snn. They
are burned by passing through the upper regioitt of our at-

mosphere, and the shooting -star is simply the light of that

burning. We shall follow Professor Newton in calling these

invisible bodies meteoroida.

The question which may be asked at this stage is.Why are

these bodies burned ? Espef;ia11y, how can they bum so sud-

denly, and with so intense a light, as to be visible hundreds

of miles away t These questions were the stumbling-block of

investigators until they were answered, clearly and conclusive-

ly, by the discovery of the mechanical theory of heat It is

now established that heat is only a certain form of motion

;

that hot air differs from cold air only in a more rapid vibra-

tion of its molecules, and that it communicates its heat to

other bodies simply by striking them with its molecules, and

thus setting their molecnles in vibration. Consequently, if a

body moves rapidly throng tlie air, the impact of die air

upon it ought to heat it just as warm air would, even thongfa

the air itself were cold. This result of theory has been ex-

perimentally proved by Sir William Thomson, who found that

a thermometer placed in front of a rapidly moving body rose

one degree when the body moved throngh the air at the rate

of 125 feet per second. With higher velocities, the increase

of temperature was proportional to the square of the velocity,

being 4 d^p«es with a velocity of 260 feet, 16 d^rees with

one of 600 feet per second, and bo on. This result is in exact

accordance with the mechanical theory of heat To find the

effective temperature to which a meteoroid is exposed in mov-

ing throngh our atmosphere, we divide its velocity in feet per
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Let us apply this principle to the case of the meteoroids.
The earth moves in its orbit at the rate of 98,000 feet per
second

; and if it met a meteoroid at rest, our atmosphere
would strike it with this velocity. By the rule we have given
for the rise of temperature (98,000 -i- 126)*= 784* =600,000
degrees, nearly. This is many times any temperature ever
produced by artificial means. If, as will commonly be the
case, the meteoroid is moving to meet the earth, the velocity,
and therefore the potential temperature, will be higher. We
know that the meteoroids which produce the November show-
ers already described move in a direction nearly opposite that
of the earth with a velocity of 26 miles per second, so that the
relative velocity with which the meteoroids meet our atmos-
phere is 44 miles per second. By the rule we have given,
tliis velocity corresponds to a temperature of between three
and four million degrees. We do not mean that the meteor,
oids are actually heated up to this temperature, but that the
air acts upon them as if it were heated up to the point men-
tioned ; that is, it bums or volatilizes them in lees than a sec-
ond with an enormous evolution of light and heat, just as a
furnace would if heated to a temperature of three million de-
grees. It is not at all necessary that the body should be com-
bustible; the light and heat of ordinary burning are nothing,
at all compared with the deflagration which such a tempei»-
tnre would cause by acting on the hardest known body. A
few grains of platinum pr iron striking the atmosphere with
the velocity pf the celestial motions might evolve as much light
and heat as are emitted by the bnming of a pint of coal-oil or
several pontids of gunpowder; and as the wh<3e operation is
over in a second,we may imagine how intense the light must be.
The varied phenomena of aerolites, meteors, shooting-stare,

and meteoric showera depend solely on the number and nat-
ure of the meteoroids which give rise to them. If one of
these bodies is so lai^ and firm as to pass through the atraoe^
phere and reach tlie eaith without being destroyed by the po^
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tential heat, we have an aerolite. As this passage only ooon'

pies a few seoonds, the heat has not time to penetrate far into

the interior of the body, but expends itself in melting and vol-

atilizing the outer^ portions. When the body first strikes the

denser portion of the atmosphere, the resistanee becomes so

enormous that the aerolite is frequently broken to pieces with

such violence that it seems to explode. Further color is given

to the idea of an explosion by the loud detonation which fol-

lows, so that the explosion is friequently spoken of as a fact;

fmd as the cause of the detonation. Bmlly, there is good rea-

son to believe that both of tliese phenomena are due to the

body striking the air with a velocity of ten, twenty, or thirty

miles a second.

If, on the other hand, the meteoroid is so small or so fusible

as to be dissipated in the upper regions of the atmosphere, we

have a common shooting-star, or a meteor of greater or less

brilliancy. Very careful observations have been made from

time to time, with a view of finding the height of these bodies

above the earth at their appearance and disappearance. An

attempt of this kind was nuide by the Naval Observatory on

the occasion of the meteoric shower of November 13th, 1867*

when Professor Harkness was sent to Richmond tp map the

paths of tiie brighter meteors as seen from t)u» point By

comparing these paths with those mapped at Washington, the

^
parallaxes, and thence the altitndes, of these bodies were der

termined. The lightning-like rapidity with which the meter

ors darted through their course rendered it impossible to ob-

6 rve them with astronomical precision ; but the general pb-

suit was that they were first seen at an aven^ hei|^t of 75

miles, and disappeared at a height of 55 miles, ^ere was

no positive evidence that any meteor oonlmenoed at a height

much greater than 100 miles. It is remarkable that this coiv

responds very nearly to the greatest height at which the most

brilliant meteors are ever certainly seea These phenomena

seem to indicate that our atmosphere, instead of terminating

at a height of 46 miles, as was formerly supposed, really exf

tends to a height of between 100 and 110 miles.

«K^BftMMKfe
~
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The ordinary meteors, which we may see on every clear
evening, move in every direction, thns showing that their or-
bits lie in all possible positions, and are seemingly stuttered
entirely at random. But the case is qnite different with those
meteoroids which give rise to meteoric showera. Here we
^*ve a swarm of these bodies, all moving in the same direc-
tion in parallel lines. If we mark, on a oelestwl globe, the

rto.ML-IIMwr patlu,iltelntiiig 111* ndiaat poiat

apparent paths of the meteors which fiill during a shower, oi
if we suppose them marked on the ttelestial sphere, and then
eontinne tiiem backwaixls, we shall find them all to meet in

the same point of the heavens. This is called the radiant
point. It always appears in the same position, wherever the
observer is situated, and does not partake of the diurnal mo-
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tion of the Mrth ; that is, u tlie stera seem to move towiafde

the west in their diiinial oonrae, the radiant point inoveB with

them. Tlie point in qneetion is pnrely an effect of perapeu-

tive, being the " vaiiisliing point " of the parallel lines in

Mrhioh the meteors really move. These lines do not appear

in their real direction in space, but are seen as projected on

the celestial sphere. A good visible illustration of the effect

in qnestion may be afforded by looking upwards and watch*

ing falling snow during a calm. The flakes which are fall-

ing directly towards tlie observer do not seem to move at all,

while the snrronnding flakes seem to separate from them on

all sides. So with the meteoric showers. A meteor coming

directly towards the obsener does not seem to move at all,

and marks the radiant point from which all the otti^rs seem

to diverge. The great importance of the determination of

the radiant point arises from the fact that it marks the direc-

tion- in which the meteora are moving relatively to the eaitli,

and thus affords some data for determining their orbits.

§ 7. Bdations of Chmeta and Meteoroitb.

We have now to mention a series of investigations which

led to the discovery of a cnrioos connection between meteor-

oids and comets. Tliese investigations were oomraenced by
Professor Newton on the November meteoric showers. Tr»>

cing back the historical aoconnts of these showers to which

we have already alluded, he found that the thirty-three-year

period, which had been suspected by Olber^was oonflrmed by
records rraohiug back a tiiousand years. Jlmeover, the diow*

ers in question occurred only at a oertain time of the year: in

1709 and 1888, it was on November 13th or November 18th.

In otiier words, the shower occurred only as the earth passed

a certain point of its ofbii 'But tliis point was found not to

be always the same, the showers being found to occur about

a oionple of days earlier every century as they were traced

back. The principal conclusions to which these facts led

wore M follows

:

1. That the swarm of meteoroids which cause the Novem-
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ber showera revoTve around tlie sun in a definite orbit, wliich

intersects the orbit of the earth at the point which the latter

now passes on November Idth.

2. The point of intenection of the two orbits moves fur-

wards about 62" per annum, or nearly a degree and a half a

century, owing to a change in the positiou of the nteteoric

orbit.

- 8. Th^ swarm of nieteoroids is not equally scattered all

around their orbit, but the thickest portion extends aong
about one-fifteenth of the orbit

4. The earth meets this swarm, on the average, once in

88.26 years. At other times the swarm has not arrived at

the point of crossing, or has already passed it, and a meteoric

shower cannot occur unless the earth and tlie swarm cross at

the same time.

Professor Newton did not definitely determine the time of

revolution of the meteors in their orbit, but showed that it

must have one of five values. The greatest of these values,

and the one which it seems most natural to select, is that of

the mean interval between the showers, or 88^ years. Adopt-

ing this period, it would follow that between 1709, when
Humboldt saw the meteoric shower, and 1888, when it was

seen throughout the United States, the swarm of meteoroids

had been fijing out as far as the planet Uranus in a very el-

liptical orbit, and returning again. But the periodic time

might also be one year and about eleven days. Then the

group which Humboldt saw on November 12th, 1799, would
not reach the same point of its orbit until November 28d,

1800, when the earth would have passed by. Passing 11 days

later every year, it would make about 88 revolutions in 34
years, and thus would pass about the middle of November
once more, and another shower would occur. In a woi-d, giv-

ing exact numbers, we might suppose that in the period of

88^ years the meteoroids made one revolution, or 82^, 84^,

66^, or 67i revolutions, and the conditions of the problem

would be equally satisfied.

At the same time, Professor Newton gave a test by which

•i&urn^

'ssmmsiHmn
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the true time conld be detennined. As we have said, he

showed that the node of the orbit changed its position 62" a

century, and there ooiild be no doubt that this change was

due to the attraution of the pknets. If, then, the effect of

this attraction was calculated . for each of the five orbits, it

would be seen which of them would give the required change.

This was done by Professor Adams, of England, and the result

was tliat the thirtyrthree-year period, and that alone, was ad-

missible.

These researches of Professor Newton were published in

1864, and ended with a prediction of the return of the shower

on November 13th of one or more of the three following

years—probably 1866. This prediction was verified by a re-

markable meteoric shower seen in Europe on that very day,

which, however, was nearly over before it could beitome visi*

ble in this country. On the same date of the year following,

a shower was visible in this country, and excited great public

interest. From the data derived from the first of these show-

ers, Schiaparelli, an Italian astronomer, was led to the discovery

of a remarkable relation between meteoric and cometary orbits.

Assuming the period of the November meteoroids to be 38^
years, lie computed tlie elements of their orbit from the ob-

served position of the radiant point. A similar computation

was made by Leverrier, and the i-esults were presented to the

French Academy of Sciences on January 21st, 1867.

The exact orbit which these bodies followed through spatte^

crossing the earth's orbit at one point, and extending out

beyond the planet Uranus at another, was thus ascertained^

But, as these bodies wera absolutely invisible, no great inter-

est seemed to attach to their orbit nntil it was found that a

comet was moving in that very orbit This was a faint tele-

scopic comet discovered by Tempel, at Marseilles, in Decem-
ber, 1866. It was afterwards independently discovered by
Mr. H. P. Tuttle, at the Naval Observatory, Washington. It

passed its perihelion in January, and, receding from the sun,

vanished from sight in March. It was soon fonnd to move
in an elliptic orbit, but, owing to tlie uncertainty of observar-
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The subject was taken

up by Dr. Oppolzer, of

Vienna, who, in Janu-

ary, 1867, was able to

present a definitive or-

bit of the comet, which

was published in the As-

tmnomisdie Nachnchten

on the 28th of that

month. We now pre-

sent the orbit of tlie

comet, as found by Op-

polzer, and that of the

meteors, as found by

Leverrier, premising

that these orbits were

computed and publish-

ed within a few days

ri«. M,-Orbit or November meteon and tiM comet ^^ CM^ Other, withoUt
**"*'• any knowledge on the

part of either astronomer of the results obtained by the other

:

TlMCoOMt. MdMnMb

Period of revolution 88.18 yn.
0.9064
0.9766
162° 42'

51° 26'

42° 24'

88.25 jn.
0.9044
0.9890
165° 19'

61° 18'

Near node.

Perihelion distance.

Inclinntion of orbit

Longitude of the node
Longitude of perihelion

The similarity of these orbits is too striking to be the result

of chance. The only element of which the values differ ma-
terially is the inclination, and this difference proceeds from
leverrier not having used a very exact position of the radiant

point in making his computations. Professor Adams found
by a similar calculation that the inclination of the orbit of the

^SJBJf
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meteoroids was 163** 14', only half a degree different from that

of the orbit of Teinpel's ooraet- The resnlt of these investiga-

tions was as follows

:

.7%e November meteoric ahowera arisefrom the eartii encountering

a swarm of partidea fotloioing

Tempers comet in its orbit.

When this fact came ont,

SohiaparelU had been working

on the same subject, and had

come to a similar oonolnsion

with regard to another gronp

of meteors. It had long been

known that about August 9th

of every year an unusual num-

ber of meteors shout forth from

the oonstellation Perseus. At
times these showers have boon

inferior only to those of No-

vember. Thus, on Angnst 9th,

1798, they succeeded each oth-

er so rapidly as to keep the

eye of the observer almost con-

stantly engaged, and several

hundred may nearly always be

counted on the nights of the

9th, 10th, and 11th. These

August meteors are remarka-

ble in that they, leave trails of

luminous vapor which often

last several seconds. Assum-

ing tb ^rbit of this gronp to

be a ] abola, it was calculated

by Schiaparelli,and is substan-

tially the same with that of a

comet observed in 1862. The
following are the elements of

the orbits of the two bodies : n*. vT—orut orom Mcmd oomet or isi*.
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>in that

vestiga*

entering

Cwmt II.,

IM.
Aimttt

Parihelion dUunee 0.»626
118* 8A'

187° 27'

844° 41'

0.9648
lift* sr
188° 16'

848* 28'

Inclination of orbit..•.••

Lonaitud* of tlia nod*
longitude of tlie perilielion

etofise.

It appears that the Aiigiut meteora are caused by a long

itreain of bodies following the second comet of 1862 in its

orbit, or, rather, moving in the same orbit with it The orbit

of this comet is decidedly elliptic; the difference from tha

parabola is, however, too small to be determined with great

precision. According to Oppolier, the period derived from

tlie observations would be 124 years, which, however, may be

ten years or more in error.

A third striking case of the connection between comets and
meteors which we are showing is affoi'ded by the actual pre*

diction of a meteoric shower on the night of November 27th,

1872. I have already described Biela's comet as first break-

ing into two pieces and then entirely disappearing, as though

its pi ts had become completely scattered. This is one of

the few comets which may come very near the earth, the lat-

ter passing the orbit of the comet on November 27th of each

year. By calculation, the comet shonld have passed the point

of ci-ossing early in September, 1872, while the earth reached

the same point between two and three months later. Judg-

ing from &nal(^y, there was every reason to believe that the

earth would encounter a stream of meteoroids consisting of the

remains of the lost comet, and that a small meteoric shower

would be the resnlt. Moreover, it was shown that the mete-

ore wonld all diverge from a certain point in the constellation

Andromeda, as the radiant point, becanse that wotild be the di-

rection from which a body moving in the orbit of the comet

wonld seem to come. The prediction was fully verified in

every respect The meteors did not compare, either in nnm-
bera or brilliancy, with the great displays of November; but,

diongh faint, they succeeded each other so rapidly that the

most casnal observer could not fail to notice them, and they

all moved in the predicted direction.
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Thftt the tneteoroids in these cases originally belonged to

the comet, few will dispute. Accepting this, the phenomena uf

the November showers lead to the ooncliision that tlie comet

of 1806, with which they are associated, was not an original

member of our system, but has been added to it within a

time whicli, astronomically speaking, is still recent. The sep-

arate meteoroids which form the stream will necessarily have

slightly di£Fereiit periodic times. Such being the case, they

will, in the coarse of many revolutions, gradually scatter them-

selves aronnd their entire orbit; and then we shall have an

equal meteoric shower ou every 18th of November. This

complete scattering seems to have actually taken place in the

case of the August meteoroids, since we have nearly the same

sort of shower on every 9th or 10th of August. But in the

case of the November meteors, tlie stream is not yet scattered

over one-tenth of the orbit If we suppose that the motions

of the slowest and the swiftest bodies of the stream only dif-

fer by a thousandth part of their whole amonnt—which is not

an unreasonable supposition—it would follow that the stream

had only made about 100 revolutions around the snn, and had

therefore been revolving only about 8800 years. Though this

number is purely hypothetical, we may say with confidence

that the stream has not been in existence many thousand

years.

This opinion is strongly snpported by the fact that the orbit

of this meteoric comet passes very near that of Uranus as well

as that of the earth, so that there is reason to believe that it

was introduced into our system by the attraction of one of

these planets, probably of Uranus. If the comet is seen on its

next return, in 1899, we may hope that its periodic time will

be determined with sufficient accuracy to enable iis to fix with

some probability the exact date at which Uranus brought it

into our system. Indeed, Leverrier has attempted to do this

already, having fixed upon the year 126 of our era as the

probable date of this event ; but, nnfortnnately, neither the

position of the orbit nor the time of revolution is yet known
with such accuracy as to in^ire confidence in this result

ssrsBBs ^ismm't-i'smi'Mn^^
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The idea that this November group is something oompara^

tivoly new is strengthened by a comparison with that wliich

produces the August nioteors, where wo tind a decided mark
of antiquity. Here tiie swiftest of the group has, in the course

of numerous revolutions, overtaken tlie slowest, so that the

group is now spread almost equally ai-ound the entire orbit.

The time of revolution being, in this case, more than a cen-

tury, this equal distribution would take a much longer time

titan in tlie other case, where the period is only tliirty three

years ; so that we can say, with considerable probability, th&t

the August group has been in our system at least twenty

times as long as the November group.

§ 8. The Physical Constitution of Comets.

A theory of the physical constitution of comets, to be both

complete and satisfactory, must be founded on the properties

of matter as made known -to us het-'> at the surface of the

earth. That is, we must show wb lurms and what combina-

tions of known substances would, if projected into the celes-

tial spaces, present the appearance of a comet. Now, this has

never yet been completely done. Theories without number
have been propounded, but they fail to explain some of the

phenomena, or explain them in a manner not consistent with

the known laws of matter or force. We cannot stop even to

mention most of these tlieories, and shall therefore confine our

attention to those propositions which ?.re to some extent sus-

tained by facts, and which, on the whole, seem to have most

probability in their favor.

The simplest form of these bodies is seen in the telescopic

comets, which consist of minute particles of a cloudy or vapor-

ous appearance. Now, we know that masses which pi^esent

this appearance at the surface of the earth, where we can ex-

amine them, are composed of detached particles of solid or

liquid matter. Clouds and vapor, for instance, are composed

of minute drops of water, and smoke of very minute particles

of carbon. Analogy would lead us to suppose that the tele-

(K>pic comets are of the same constituUou. They are gener^

iiLiiiimw Htsia
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ally tens of thousands of miles in diameter, and yet of snoh

tenuity that the smallest stars are seen through them. The
strongest evidence of this oonstitntion is, however, afforded by

the phenomena of meteoric showers described in the last sec-

tion. We have seen that these are caused by our atmosphere

encountering the debris of comets, and this ddbris presents it-

self in the form of •detached meteoroids, of very small magni-

tude, but hundreds of miles apart

The only alternative to this theory is that the comet is a

mass of true gas, continuous thronghont its whole extent.

This gaseous theory derives its main support from the spec-

troscope, which shows the spectram of the telescopic comets

to consist of bright bands, tlie mark of an incandescent gas.

Moreover, the resemblance of these bands to those produced

by the vapor of carbon is so stiiking that it is quite common
among spectroscopists to speak of a comet as consisting of

the gas of some of the compounds of carbon. But there are

several difficulties which look insuperable in the way of the

theory that a comet is nothing but a mass of gas. In the

first place, the elastic force of such a mass would cause it

to expand beyond all limits when placed in a position where

there is absolutely no pressure to confine it, as in the celestial

spaces. Again, a gas cannot, so far as experiment has ever

gone, shine by its own light nntil it is heated to a high tem-

perature, far above any that can possibly exist at distances

from the sun so great as those at which comets have been

sitnated when under examination with the spectroscope. Fi-

nally, in the event of a purely gaseous comet being broken

up and dissipated, as in the case of Biela's comet, it b hardly

possible to suppose that it would separate into innumerable

widely detached pieces, as this comet did. The gaseous the-

ory can, therefore, not be regarded as satisfactory. It inay be

that comets will hereafter be found to consist of some combi-

nation of solid and gaseous matter, the exact nature of which

is not yet determined ; or it may be that this matter is of a

nature or in a form wholly unlike anything that we are ac-

quainted witii or can produce here on the earth. As the case

-s<:?>-;*3r
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now stands, we mast regard the spectrnm of a comet as some-

tiling not vet satisfactorily accounted for.

When we turn from telescopic comets to those brilliant

ones which exhibit a naclous and a tail, we can trace certain

operations which are not seen in the case of the others. What
the nnclens is—whether it is a solid budy several hundred miles

in diameter, or a dense mass of the same materials which com-

pose a telescopic comet—we are quite nnable to say. But
there can hardly be any rt-asonable doubt that it is composed

of some substance which is vaporized by tlie heat of the solar

rays. The head of such a comet, when carefully examined

with the telescope, is found to be composed of successive en-

velopes or layers of vapor; and when these envelopes are

watched from night to night, they are fonnd to be gradually

rising upwards, growing fainter and more indistinct in out-

line as they attain a greater elevation, until they are lost in

the outlying parts of the coma. These rising masses form the

fan-shaped appendage described in a preceding section.

The strongest proof that some evaporating process is gding

on from the nucleus of the comet is afforded by the move^

ments of the tail. It has long been evident that the tail could

not be an appendage which the comet carried ttlong with it,

and this for two reasons: first, it is imposBible that there obnld

be any cohesion in a mass of matter of such tenuity that the

smallest stars could be seen through a million of miles of it,

and which, besides, constantly changes its form ; secondly, as

a comet flies around the sun in its immediate neighborhood^

the tail appears to move from one side of the snn to another

with a rapidity which would feur it to pieces, and send the

separate parts flying off 'in hyperbolic orbits, if,the movement
were real. The inevitable ooiiolusibn is that the tail is not a

fixed Appendage of the> oome^ which the lifitter carries with it,

but a stream of vapor rising from it, like smoke from a chim-

ney. As the line of smokis which we now see coming from

the chimney is not the' same which we saw a minute ago, be-

cause the latter has been' blown away and dissipated, so we do

not see the same tail of a comet all the tiine, because the mat-
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ter which makes np the tail is constantlj streaming ontwards;'

and oonstantly being replaced by new vapor rising from the

nucleus. The evaporation is, no donbt, due' to the lieat of the

snn, for there can be no evaporation withont heat, and the

taib of oomets increase enormoiisly as they approacli the sun.

Altogether, a good idea of the operations going on in a comet

will be obtained if we conceive die naclens to be composed of

water or other volatile fluid which is boiling away under tlie

heat of the sun, while the tail is a column of steam rising

from it.

We now meet a question to which science has not yet been

able to return a conclusive answer. Why does this mass of

vapor always fly away from the sun I That the matter of the

comet should be vaporized by the sun's rays, and that the nu-

cleus should thus be enveloped in a cloud of vapor, is perfect*

ly natural, &nd entirely in accord with the properties of mat-

ter which we ob^rve around us. But, according to all known
laws of matter, this vapor should remain around the head, ex-

cept that the outer portions would be gradually detached and

thrown off into separate orbits. There is no known tendency

of vapor, as seen on the earth, to recede from the sun, and no

known reason why it should so recede in the celestial upaoes.

Various theories have been propounded to account for it ; but

as they do not rest on causes which we have verified in other

cases, they must be regarded as purely hypothetical.

The first of these explanations, in the order of time, is due

to Kepler, who conceived the matter of the tail to be driven

off by thd impulsion of the solar rays, which thus bleached

the comet as-they bleach clodis here. If light were an emis-

sion of material particles, as Newton supposed it to be, this

view would hax'e some plausibility. But light is now con-

ceived to consist of vibrations in an ethereal medium ; and

there is no known way in which they could exert any propel-

ling force on matter. Two or three years ago, it was for

a while supposed that the <* radiometer" of Mr. Orookes might

really indicate such an action of the solar rays upon matter

in a vaouum, but it is now foond that the action exhibited it

'sa»ss»©5a «Jil;'f;S;S!3Ja!*«?'>^^*f*<B!S?^^'S?-
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really due to a minute quantity of air left in the instrument/
Had Mr. Grookes shown that the motion of his radiometer
was really due to the impulsion of the solar rays, we might
be led to the remarkable conclusion that Kepler's theory,
though rejected for more than two centuries, was, after all^

quite near the truth.

Sir Isaac Newton, being the author of the emission theory
of light, could not dispute the possibility of Kepler's views
being correct, but nevertheless gave the preference to anoth-
er hypothesis. He conceived the celestial spaces to be filled
with a very rare medium, through which the sun's rays passed
without heating it, as they pass through cold air. But the
comet being warmed up by the rays, the medium surrounding
it is warmed np by contact, and thus a warm current is sent
out from the comet, jnst as a current of warm air rises from
a heated body on the surface of the earth. This current car-
ries the vapor of the comet with it, and thus gives rise to the
t-'I in the same way that the cuiTent of warm air rising from
^ Mmey carries np a column of smoke. It has long been
<f i i. ued that there is no medium in the planetary spaces
I;, HiAQh such an eflFect as this is possible : Newton's theory
is, therefore, no Icwger considered.

In recent times, Zollner has endeavored to account for the
tail of the comet by an electrical action between the sun and
the vapor rising from the nucleus of the comet The various
papers in which he has elaborated his views of the oonstitn-
tion of comets are marked by profound research ; and we
must regard his theories as thoee which, on the whole, most
completely explain all the phenomena. But they still lac^
the one thing needful to secure their reception : there is no
evidence that the sun acts as an electrified body; and until
such evidence is adduced by experiment, or by observation on
other bodieft than comets, the electric theory of the cornet'^
tail can only be regarded as a more or less probable hypothe^
sis. Indeed, some physicists claim that any such electric ac-
tion in the planetary spaces is impossible. Before any theoiy
can be definitely settled upon, accurate observations must be
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made npon the tails of comets with a view of IcMrning the

law acuordiiig to lyhioh the vapor is repelled from the snn.

8ach observations were made by Bessel on Hallej's comet in

1835, and by various observers on the great comet of 1858.

The former were investigated by Beesel himself, and the lat-

ter by several mathematicians, among them Professor Peirce,

whose results are found in a paper communicated to the

American Academy in 1859. He found the repnlsive force

of the sun upon the particles which form the front edge of

the tail to be li times its attractive force upon ordinary

bodies at the same distance. It seemed constantly to diminish

as the back edge of the tail was approached ; but, owing to

the poor definition of this edge, and the uncertainty whether it

was composed of a continuous stream of particles, the amount

6f the diminution could not be accurately fixed. The suc^

cessive envelopes were found to ascend uniformly towards

the snn at the rate of about thirty-five miles an hour. Bond,

from a careful examination of all the observations, was led to

the result that the rate of ascent diminished as the height

became greater.

. An apparently necessary conclusion from this constant evap-

oration and expulsion of vapor from comets with tails is, that

toch bodies are constantly wasting away when in the neigh-

borhood of the sun. This conclusion is strengthened by thd

fact that not a single comet of very short period has a consid-

erable tail, the probability being that all the volatile matter

which once went to form the tail has been evaporated. In-

deed, from the descriptions of the old chroniclers, it has been

supposed that Halley's comet had a much more conspicuous

tail at the time of its earliest recorded apparitions than it has

exhibited at its last few returns. There is, however, no neces-

sity for supposing the diminution so rapid as this, for the

amount of matter really neoessary to make the most splendid

tbil is so extremely small that a eomet might lose it a hundred

times over without becoming perceptibly smaller. This con-

stant loss of matter through the tail affords an additional

ground for the view that comets in general are visitors Intro-

imMmr g;
'j^agg:i-
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dneed into onr system by the action of the planets. If, for

instance, such a comet as Halley's had been a member of our

system for millions of years, and had returned to perihelion a

hnndred thousand times, all its volatile matter must long ago

have evaporated.

The question of the mass and density of comets is also one

of those on which it is difficult to reach satisfactory conclu-

sions. We cannot certainly decide from mere telescopic ob-

servation whether the nucleus is a single large body, like a

planet or satellite, or whether it is merely the densest part of

an immense cloud of meteoroids. The mass of nebulous mat-

ter which surrounds the nucleus increases so gradually as we
approach the central parts, that it is hardly possible to decide

where the nucleus begins: the more powerful the telescope,

the smaller the nucleus generally appears. Moreover, in the

same comet, the apparent magnitude of the nucleus is subject

to immense variations, thus .showing that it cannot be a solid

body out to its apparent limits. If we considered only this

circumstance, and the general analogy with telescopic comets,

we should say that even the densest part of the comet was

nothing bnt a cloud of solid or liquid particles so thick that it

looked solid, as a cloud does in our sky. But if this was the

case, as Professor Peirce showed in his investigations of the

comet of 1858, the comets of 1680 and of 1843 must have

been completely pulled apart by the enormous tidal forces

generated by their near approach to the sun. In the opinion

of this investigator, the fact that they went through snch an

ordeal shows them to be of metallic density.

The question is frequently asked, What would be the effect

if a comet should strike the earth ? This would depend upon

what sort of a comet it was, and what part of the comet came

in contact with onr planet. The latter might pass through

the tail of the lai^st comet without the slightest effect being

produced, the tail being so thin and airy that a million miles

thickness of it looks only like gauze in the sunlight It is

not at all unlikely that such a thing may have happened with-

out ever being noticed. A passage through a telescopic comet
28

i

I
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wonld be accompanied hy a brilliant meteoric ehower, prob-

ably a far more brilliant one than has ever been recordecL

No more eeriouB danger wonld be encountered than that aris-

ing from a possible fall of meteorites. But a collision between

the nucleus of a large comet and the earth might be a serious

matter. If, as Professor Peirce supposes, the nucleus is a solid

body of metallic density, many miles in diameter, the effect

where the comet struck would be terrific beyond conception.

At the first contact in the upper regions of the atmosphere,

the whole heavens would be illuminated with a resplendence

beyond that of a thousand suns, the sky radiating a light which

would blind every eye that beheld it, and a heat which would

melt the hardest rocks. A few seconds of tliis, while the hnge

body was passing throngh the atmosphere, and the collision at

the earth's surface would in an instant reduce everything there

existing to fiery vapor, and bury it miles deep in the solid

earth. Happily, the chances of such a calamity are so minute

that they need not cause the slightest uneasiness. There is

hardly a possible form of death which is not a thousand times

more probable than this. So small is the earth in comparison

with the celestial spacee, that if one should shut his eyes and

tire a gun at random in the air, the chance of bringing down

a bird would be better than that of a comet of any kind strik*

ing the earth.

§ 9. !7%e Zodiacal Light.

This object consists of a very soft, faint column of light,

which may be seen rising from the western horizon after twi-

light on any clear winter or spring evening: it may also be

seen rising from the eastern horizon just before daybreak in

the summer or autumn. It really extends out on each side

of the sun, and lies nearly in the plane of the ecliptic. The
reason it cannot be well seen in the summer and autumn

evenings is, that in our latitudes the course of the ecliptic in

the south-west is, during those seasons, so near the horizon that

the light in question is extinguished by the great thickness of

atmosphere Uirough which it has to pass. Near the equator,
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whera the ecliptic always rises high above the horizon, the

light can be seen about equally well all the year round. It

grows fainter the farther it is from the sun, and can gener-

ally be traced to about 90° from that luminary, when it grad-

ually fades away. But in a very clear atmosphere, between

the tropics, it has been traced all the way across the heavens,

from east to west, thus forming a complete ring.

Such is the zodiacal light as it appears to '*:' ""e. Put-

ting its appearances all together, we may see the. it it) due to

a lens-shaped appendage of some sort surroundiner the sun,

and extending out a little beyond the earth's orbit. It lies

very nearly in the plane of the ecliptic, but its exact position

is di£9cult to determine, not only owing to its indistinct out-

line, but because in northern latitudes the southern 'edge will

be dimmed by the greater thickness of atmosphere through

which it is seen, and thus the light will look farther north

than it really is. The natnre of the substance from which

this light emanates is entirely unknown. Its spectrum has

been examined by several observers, some of whom have re-

ported it as consisting of a single yellow line, and therefore

arising from an incandescent gas. This would indicate a len-

ticular-shaped atmosphere of inconceivable rarity surrounding

the sun, and extending out near the plane of the ecliptic be-

yond the orbit of the earth. But Professor Wright, of Yale

College, who has made the most careful observations of this

spectrum, finds it to be continuous. For several reasons, too

minute to enter into now, this observation seems to the writer

more likely to be correct Accepting it, we should be led to

the conclusion that the phenomenon in question is due to re-

flected sunlight, probably from an immense cloud of meteor-

oids filling up die space between the earth and sun. But fur-

ther researches must be made before a conclusive result can

be reached.

One important question respecting the zodiacal light is sug-

gested by the motion of the perihelion of Mercury already

described. This motion seems to prove one of two things:

either that the sun's gravitation does not strictlj follow the

«"~H9BHS»miW" nor



418 THE SOj.^ : SYSTEM.

^ionii

law of the inverse square of the distance, or that there is a

mass of matter of some kind between the earth and the sun.

Can this matter be that from which the " zodiacal light " is

reflected t It is impossible to make a positive answer to this

question.

Another mysterious phenomenon associated with the zodi-

acal light is known by its German appellation, the Oegen-

acAein. It is said that in that point of the heavens directly

opposite the sun there is an elliptical patch of light, a few de-

grees in extent, of such extreme faintness that it can be seen

only by the most sensitive eyes, under the best conditions, and

through the clearest atmosphere. This phenomenon seems so

difficult to account for that its existence is sometimes doubted;

yet the testimony in its favor is difficult to set aside.*

* The UtMt obcorrationi upon this phenomenon have been made near Phila-

delphia by Mr. Lewia, and ara found in the American Journal qf Science and

Art*for 1879.
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PART IV.-THE STELLAR UNIVERSE.

INTRODUCTORY REMARKS.
mTHKBTO onr attention has been principally occnpied with

the bodies which surround our sun and make up the solar sys-
tem. Notwithstanding the immense distances at which these
bodies are found, we may regard them, in comparibon with the
lixed stars, as an isolated family immediately surrounding us
smce a sphere as large as the whole solar system would onh'
appear as a point to the vision if viewed from the nearest;
star. The space which separates the orbit of Neptune from
the fixed stars a.id the fixed stars from each other is, so far as
we can learn, entirely void of all visible matter, except occa-
sional waste nebulous fragments of a meteoric or coraetary
nature which are now and then drawn in by the attraction of
our sun.

The widest question which the study of the stars presents
to us may be approached in this way: We have seen, in our
system of sun, planete, and satellites, a very orderly and
beautiful structure, every body being kept in its own orbit
through endless revolutions by a constant balancing of gravi-
tating and centrifugal forces. Do the millions of suns and
clusters scattered through space, and brought into view by the
telescope, constitute a greater system of equally orderly struct-
ure? and, if so, what is that structure? If we measure the
importance of a question, not by its relations to onr interests
and our welfare, but by the intrinsic greatness of the subject
to which it relates, then we must regard this question as one
of tlie noblest with which the human mind has ever been
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oconpt«d. In piercing the mystery of the solar system, and

showing that the earth on which we dwell was only one of

the smaller of eight planets which mo\;e around the sun, we
made a great step in the way of enlarging our ideas of the

immensity of creation and of the comparative insignificance

of our sublunary interests. But when, on extending our view,

we find our snn to be but one out of unnumbered millions, we
see that our whole system is but an insignificant part of orea<

tion, and that we have an immensely greater fabric to study.

When we have bound all the stars, nebulas, and olustera which

our telescopes reveal into a single system, and shown in what

manner each stands related to all the others, we shall have

solved the problem of the material universe, considered, not in

its details, but in its widest scupo.

From the time that Copernicus showed the stars to be self-

luminous bodies, situated far outside of our solar system, the

question thus presented has occupied the attention of the phil-

osophical class of astronomers. The original view, which lias

been the starting-point of all speculation on the subject, we
have described in the Introducticn as that of a spherical uni-

verse. The apparent sphericit;^ of the vault of heaven, the

uniformity of the diurnal revolution, and the invariability of

the relative positions of the stars, all combined to strengthen

the idea that the latter were set on the interior surface of a

hollow sphere, having the earth or the snn in its centre. This

sphere constituted the firmament of the ancients, outside of

which was situated the empyrean, or kingdom of fire. Coper-

nicus made no advance whatever on this idea. . Gktlileo and

Kepler seem to have made the first real advance—the former

by resolving the Milky Way into stars with his telescope, the

latter by suggesting that our snn might be siniply one of nu-

merous stars scattered through space, looking so bright only

on account of our proximity to it. In the problem of the

stellar system this conception held the same important place

which that of the earth as a planet did in the problem of the

solar system. But Kepler was less fortunate than Copernicus

in that he failed to commend his idea, even to hia own jodg-
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ment. It was by affording a ntarting-point for the researches

of Kant and liersuhol that Kepler's suggestion really bure

fruit.

Notwithstanding the amount of careful rescarcli which

Herschol and his successors have devoted to it, we are still

very far from having roauhed oven nn approximate solution

of the problem of which we s|)eak. In whatever direction we
pursue it, we soon find oui'sehes brought face to face with the

infinite in space and time. ' Especially is this the case when
we seek to know, not simply what the universe is to-day, but

what causes are modifying it from age to age. All the knowl-

edge that man has yet gathered is then found to amount to

nothing but some faint glimmers of light shining here and

there through the seemingly l)oundless darkness. Tlie glim-

mer is a little brighter for each successive generation, but

many centuries must elapse before we can do much more
than tell how the nearer stars are situated in space. Indeed,

we see as yet but litt' hope that an inhabitant of this planet

will ever, from his o\. n observations and those of his prede-

cessors, be able to completely penetrate the mystery in which

the structure and destiny of the cosmos are now enshrouded.

However this may be in the future, all we can do at present

is to form more or less probable conjectures, founded on all

we know of the general character of natural law. In a strictly

scientific treatise, such conjectures would find no place ; and

if we had to grope in absolute darkness, they would be en-

tirely inappropriate in any but a poetical or religious produc-

tion. But the subject is too fascinating to permit us to n^-
lect the faintest light by the aid of which we may penetrate

the mystery; we shall therefore briefly set forth both what

men of the past have thought on the subject, what the science

of to day enables us to assert with some degree of probability,

and what knowledge it wholly denies us. To proceed in sci-

entific order, we must commence by laying a wide foundation

of facts. Our first step will therefore be to describe the heav-

ens as they appear to the naked eye, and as they are E'^cn in

the telescope.
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CHAPTER I.

THB BTABS AS TUET ABE BEEN.

§ 1. Number and Orders of Stars and NAube.

The total nnn>ber of stare in the celestial sphere visible

with the average naked eye may be estimated, in round num-

bere, as 6000. The number varies so much with the perfec-

tion and training of the eye, and with the atmospheric condi-

tions, that it cannot be stated very definitely. When the tele-

scope is pointed at the heavens, it is found that for every star

visible to the naked eye there are hundreds, or even thousands,

too minute to be seen without artificial aid. From the counts

of stars made by Herschel, Strnve has estimated that the total

number of stars visible with Honchel's twenty-foot telescope

was about 20,000,000. The great telescopes of modem times

would, no doubt, show a yet larger number ; but a reliable

estimate has not been madie. The number is probably some-

where between 30,000,000 and 50,000,000.

At a very early age, the stare were classified according to

their apparent brightnesit or magnitude. The fifteen brightest

ones were said to be of the firet magnitude; the fifty next in

order were termed of the second magnitude, and so on to the

sixth, which comprised the faintest stare visible to the naked

eye. The number of stare of each order of magnitude be-

tween the north pole and the circle 85° south of the eq^nator

is about as follows

:

Of roagnitode 1 there an about 14 stars. ,
" 2 " 48 "
•• 8 " 162 "
«• 4 " 818 "

" 5 " 864 "

•• 6 " 2010 "

Total Tisible to naked eye. 8891 "



ire visible

and niim-

be perfec-

irio oondi-

Q the tele-

every star

thousands,

the counts

t the total

; telescope

lern times

a reliable

ibly some-

cording to

[1 brightest

ty next in

I on to the

the naked

nitude be-

le eq^nator

tart. .

NUMBER AND ORDERS OF STARS AND NEBULAE. 423

Tliis liinit includes all the stars which, in the Middle States,
ciuhninate at a greater altitude than 16°. The number of the
sixth magnitude wliich can be seen dejwnds very much upon
the eye of the observer and the state of the sky. The forego-
ing list includes all that can be seen by an ordinary good eye
in a clear sky when there is no moonlight ; but the German
astronomer Heis,from whom these numbers are taken, gives a
list of 1964 more which he believes he can see without a glass.
The system of ext>re88ing the brighttjess of the stars by a

series of numbers is continued to the telescopic stars. The
smallest star visible with a six-inch telescope UMier ordinary
circumstances is commonly rated as of the thirteenth magi<i
tude. On the same scale, the smallest stars visible wi'h th»

largest telescopes of the world would be of abcit the 8>-
teenth magnitude, but no exact scale for these very faint stars
has been arranged.

Measures of the relative, brilliancy of the stars indicate
that, as we descend in the scale of magnitude, the quar nu
of light emitted diminishes in a geometrical ratio, the tars
of each order being, in general, between two-fifths and one-
third as bright as those of the oi-der next above them. This
order of diminution is not, however, exact, because the arrange-
ment of magnitudes has been made by mere estimation of in-
dividual observers who may have hit on different and varj iug
ratios; but it is a sufficient approach to the truth for common
purposes. From the second to the fifth magnitude the dimi-
nution is probably one -third in each magnitude, after that
about two-fifths. Supposing the ratio two-fifths to be exact,
we find that it would take about

2^ atan of the lecond magnitude to make oi<

6 ••
third •• "

16 "
fourth " •«

40 *«
fifth " "

100 "
sixth .

" '
10,000 "

eleventh " "

1,000,000 "
sixteenth « ««

. •>f the fint

The number of stars of the several scales of magnitude
vary in a ratio not far different from the inverse of that of
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their brightness, the ratio being a little greater in the case of

the higher magnitudes, and pi-obably a little less in the case

of the lower ones. Thus, we see that there are about three

times as many stars of the second magnitude as of the first,

three times as many of the third as of the second, and after

that something less than three times as many of each magni-

tude as of the magnitude next above. Comparing this with

the table of relative brightness just given, we may conclude

that if all the stars of each magnitude were condensed into a

single one, the brightness of the combined stars tlius formed

would not vary extravagantly from one to another until we
had passed beyond the ninth or tenth magnitude. But it is

certain that the brightness would ultimately diminish, becanse

otherwise there would be no limit to the total amount of light

given by the stars, and the whole heavens would shine like

the sun.

The reader will, of course, understand that this arrange-

ment by magnitude is purely artificial. Beally the stars are

of every order of brightness, varying by gradations which are

entirely insensible, so that it is impossible to distinguish be-

tween the brightest star of one magnitude and the faintest of

the magnitude next above it. Hence, those astronomers who
wish to express magnitudes with the greatest exactness, dicide

them into thirds or even tenths ; so that, for instance, stars be-

tween the sixth and seventh magnitudes are called 6.1, 6.2,

6.3, and so on to 6.9, accoi'ding to their brilliancy. Various

attempts have been made to place the problem of the relative

amounts of light emitted by the stars upon a more exact baais

than this old one of magnitudes, but this is a very difficult

thing to do, because there is no way of measuring light except

by estimation with the eye. In order to measure the relative

intensity of two lights, it is necessary to have some instrument

by which the intensity of one or both the lights may be varied

until the two appear to be equal. Instruments for this pur-

pose are known as photometers, and are of various construc-

tions. For comparing the light of different stars, the photom-

eter most used at the present time is that of ZoUner. By
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this instrument the light of the stars, y seen through a small

telescope, is compared both in color and intensity with that of

an artificial star, the light of which can be varied at pleasure.

A complete set of measures with this instrument, including

most of the brighter stars, is one of the wants of astronomy

which we may soon hope to see supplied. The most extended

recent series of photometric estimated with which the writer

is acquainted ?s that of Professor Seidel, of Mimich, which in-

cludes 209 stars, the smallest of which are of the fifth magni-

tude. An interesting result of these estimates is that Sirius

gives us four times as much light as any other Bti^r visible in

our latitude.

CatcUogttes of Stars.—In Uv^arly every age in which astron-

omy has flourished catalogues of stars have been made, giving

their positions in the heavens, and the magnitude of each.

The earliest catalogue which has come to us is found in the

''Almagest" of Ptolemy, and is supposed to be that of Hippar-

chus, who flourished 150 years before the Christian era. It

is said, but not on the best authority, that he constructed it in

order that future generations might find whether any change

had in the mean time taken place in the starry heavens. An
examination of the catalogue shows that the constellations pre-

sented much the same aspect two thousand years ago that they

do now. Thera are two or three stars of his catalogue which

cannot now be certainly identified ; but it is probable that the

difficulty arises from the imperfection of the catalogue, and

from the errors which may have crept into the numerous

transcriptions of it during the sixteen centuries which elapsed

before the art of printing was discovered. The catalogue of

Hipparchus contains only about 1080 stars, so ihat he could

not have given all that he was able to sie. He probably omit-

ted many stars of the smaller magnitudes. The actual num-
ber given in the "AlmageBt" is still less, being only 1030.

The next catalogue in the order of time is that of Ulugh
Beigh, a son of the Tartar monarch Tamerlane, which dates

from the fifteenth century. For the most part, the stars are

the same as in the catalogue of Ptolemy, only the places were

i
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I

redetermined from the observations at Samarcand. It con*

tains 1019 stars, eleven less than Ptolemy gives. Tycho Brahe,

having made so great an improvement in the art of observa-

tion, very naturally recatalogued the stars, determining their

positions with yet greater accnracy than his predecessors. His

catalogue is the third and last important one formed before

the invention of the telescope. It contains 1005 stars.

Onr modem catalogues may be divided into two classes:

those in which the position of each star in the celestial sphere

(right ascension and declination) is given with all attainable

precision, apd those in which it is only given approximately,

so as to identify the star, or distinguish it from others in its

neighborhood. The catalogues of the former class are very

numerous, but the more accurate ones are necessarily incom-

plete, owing to the great labor of making the most exact de-

termination of the position of a star. There are, perhaps,

between ten or twenty thousand stars the positions of which

are catalogued with astronomical precision, and a hundred

thousand more in which, th«ngh entire precision is aimed at,

it is not attained. Of the merely approximate catalogues, the

greatest one is the " Sternverzeichniss " of Argelander, which

enumerates all the stars down to the ninth magnitude between

the pole and two degrees south of the equator. The work
fills three thin quarto volumes, and the entire number of stars

catalogued in it exceeds three hundred thousand. This " star

census'* is being continued to the south pole at the observa-

tory of Cordoba, South America, by Dr. Gould. Of the mill-

ions of stars of the tenth magnitude and upwards, hardly one

in a thousand is, or can be, individually known or catalogued.

Except as one or another may exhibit some remarkable pecu-

liarity, they must paos unnoticed in the crowd.

Division into Constdlationa.—A single glance at the heavens

shows that the stars are not equally scattered over the sky, but

that gref^t numbers of theiQ, especially of the brighter ones,

are collected into extremely insular groups, known as con-

stellations. At a very early age the heavens were represented

as painted over with figures of men and animate, so arranged
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as to inclade thv' r incipal stars of each constellation. There

is no historic record of the time when this was done, nor of the

principles by which those who did it carried ont their work;

but many of the names indicate that it was during the heroic

age. Some have sought to connect it with the Argonantic ex-

pedition, from the fact that several heroes of that expedition

were among those thus translated to the heavens ; but this is

little more than conjecture. So little pains was taken to fit

the figures to the constellations that we can hardly suppose

them to have all been executed at one time, or on any well-

defined plan. Quite likely, in the case of names of heroes,

the original object was rather to do honor to the man than to

serve any useful purpose in astronomy. Whatever their ori-

gin, these names have been retained to the prssent day, al-

though the figures which they originally represented no longer

serve any astronomical purpose. The constellation Hercules,

for instance, still exists ; but it no longer represents the figure

of a man among the stars, but a somewhat iiregular portion

of the heavens, including the space in which the ancients

placed that figure. In star-maps, designed for school instruc-

tion and for common use, it is still customary to give these

figures, but they are not generally found on maps designed

for the use of astronomers.

Naming the Stars.—The question how to name the individ-

ual stars in each constellation, so as to readily distinguish

them, has always involved some difiiculty. In the ancient

catalogues they were distinguished by the part of the figure

representing the constellation in which they were found ; as,

the eye of the Bull, the tail of the Great Bear, the right shoul-

der of Orion, and so on. The Arabs adopted the plan of giv-

ing special names to each of the brighter stars, or adopting

such names from the Greeks. Thus, we have the well-known

stars SiriuB, Arcturus, Procyon, Aldebaran, and so on. Most

of these names have dropped entirely out of astronomical use,

though still found on some school maps of the stars. The
system now most in use for the brighter stars was designed by

Bayer, of Augsburg, Germany, about 1610. He published a
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Bet of star-maps, in which the individual stars of each constel-

lation were designated by the letters of the Greek alphabet

—

a, j3, y, etc. The first letters were given to the brightest stars,

the next ones to the next brightest, and so on. After the

Greek letter is given the Latin name of the constellation in

the genitive case. Thus, Alpha (a) Scorpii, or Alpha of the

Scorpion, is the name of Autares, the brightest star in Scor-

pins ; a Lyree, of the brightest star in the Lyre ; and so on.

We have here a resemblance to oar system of naming men,

the Greek letter corresponding to the Christian name, and the

constellation to the surname. When the Greek alphabet was

exhausted, without including all the conspicuous stars, the

Latin alphabet was drawn upon.

The Bayer system is still applied to all the stars named by

him. Most of the other stars down to the fifth magnitude are

designated by a system of numbers assigned by Flamsteed in

his catalogue. Yet other stars are distinguished by their num-

bers in some well-known catalogue. When this method fails,

owing to the star not being catalogued, the position in the

heavens must be given.

The Milky Way, or Galaxy.—To the naked eye so much of

the Galaxy as can be seen at one time presents the appearance

of a white, cloud-like arch, resting on two opposite points of

the horizon, and rising to a greater or less altitude, according

to the position of the celestial sphere relative to the observer.

Only half of the entire arch can be seen above the horiison at

once, the other half being below it, and directly opposite the

visible half. Indeed, there is a portion of it which can never

be seen in our latitude, being so near the south pole that it

is always below our horizon. If the earth were removed, or

made transparent, so tliat we could see the whole celestial

sphere at once, the Galaxy would appear as a complete belt

extending around it. The telescope shows that the Galaxy

arises from the light of countless stars, too minute to be sep-

arately visible with the naked eye. We find, then, that the

telescopic stars, instead of being divided up into a limited

number of constellations, are mostly condensed in the region
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of the Galaxy. They are least numerous in the regions most

distant from the galactic belt, and grow thicker as we ap-

proach it The more powerful the telescope, the more marked

the condensation is. With the naked eye, the condensation is

hardly noticeable, unless by actual count : a very small tele-

scope will show a decided thickening of the stars in and near

the Galaxy; while, if we employ the most powerful telescopes,

a large majority of the stars they show aro found to lie act-,

ually in the Galaxy. In other words, if we should blot out

all the stare visible with a twelve-inch telescope, we should

find that the greater part of the remaining stare wera in the

Galaxy. The structure of the universe which this fact seems

to indicate will be explained in a subsequent section.

Clusters.— Besides this gradual and regular condensation

towards the galactic belt, occasional condensations of stare

into olnstere may be seen. Indeed, some of these clustere are

visible to the naked eye, sometimes as separate stare, like the

Pleiades, but more commonly as milky patches of light, be-

cause the stare are too small to be seen separately. The num-

ber visible in powerful telescopes is, however, much greater.

Sometimes there are hundreds, or even thousands, of stare visi-

ble in the field of the telescope at once; and sometimes the

number is so great, and the individual stare so small, that they

cannot be counted even in the most powerful telescopes ever

made.

Nebula;.—Another class of objects which are found in the

celestial spaces are irregular masses of soft, cloudy light,

which are hence termed nebulsa. Many objects which look

like nebulee in small telescopes are found by more powerful

ones to be really star clustere. But, as we slfall hereafter

show, many of these objects are not composed of stare at all,

but of immense masses of gaseons matter.

§ 2. Description of the Principal Constellations.

For the benefit of the reader who wishes to make himself

acquainted with the constellations in detail, or to identify any

bright star or constellation which he may see, we present a
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brief deBonption of the principal objects which may be seen

in the heavens at different seasons, iUnstrated by five maps,

showing the stars to the fifth magnitude inolnsive. The
reader who doea not wish to enter into these details can pass

to the next section without any break of the continuity of

thought.

For the purpose of learning the constellations, the star-

maps will be a valuable auxiliary. It will be better to begin

with the northern, or circurapolar, constellations, because these

ara nearly always visible in our latitude. The first one to be

looked for is Ursa Major (the Great Bear, or the Dipper), from

which the polo star can always be found by means of tJie

pointers, as shown in Fig. 2, page 10. Supposing the observer

to look for it at nine o'clock in the evening, he will see it in

various positions, depending on the time of year, namely, in

April and May north of the senith.

July and Aaguit to the west of north, the pointen loweat.

October and November cIom to the north horiion.

January and Fe^bruaiy. to the eaat of north, the pointers highest.

These successive positions are in the same order with those

which the constellation occupies in consequence of its diurnal

motion around the pole. The pointers are in the body of the

bear, while the row of stars on the other end of the constella-

tion forms his tail.

Ursa Minor^ or the Little Dipper, is the constellation to

which the pole star belongs. It includes, besides the pole

star, another star of the second magnitude, which lies nearly

in the dii^ction of the tail of Ursa Major.

Caampeioy or the Lady in the Chair, is on the opposite side

of the pole from Ursa Major, at nearly the same distance.

The constellation can be readily recognized from its three or

four bright stars, disposed in a line broken into pieces lit right

angles to each other. In the aui^ent mythology, Cassiopeia is

the queen of Cepheus ; and in the constellation she is repre-

sented as seated in a large chair or throne, from which she is

issuing her edicts.

Perseus is quite a brilliant constellation, situated in the
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Milky Way, east* ot* Cassiopeia, and a little farther from the

pole. It may be recogiiJKed by a row of coiispitiuous stars

extending along the Milky Way, which passes directly through

this constellation.

Other circnn^polar constellations are Cephens, the Camelo-

pai'd, the Lynx, the Dragon (Draco), and the Lizard ; but they

do not contain any stars so bright as to attract especial atten-

tion. Tlie reader who wishes to learn them can easily find

them by comparing the star-maps with the heavens.

Owing to the annual motion of the snn among the stars, the

constellations which are more distant from the pole cannot be

seen at all times, but mnst be looked for at certain seasons^

nnless inconvenient honrs of the night be chosen. We shall'

describe the more remarkable constellations as they are seen

by an observer in middle north latitudes in four different

positions of the starry sphere. The sphere takes all four of

these positions every day, by its dinmal motion ; but some of

these positions will occur in the daytime, and others late at

night or early in the morning.

First Position, Orion on the Meridian.— The constellations

south of the zenith are those shown on Maps II. and III., the

former being west of the meridian, the latter east. This posi-

tion occurs on

December 2Ut at midnight.

January 21it at 10 o'clock p.ii.

Febrtury 20th at 8 o'clock p.m.

March 21s( at Oo'dock p.ii.

And so on through the year. In this position, Cassiopeia and

Ursa Major are near the same altitude, the former high up in

'--" — — '
'' --•— !- I I 11.11... I. .II.IIIWI,. _ ., -J^ •• I

——...-

* In the celestial sphere the points of the compass hare, of necessity, a mean-

ing which may seem diflbrent from that which we attribute to them on the earth.

North always means towards the north pole ; mmth, from it ; toett, in the direc-

tion of the dinmal motion ; «tul, in the opposite direction. In lig. 2, the arrows

all point west, and by examining the figure it will be seen that below the pde
north is upwards, and east is towards the west horiaon. Really, these definitions

hold equally true for the earth, the same difibrences being found between the

points of the compass at diflbrent places on the earth—here and in China, for in-

MMice—^that we see on the celestial sphere.

29
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the north-west, the latter in the nortli-east. The Milky Way

BpauB the heavens lilie an arch, resting on the horizon in the

north-north-west and south-south-east. We shall firs* describe

the constellations in its course.

Cygnua, the Swan, is sinking below the horizon, where the

Milky Way rests upon it in the north-north-west, and only a

few stars of it are visible. It will be better seen at another

season.

Next in order come Cepheus, Cassiopeia, and Perseus, which

we have already described as circuiupolar constellations.

Above Perseus lies Auriga, the Charioteer, which may be

readily recognized by a bright star of the first magnitude,

called Oipella, the Goat, now a few degrees north-west of the

zenith. Auriga is represented as holding a goat in his arm,

in the body of which tliis star is situated. About ten degrees

east of Capella is the star ji Aurigaa of the second magnitude

;

while still farther to the east is a group of small stars which

also belongs to the same constellation. The latter extends

some distance south of the zenith.

The Milky Way next passes between Taurus and Gemini,

which we will describe presently, and then crosses the equator

east of Orion, the most brilliant constellation in the heavens,

having two stare of the first m^nitude and four of the second.

The former are Betelguese, or a Ononis, which is highest up,

and may be recognized by its reddish color, and Rigel, or ^
Orionis, a sparkling white star, lower down, and a little to the

west. The former is in the shoulder of the figure, the latter

in the foot. Between the two, three stars of the second mag-

nitude, in a row, form the belt of the warrior.

Cam's Minor, the Little Dog, lies just across the Milky Way

from Orion, and may be recognized by the bright star Pro-

cyon, of the first magnitude, due east from Betelguese.

Cants Major, the Great Dog, lies south-east of Orion, and is

easily recognized by Siriu8,the brightest fixed star in the heav-

ens. A number of bright stars south and south-east of Sirius

belong to this constellation, making it one of great brilliancy.

As the Milky Way approaches the south horizon, it passes

tflu^M
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through Argo NaviB, the Ship Argo, which is partly below the
horizon. It contains CanopHs,the next brightest star to Sin-
us; but this object is below the horizon, unless the observer is
as far south as 86° of north latitude.
We can next trace such of the zodiacal constellations as ar«

high enough above the horizon. In the west, one-third of theway from the horizon to the zenith, will be seen Aries, theRam, which may be recognized by thi-ee stars of the second,
third, and fourth magnitudes, respectively, forming an obtuse-
angled triangle, the brightest star being the highest. The
arrangement of these stars, and of some othera of the fifth
magnitude, may be seen by Map II.

ra«re«, the Bull, is next al)ove Aries, and may be recog-
nized by the Pleiades, or "seven sta< as the group is com-
•non

ly called. Really there are only six stare in the group
clearly visible to ordinary eyes, and an eye which is good
enough to see seven will be likely to see four othew,or eleven
in all. A telescopic view of this group will be given in con-
nection with the subject of clustei-s of stars. Another group
in this constellation is the Hyades, the principal sta» of which
are arranged in the form of the letter V, one extremity of theV being fornied by Aldebaran, a red star ranked as of the
first magnitude, but not so bright as a Ononis.

Qemini, tJie Twins, lies east of the Milky Way, and mav befound on the left side of Map II. and the' rig/t' of M^HLThe brightest stars of this constellation are Castor and Pollux

east of the zemth, about one-fourth or one-third of the way
to Ae honzon They are almost due north from Procyon

;

that IS a line dmwn from Procyon to the pole star passes be-tween them. The constellation extends from Castor and Pol-
lux some distance south and west to the borders of Orion

Canc^ the Crab, lies east of Gemini, but contains no bright
star. The most noteworthy object within its boi-ders is Vr^.
sepe, a group of stars too small to be seen singly, which ap-
pears m a spot of milky light. To see it well, the night mmt
be perfectly clear, and the moon not in the neighborhood.

;
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Leo^ the Lir n, contains the bright star Regulus, about two

hours above the eastern horizon. Ttiis star, with five or six

smaller ones, forms a siukle, Regulus being the handle. The
sickle is represented as in the breast, neck, and head of the

lion, his tail extending nearly to the horizon, where it ends at

the star Denebola, now just risen.

Such are the principal constellations visible in the supposed

position of the celestial sphere. If the hour of observation is

different from that supposed, the x)sitions of the constellations

will be different by the amount of diunial rotation during the

interval. For instance, if, in the middle of March, we study

the heavens at eight o'clock instead of six, the western stars

will be nearer the horizon, the southern ones farther west, and

the eastern ones higher up than we have described them.

Second Position of the Ctleetial Sphere.— The meridian in

twelve hours of right ascension, near the left-hand <)dge of

Map III., and the right-hand edge of Map IV. The stars on

Map III. are west of the meridian, those of Map lY. east of it.

This position occurs on

March aist at midnight.

April 20th : at 10 o'clock.

May aiit. at 8 o'clock.

In this position Ursa Major is near the zenith, and Gassiopeia

in the north horizon. The Milky Way is too near the horizon

to be visible ; Orion has set in the west ; and there are no very

conspicuous constellations in the south. Castor and Pollux are

visible in the north-west, at a considerable altitude, and Pro-

oyon in the west, about an hour and a half above the horizon.

Leo is west of the meridian, extending nearly to it, while three

new zodiacal constellations have come into sight in the east.

Virgo, the Virgin, has a single bright star—Spica—about

the brilliancy of Begulus, now about one hour east of the me-

ridian, and a little more than half-way from the zenith to the

horizon.

lAbra, the Balance, has no stars which will attract attention.

The constellation may be reoognized by its position between

Virgo and Scorpiua.
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Smrpiua, the Scorpion, is just rising in the aoitth-east, and is

not yet high enough to be well seen.

Among tlie constellations north of the zodiac wo have

:

Coma Berenices, the Hair of Beranico, now exactly on the

meridian, and about ten degrees south of the zenith. It is a

close, irregular gronp of very small stare, quite dift'urunt from

anything else in the heavens. In the ancient mythology, Iter-

enice had vowed her hair to the goddess Yen .s; but Jupiter

carried it away from the temple in which it was deposited,

and made it into a constellation.

Bootvs, the Bear-keei)er, is a large constellation east of Coma.

It is marked by Arctnrus, a very bright but somewhat red

star, an hour and a half oast of Ooma Berenices.

Canea Venatici, the Hunting Dogs, are north of Coma. They
are held in a leash by Bootes, and are chasing Ursa Major

round the pole.

Corona Borealia, the Northern Crown, lies next east of Bootes

in the north-east It is principally composed of a pretty semi-

circle of stars, supposed to form a chaplet, or crown.

Third Position of the S^ihert.—The southern constellations

are those shown on Maps IV. and Y., those of Map lY. being

west of the meridian, and those of Map Y. east of it This

position occurs on

Jane2Ut at midnight.

July 2l8t at 10 o'cloek.

Angnst 2l8t at 8 o'clock.

etc etc.

In this position the Milky Way is once more in sight, and

seems to span the heavens, but we do not see the same part

of it which was visible in the firet position. Cassiopeia is

now in the north-east, and Urea Major has passed over to the

north-west Arotnrus is two or three hours high in the west,

and Corona is above it, two or three honre west of the zenith.

Oommenoing, as in the firet position, with the constellations

which lie along the Milky Way, we start upwards from Cas-

siopeia, pass Cephens and Laoerta, neither of which contains

any striking stare, and then reach
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C^gnutf the Swan, now north-east from tho zenith, wliiolt

may be 'recognized by four or five stars forming a cross, di>

rectly in the Milky Way. The brightest of these stars some-

what exceeds the brightest ones of Cassiopeia.

Lyra^ the Harp, is west and south-wesv of Cygnns, and near

the zenith. It contains the bright star Vega, ur a Lym, of

the first magnitude, of a brilliant white color with a tinge of

bine.

Passing south, over Vulpecuh, the Little Fox, and Sagitta^

the Arrow, the next striking constellation we roach is

Aquikiy the E)agle, now midway between the zenith and the

horizon, and two hours east of the meridian. It contains a

bright star— Altair, or a Aquilse— situated between two

smaller ones, the row of three stars running nearly north and

south.

We next pam west of the Milky Way, and direct our atten-

tion to a point two hours west of the meridian, and some dis-

tance towards the south horizoi). Here we find

Scorpius, the Scorpion, a zodiacal constellation and a quite

brilliant one, containing Antarcs^ or a Soorpii, a reddish star

of nearly the first magnitudt^^ with a smaller star on each side

of it, and a long curved row of stars to the west.

Sagittarius, the Archer, comprises a large collection of sec-

ond-magnitude stars east of Scorpins, and in and east of the

Milky Way, and now extending from the meridian to a point

two hours east of it.

Capru»mu8, the Goat, another zodiacal constellation, is now
in the south-east, but contains no striking stars. The same

remark applies to Aquariua, the Water-bearer, which has just

risen, and Pisces, the Fishes, partly below the eastern horizon.

Leaving the zodiac again, we find, north of Scoipius and

west of the Milky Way, a very lai^e pair of constellations,

called Ophituhus, the Serpent-bearer, and Serpens, the Serpent

OphinohuB stands with one foot on Scorpius, while his head is

marked by a star of the second magnitude twelve degrees

north of tlie equator, and now on the meridian. It is, there-

fore, one-third or one-fourth of the way from the zenith to the
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It(>i*i«)n. The Sor^mnt, which he liolda in his handH, lies with

its tail in an opening of the Milky Way, south- wont of Aqnila,

while its neck and head are formed hy a collection of stare of

the second, third, and fourth magnitudes some distance north

of Scorpius, and extending up to the Imrdcre of Routes.

Hercules is a very large constellation, lioinided by Corona

on the west, Lyra on the east, Ophiuchus on the south, and

Draco on the north. It is now in the zenith, hut contains no

striking stare.

/>)-aco, the Dragon, lies with his head just north of Ileroules,

while his body is marked by a long curved row of stare ex-

tending round the pole between the Oreat and the Little Ifear.

His head is readily recognized by a collection of stare of the

second and third magnitudes which might well suggest such

an object.

Fourth Position of the Sphere.—The sonthem constellations

are now found on Maps Y. and IL—those of Map Y. west of

the meridian, those of Map IL east of it The times are

:

Septembar 2l8t at midnight.

October 2Ut at 10 o'clock.

Novembflr 20tl) at 8 o'clock.

December 21iit at 6 o'clock.

In this position Cassiopeia is just north of the zenith, while

Ursa Major is glimmering in the north horizon. Following

the Milky Way from Cassiopeia towards the west, we shall

cross Cephens, Cygnus, Lyra, and Aquila, while towards the

east we pass Perseus and Auriga, all of which have been de-

scribed.

In the south, the principal constellation is Pegasus, the Fly-

ing Horse, distinguished by four stare of the second magni-

tude, which form a large square, each side of which is about

fourteen degrees.

Andromeda, her hands in chains, is readily found by a row

of three bright stara extending north-east from the north-east

comer of Pegasus in the direction of Perseus.

Oettis, the Whale, is a large constellation in the south, ex-

tending from the meridian to a point three houra east of it
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Its brightest stars are /3 Ceti, now near the meridian, at an al-

titude of 20°, which stands by itself, and a Ceti, about 20" be-

low Aries, which is now about 80° soutli-east from the zenith.

The reader who wishes to consult the constellations in

greater detail can readily do so by moans of the star-maps.

§ 3. New and Variable Stars.

The large majority of stars always appear to be of the same

brightness, though it is quite possible that, if the quantity of

light emitted by a star could be measured with entire preci-

sion, it would be found in all cases to vary slightly, from time

to time. There are, however, quite a number of stars in which

the variation is so decided that it has been detected by com-

paring their apparent brightness with tliat of other stars at dif-

ferent times. More than a hundred snch stars are now known

;

but in a lai^ majority of cases the variation is so slight that

only careful observation with a practised eye can perceive it.

There are, however, two starB in which it is so decided that

the most casual observer has only to look at the proper times,

in order to see it These are /3 Persei and o Ceti, or Algol

and Mira, to which we might add q Argus, a star of the south-

em hemisphere, which exhibits variations of a very striking

character.

Variations of Algol.— This star, marked ^ in the constel-

lation Perseus, niay be readily found on Maps I. and II., in

right ascension 8 hours and declination 40° 28'. When once

found, it is readily recognized by its position nearly in a line

between two smaller stars. The most favorable seasons for

seeing it in the eariy evening are the autumn, winter, and

spring. In autumn it will, After sunset, generally be low

down in the north-east ; in winter, high np in the north, not

far from the zenith ; and in spring., low down in the- north-

west Usnally it shines as a ^iint second-magnitude star : on

an accurate scale the magnitude is about 3|. But at interr

vals of a little less than three days, it fades out to the foarth

magnitude for a few honrs, and then resumes its nsnal splen-

dor once more. These changes were first noticed about two
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centnries ago, but it was not tfU 1782 that they were accu-

rately observed. The period is now known to be 2 days, 20

hours, 49 minutes—that is, 3 hours 11 minutes less than three

days. It takes about four hours and a half to fade away to

its least brilliancy, and four hours more are spent in recover-t

ing its light ; so that there are nine and a half hours during

each period in which its light is below the average. But near

tlie beginning and end of the variations, the change is very

slow, so that there are not more than five or six hours during

which the ordinary eye would see that the star was any smaller

than usnal.

The apparent regularity of this variation of light at first

suggested, as an explanation of its cause, that a large dark

planet was revolving round Algol, and passed over its face

at every revolution, thus cutting off a portion of its light

This theory accounts very well for the salient features of

the variation. But when the latter came to be studied more

closely and carefully, it was found that there were small irreg-

ularities in the variation which the theory would not well ac-

count for. The period of the variation was found to change a

little at different times, while the star does not loee and recover

its light in the same time as it would if the passage of a dark

body caused the changes.

Another remarkable variable star, but of an entiraly differ-

ent type, is o Ceti, or Mmi (the Wonderful). It may be found

on Hap II., in right ascension 2 hours 12 minutes, declination

3° 89' south. J>uring most of the time this star is entirely

invisible to the naked eye, bnt at intervals of about eleven

months it shines fonh with the brilliancy of a star of the sec-

ond or third magnitude. It is, on the average^ about forty

days from the time it first becomes visible until it attains its

greatest brightness, and it then requires about two months to

become invisible; so that it comes into sight more rapidly

tlian it fades away. It is expected to attain its greatest brill-

iancy in November, 1877 ; in October, 1878, and so on, about

a month «urlier each year; but the period is quite irregular,

ranging from ten to twelve months, so that the times of its

.1
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appearance cannot be predicted with ceiiAinty. Its maximum
brilliancy is also variable, being sometimes of the second mag-

nitude, and at others only of the third or fourth.

q Argua.—Perhaps the most extraordinary known variable

star in the heavens is i| Argus, of the southern hemisphere, of

which the position is, right ascension, 10 hours 40 minutes

;

declination, 59° 1' south. Being so far south of the equator,

it cannot be seen in our latitudes, and the discovery and ob-

servations of the variations of its light have been generally

made by astronomers who have visited the southern hemi-

sphere. In 1677, Halley, while at St. Helena, found it to be

of the fouith magnitude. In 1751, Lacaille found that it had

inor^^ased to the second magnitude. From 1828 to 1888 it

rangei\ between tlie first and second magnitudes. The first

careful observations of its variability were made by Sir John

Herschel while at the Gape of Good Hope. He says :
'' It

was on the 16th December, 1837, that, resuming the photo-

metrical comparisons, my astonishment was excited by the ap-

pearance of a new candidate for distinction among the very

brightest stars of the first magnitude in a part of the heav-

ens with which, being perfectly familiaf, I was certain that no

such brilliant object had before been seen. After a momen-
tary hesitation, the natural consequence of a phenomenon so

utterly unexpected, and referring to a map for its configura-

tion with other conspicuous stars in the neighborhood, I be-

came satisfied of its identity with my old acquaintance, q Ar-

gus. Its light, was, however, nearly tripled. While yet low,

it equalled Rigel, and, when it attained some altitude, was

decidedly greater."* Sir John states that it continued to in-

crease until January 2d, 1838, when it was nearly matched

with o Gentauri. It then faded a little till the close of his

observations in April following, but was still as bright as Al-

debaran. But in 1842 and 1848 it blazed up brighter than

ever, and in March of the latter year was second only to

Sinus. During the twenty-five years following, it slowly but

* " Aitronomieal ObwrvKdom at the Cap* of Good Hope," p. 88.
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steadily diminished : in 1 867 it was barely visible to the naked

eye, and the year following it vanished entirely frort the un-

assisted view, and has not yet begun to recover its brightness.

When we speak of this star as the most remarkable of the

well-known variables, we refer, not to the mere range of its

variations, but to its brilliancy when at its maximum. Sev-

eral cases of equally great variation are known ; but the stars

are not so bright, and therefore would not excite so much no-

tice. Thus, the star B Andromedee varies from the sixth to

the thirteenth magnitude in a pretty regular period of 405
days. When at its brightest, it is just visible to the naked
eye, while only a large telescope will show it when at its min-

imum. A number of others range through five or six orders

of magnitude, but o Geti is the only one of these which ever

becomes as bright as the second magnitude.

The fore^ing stars are the only ones the variations of

which would strike the ordinary observer. Among the hun-

dred remaining ones which astronomers have noticed, /3 Lyre
is remarkable for having two maxima and two minima of un-

equal brilliancy. If we take it when at its greatest minimum,
we find its magnitude to be 4}^. In the coui-se of three days,

it will rise to magnitude 3^. In the course of the week fol-

lowing, it will first fall to the fourth magnitude, and increase

again to magnitude 3|^. In three days more it will drop

again to its minimum of magnitude 4^ ; the period in which

it goes through all its changes being thirteen 1% : This pe-

riod is constantly increasing. The changes of 4 '^a star can

best be seen by comparing it with its neighbor, y T • e- fcome-

tiraes it will appear equally bright with tiie Isitter \v.<i at other

times a magnitude smaller.*

* In 187S, Professor Schonfeld, now director of tlio o^- vu;ory «t Bonn, |> i^ •

Ibhed complete catalogne of known variable start, tliL r<\^\ number being 148.

The following are the more remarkable onea of his li t. The poaitions are rr-

feired to the ecliptic and equinox of 1876

:

T CasriopeisB: right ascension, honrw 16 minntes 20 seconds; deelinntion, SS°

A'.O N.—^This is a ease In which a star, having once bf«n obaerred, wa> after-

wards found to be missing. Examination showed that it !wd so for ilimin^nhed

as to be no longer visible Without a larger telescope, and coaiinued obaarvatioiia
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New Stars.—It was once supposed to be no ancommon oconr-

renoe for new stan to come into existence and old ones to dis-

appear, the former being looked npon as new creations, and

the disappearances as due to the destruction or annihilation

of those stars which had fulfilled their end in the economy of

nature. The supposed disappearances of stars are, however,

found to havs no certain foundation in fact, probably owing

their origin to errors in recording the position of stars actu-

ally existing. It was explained, in treating of Practical As-

tronomy, that the astronomer determines the position of a

body in the celestial vault by observing the dock-time at which

it passes the meridian, and the position of the circle of his in-

ibowed it to range from the seventh to the eleventh magnitude with a regular

period of 480 days.

B CawiopeiiB : right asoeniion, hours 17 minute* 62 Mconds ; declimition,

68° 27'.0 N.—This is suppoeed to be the celebrated sttr which blaaed out in

November, 1672, and was so fully described by Tycho Brahe. But the proof of

idiMitiiy can hardly be considered conclusive, especially as no variatiou has, of re-

cent yean, been noticed in the star.

o Geti: right ascension, 3 hours 13 minutes 1 second; declination, S' 82'.

7

8.—We have already described the variations of this star.

/3 Persei, or Algol: right ascension, 8 honrs miniitea 2 setinds; declina-

tion, 40° 28'.4 N.—^The variations of this star, which is the most regnUr one

known, have just been described.

B AnrigsB: right ascension, 6 hours 7 minutes 12 seconds; declination, 68°

26'.6 N.—This star is one of very wide and complex variation, changing from the

sixth to the thirteenth magnitude in a period of about 466 days.

R Geminomm i right ascension, 6 boors 60 minutes 49 seconds ; declination,

82° 88'.8 N.—This star wa*' 'lisooveMd by Mr. Hind, of England, and ranges be-

tween the seventh and the twelfth magnitude in a period of 871 days.

U Geminomm : right ascension, 7 honrs 47 minntes 41 secont'.s ; declination,

22° 19'.7 N.—An irregular variable, never visible to the naked eye, remarkable

for the rapidity with which it sometimes changes. SchdnMd says that in Feb-

nary, 1869, it increased three entire magniir.ies in 24 hours. The periods of iu

greatest brightness have ranged from 7r '-> Bl J days.

n Argns! right aseension, 10 honra Ui minutea 18 sooonds; declination, 69°

1'.6 S.—This remarkable object has already been described.

B Hydrst : right ascension, 18 hours 22 minutes 68 seconds ; declination, 22°

SS'.O 8.—The variabilis of this star was recognised by Maraldi, in 1704. It is

gMierally invisible to the nahed eye, hut rises to about the fifth magnitude at

intervals of about 487 days. Its period seems to be diminishikj, having been

about 600 days whan Arst diseoverad.
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Btrnment when his telescope is pointed at the object. If he

happens to make a mistake in writing down any of these

numbers—if, for example, he gets his clock-time one minute

or five minutes wrong, or puts down a wrong number of de-

grees for the position of his circle—he will write down the

position of the star where none really exists! Then, some sub-

sequent astronomer, looking in this place and seeing no star,

may think the star has disappeared, when, in reality, there was.

never any star there. Where thousands of numbers have to be

written down, such mistakes will sometimes occur; and it is to

them that some cases of supposed disappearance of stars are to

be attributed. There have, however, been several cases of ap-

parently new stars coming suddenly into view, of which we
shall describe some of the most remarkable.

T Corona: right -ascenBion, 16 hours 64 minntes 16 seconds; declination, 26"

16'.6 N.—This is the "new star" which bksed out in the Northern Crown in

1866, as hereafter described. Of late years it has remained between the ninth

and tenth magnitudes without exhibiting any remarkable variations.

T Scorpii: right ascension, 16 hoars 9 minutes 86 secondj; declination, 28°

40'.0 8.—^This star was discovered by Anwers, in 1860, in the midst of a well-

known cluster. It gradually diminisl. d during the following months, and finally

disappeared entirely among the stars by which it is snmoanded.

— Serpenlarii : right ascension, 17 hours 28 minntes 9 seconds ; declination,

81° 22'.4 8.—-This is supposed to be the celebrated "new star" seen and de-

scribed by Kepler in 1604, soon to be described.

X Cygni : right ascension, 19 hours 45 minntes 46 seconds; declination, 88° 86'.0

N.—^This star becomes visible to the naked eye at intervab of about 406 days, and

then sinks to the twelfth or thirteenth magnitude, so that only huge takseopes will

show it. lu greatest bii(,litness ranges from the fourth to the sixth magnitude

n AquilsB : right nnoeiision, 19 hours 46 miniitpf 6 secords ; declination, 0^

41'.8 N.—This star varies from magnitude ^ tu 4j|, and is therefore one of

dHMe whi'h cun readily be observed with the uaked aye. Its period is 7 days 4

hours 1 i Minutes 4 seconds.

P Cygni : right ascension, 80 hours 18 minntes 1 1 seconds ; declination, 87°

88'.7 N.—^Tbis was supposed to be a new star in 1600, when it was iirsf seen

by Janson. During the remainder of the century it varied from the third to the

sixth magnitude ; but during two centuries wnieh have since ebpsed no flkrther

Tariations have been noticed, 'he star being consmndy of the flnh magnitude.

I* Cephei : right ascension, 81 hours 89 minutes 41 seconds ; declination, 68°

18".4 N. —One of the reddest stars visible to the naked eye in the northern hemi-

sphere. Its magnitude is found to vaiy from the fourth to the flfUi in a very lr<

regular manner.
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In 1572 an apparently new star sliowed itself in Cassiopeia.

It was first seen by Tycho Brahe on November lltb, when

it had attained the first magnitude. It increased rapidly in

brilliancy, soon becoming equal to Venns, so that good eyes

could discern it in full daylight. In December it began to

grow smaller, and continued gradually to fade away until the

following May, when it disappeared entirely. This was forty

years before the invention of the telescope. Tycho has left us

an extended treatise on this most ramarkable star.

In 1604 a similar phenomenon was seen in the constella-

tion Ophiuchus. The si&r was first noticed in October of that

year, when it had attained the firet magnitude. In the follow-

ing winter it began to wane, but remained visible during the

whole year 1605. Early in 1606 it f«<ied away entirely, hav-

ing been visible for more than a year. A very full history of

this star has been left to ns by Kepler.

The most striking recent case of this kind %ra8 in May,

1866, when a star of the rocond magnitudo suddenly appeared

in Corona Borealis. On the 11th and I'Jth of that month it

was remarked indepernlently by at least five observers in Eu-

rope and America, one of the first being Mr. Farqnhar, of the

United States Patent-office. Whether it really blazed out as

suddenly as this would indicate has not been definitively set-

tled. If, as would seem most probable, it was several days

attaining its greatest brilliancy, then the only person known

to have seen it was Mr. Benjamin Hallowell, a well-known

teacher near Washington, whose testimony is of such a nature

that it ia hard to doubt that the star was visible several days

before it was generally known. On the oUier hand, Schmidt,

of Athens, asserts in the most positive manner that the star

was not there on May 10th, because he was then scanning

that pai-t of tho heavens, and wonld certainly have noticed it

However the fact may have been in this particular ease, it is

noteworthy 'h'-t nc3 -j of the new staro we have described were

noticed nntii they had nearly or quite attained their greatest

brilliancy, c fsct which gives color to the view that they havie

all blazed up with great mpidity.
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In [November, 1876, a new star of the third magnitude was

noticed by Schmidt, of Athens, in the constellation Cygnns.

It soon began to fade away, and disappeared from the unaided

vision in a few weeks. The position of the constellation Cyg-

nns becomes so unfavorable for observation in November that

very few people got a sight of this object.

The view that these bodies may be new creations, designed

to rank permanently among their fellowHstars, is completely

refuted by their transient character, if by notiiing else. Their

apparently ephemeral existence is in striking contrast to the

permanency of the stars in general, which endare from age to

age without any change whatever. They are now classified

by astronomers among the variable stars, their changes being

of a very irregular and fitful character. There is no serious

doubt that they were all in the heavens as very small stars

before they blazed forth in this extraordinary manner, and

that they are in the same place yet. The position of the star

of 1572 was carefully determined by Tycho Brahe; and a

small telescopic star now exists within 1' of the place com-

puted from his observations, and is probably the same. The
star of 1866 was found to have been recorded as one of tlie

ninth magnitude in Ai^lander's great catalogue of the stars

of the northern hemisphere, completed several years before.

After blazing up in the way we havo described, it gradually

faded away to its fonner insignificance, and has shown no

further signs of breaking foilh again. There is a wide differ-

ence between these irregular variations, or breaking-forth of

light, on a single occasion in the course of centuries, and the

regular changes of Algol and /3 LyrsQ. But the careful obser-

vations of the industrious astronomers who have devoted them-

selves to this subject have resulted in the discovery of stars

of nearly every degree of irregularity bet«veen these extremes.

Some of them change gradually from one magnitude to another,

in tlie coui'se of years, without seeming to fullov any law what-

ever, while in others some tendency to regularity can be faintly

traced. The best connecting link between new and variable stant

is, perhaps, afforded by q Argus, which we have just described.
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It is probable that the variations of light of which we have

spoken are the result of operations going on in the star itself,

which, it innst be remembered, is a body of the same order of

magnitude and brilliancy with our sun, and that these opera-

tions are analogous to those which produce the solar spots. It

was shown in the chapter on the sun that the frequency of

solar spots shows a period of eleven years, during one portion

of which there are frequently no spots at all to be seen, while

during another portion they are very numerous. Hence, if

an observer so far away in the stellar places as to see our sun

like a star, could, from time to time, make exact measures of

the amount of light it emitted, he would find it to be a vari-

able star, with a period of eleven years, the amount of light

being least when we see most spots, and greatest when there

are few spots. The variation would, indeed, be so slight that

we could not perceive it with any photometric means which

we possess, but it would exist nevertheless. Now, the general

analogies of the universe, as well as the testimony of the spec-

troscope, lead us to believe that the physical constitution of

the sun and the stars is of the same general nature. We may
therefore expect that, as we see spots on the sun which vary

in form, size, and number from day to day, so, if we could

take a snfiicientiy close view of the faces of the stars, we
shor.id, at least in some of them, see similar spots. It is also

likely that, owing to the varying physical constitution of these

bodies, the number and extent of the spots might be found to

be very different in different stars. In the oases in which the

spots covered the larger portion of the snrnoe, their variations

in number and extent would alone cause the star to vary in

light, from time to time. Finally, we have only to suppose

the same kind of regularity which we see in the eleven-year

cycle of the solar spots, to have a variation in the brightness

of a star going through,a regalar cycle, as in the case of^Igol

and Mint Ceti.

The occasional outbursts of stars which we have described,

in which their light is rapidly increased a hundred-fold, would

seem not to be accounted for ou the spot theory, without car-
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rying this theory to an extreme. It would, in fact, if not

modified, imply that ninety-nine parts of the surface out of a

hundred were ordinarily covered with spots, and that on rara

occasions those spots all disap^warad. But tlie spectroscopic

observations of tlie star of 1866 showed an analogy of a little

diiferent character with operations going on in our sun. Mr.

Huggins fonnd the 8)icctrum of this star to be a continnoud

one, crossed by bright lines, the position of wliich indicated

that they proceeded partly or wholly from glowing hydrogen.

The continuons spectrum was also crossed by dark absorption

lines, indicating that the light had passed through an atmos-

phere of comparatively cool gas. Mr. Hnggins's interpreta-

tion of this is that there was a sudden and extraordinary out-

burst of hydrogen gas from the star which, by its own light,

as well as by heating up the whole surface of tlie star, caused

the immense accession of brilliancy. Now, wo have shown
tliat the red flames seen around the sun during a total eclipse

are caused by eruptions of hydrt^n from his interior ; moi-e>

over, these eruptions are generally connected with faculee, ov

portions of the sun's disk several times more brilliant than the

rest of the photosphere. Hence, it is not unlikely that the

blazing-forth of this star arose from an action similar to that

which produces the solar flames, only on an immensely larger

scale. '

We have thns in the spots, foculs, and protnberances of

the sun a few suggestions as to what is probably going on in

those stare which exhibit the extraordinary changes of light

which we have described. Is tliere any possibility that our

sun may be subject to such outbursts of light and heat ae,

those we have described in the cases of apparently new and
temporary stare f We may almost say that the continued ex-

i«tence of the human race is involved in this question ; for if

the heat of the snn should, even for a few days only, be in-

creased a hundred-fold, tlie higher ordere of animal and veg-

etable life would be destrayed. We can only reply to it that

the general analogies of nature lead ns to believe that we
need not feel any apprehension of such a catastrophe. Not
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the sliglitest certain variation of the solar lieat has been de>

tevted since the invention of the thennometev. \nti the gen-

eral uonstauoy of the light emitted by ninety-uino tars out of

every hundred may inspire ns with entire confidence that no

Bndden and destructive variation need be feai-ed in the case

of our sun.

% 4. DouMe Stars.

Telescopic examination shows that many stars which seem

single to the naked eye are really donble, or composed of a

pair of stars lying side by side. There are in the heavens

several pairs of stars the components of whicli are so close

together that, to the naked eye, they seem almost to toucli

each other. One of the easiest and most lieantifnl of these

is in Taurus, quite near Aldebaran. Here the two stars 0'

Tauri and V Tauri are each of the fourth magnitude. An-

other snch pair is a Capriconii, in which the two pairs are un-

equal. Here an ordinary eye has to look pretty carefully to

see the smaller star. Tet another pair is < Lyre, the com-

ponents of which are so close that only a good eye can dis-

tinguish tliem. These pairs, however, are not considered as

double stars in astronomy, because, alth<ingh to the naked eye

t!:c/ seem so close, yet, when viewed in a telescope of high

power, they are so wide apart that they cannot be seen at the

same time. The telescopic double stars are formed of com-

ponents only a few seconds apart ; indeed, in many cases, only

a fraction of a second. The large majority of those which

are catalogued as doubles range from half a second to. fifteen

seconds in distance. When titey exceed the latter limit, they

are no longer objects of special interest, because they may
lie really withont any connection, and appear together only

because they lie in nearly the same straight line from our

system.

The most obvious qnestion which suggests itself here is.

whether in any case there is any real connection between the

two stars of the pair, or whether they do not appear close to-

gether, simply because they chance to lie on nearly the same
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straight line from the earth. That some stars do appear dou-

ble in this way there is no doubt, and such pairs are called

'^optically dooble." But notwithstanding the immense num-

ber of visible stars, the chance of noany pairs falling witliin

a few seconds of each otlier is quite sm, 11 ; and the number

of close double stars is so great as to preclude all possibility

tliat they appear together only by chance. If any further

proof was wanted that the stars of these pairs are i-eally phys-

ically connected, and therefore close together in ivality as well

•8 in appearance, it is found in the fact hat many of tliem

constitute systems in which one revulvus 1 the other, or,

to speak more e^^aotly, in which each rex round the cen-

tre of gravity of the pair. Such pairs aru called binary sya-

temsy to distinguish them from those in which no such revolu-

tion has been observed. The revolution of these binary sys-

tems is generally very slow, raqniring many centuries for its

accomplishment ; and the slower the motion, the longer it

will take to perceive and determine it Generally it has been

detected by astronomers of one generation comparing their

observations with those of tlieir predecessors; for instance,

when the elder Struve compared his observations with those

of Hersohel, and when Dawes or the yonnger Struve compai-ed

with the elder Struve, a great number of pairs were foi|nd to

be binary. As every observer is constantly detecting new
cases of motion, the number of binary systems known to as-

tronomers is constantly increasing.

A brief account of tlie manner in which these objects ara

measured may not be out of place. For the purpose in qnes-

tion, the eye-piece of the telescope must be provided with a
" filar micrometer," the important part of which eonsisits of a

pair of parallel spider-lines, one of which can be moved side-

ways by a very fine screw, and can thus be made to pass back

and forth over the other. Tiie exact distance apart of the

lines can be determined from the position of the screw. The
whole micrometer turns round on an axis parallel to the tel-

escope, the centre of which is in the centre of the field of

view. To get the direction of one star from the other, the ob-
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server tnms the micrometer round until tlio spiderlines are

jNtrallel to the line joining the two stara, as shown in Fig. 98,

and he then reads the position circle. Knowing what the

position circle reads when he turns the wires so that the star

shall run along them by its dinmal motion, the difference of

the two angles shows the angle whith the line joining the

two stai*s makes with the celestial parallel. To obtain the

distance apart of the stars, the observer turns the micrometer
00° from the position in Fig. 98, and then turns the screw and

moves the telescope, until each star is bisected by one of the

wires, as shown in Fig. 99. The position of the wires is then

interchanged, and the measure is repeated. The mode in

V

p

Fi«.«6. Fm.Nl FM.ioe.

which the d*V ^ on of one star from another is reckoned is

this: Imagi iine, 8N^ in Fig. 100, drawn due north from

the brighter biar, and another, SP, drawn through the smaller

star. Then the angle NSP which these two lines make witli

each other, counted from north towards east, is the position

angle of the stars, the changes in which show the revolution

of one star around the other.

In a few oi the binary systems the period is so short that

a complete revolution, or more, of the two stars round each

other has been observed. As a general rule, the pairs which

have the most rapid motion are very close, and therefore of

comparatively recent discovery, and difficult to observe. One

or two are suspected to have a period of less than thirty years,

but they are very hard to measure.

Binary Systems of Short Period.—T\\e following table shows
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the periods of revolation in the case of those stars which have

been observed through a complete revolution, or of which the

periods liave been well determined

:

42 Com« 26 year*.

IHerenlis 3S "

8triive,SI21 40 "

V Coronas 40 "

Siriii* 60 "

( Cuiicri 68 "

E Una Majorii 63 yean.

i|Coroii«B BoreslU 67 "

aCentaari 77 "
^Uphiuchi 92 "

XOphiuchi 96 "
?8coipii 98 "

Two or three others arc suspected to move very rapidly, but

they are so very close and difficult that it is only on favora-

ble occasions that they can be seen to be double. One of

the most remarkable stars in this list is Sirius, the period of

which is calculated, not from the observations of the satel*

lite, but from the motion of Sirius itself. It has long been

known that the proper motion of this star is subject to cer-

tain periodic variations ; and, on investigating these varia-

tions, it was found by Peters and Auwers that tbey could be

completely represented by snpiMsing that a satellite was re-

volving around the planet in a certain orbit Tlie elements

of this orbit were all determined except the distance of the

satellite, which did not admit of determination. Its direction

could, however, be computed from time to time almost as ac-

curately as if it were actually seen with the telescope. But,

before the time of which we speak, no one had ever seen it.

Indeed, although many observers must have examined Sirius

from time to time with good telescopes, it is not likely that

they made a careful search in the predicted direction.

Such was the state of the question until February, 1863,

when Messrs. Alvan Clark & Sons, of Gambridgoport, were

completing their eighteen-inch glass for the Chicago Observa-

titry. Turning the glass one evening on Sinus, for the pur-

pose of trying it, the practised eye of the younger Clark soon

detected something unusual. ** Why, father,*' he exclaimed,

** the star has a companion !" The father looked, and there

was a faint companion due east from the bright star, and dis-

tant about 10". This was exactly the predicted direction for
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that time, though the discoverers knew nothing of it. As the

news went round the world, all the great telescopes were

pointed on Sirius, and it was now found that when observers

knew where the companion was, many telescopes would show

it. It lay in the exact direction which theory had predicted

for that time, and it was now observed with the greatest inter-

est, in order to see whether it was moving in the direction of the

theoretical satellite. Fonr years' observation showed that this

was really the case, so that hardly any donbt conld remain that

this almost invisible object was really the body which, by its at-

traction and revolution around Sirius, had caused the inequal-

ity in its motion. At the same time, the correspondence has

not since proved exact, the observed companion having moved
about half a d^ree per an:Dnm more rapidly than the theo-

retical one. This difference, though larger than was expected,

is probably due to the inevitable errors of the very delicate

and difficult observations from which the movements of the

theoretical companion were computed.

The visibility of this very interesting and difficult object

depends almost as much on the altitude of Sirius and the state

of the atmosphere as on the power of the telescope. When
the images of the stars are very bad, it cannot be seen even

in the great Washington telescope, while there are oases of its

being seen under extraordinarily favorable conditions with tel-

escopes of six inches aperture or less. These favorable condi-

tions «re indicated to the naked eye by the absence of twinkling.

A case of the same kind, except that the disturbing satellite

has not been seen, is found in Prooyon. Beasel long ago sua-

peoted that the position of this star was olianged by some at-

tracting body in its neighborhood, but he did not reach a defi-

nite conclusion on the subject Anwers, having made a oare*

ful investigation of all the observations since the time of Brad-

ley, found that the star moved around an invisible centre \"

distant, which was probably the centre of gravity of the star

and an invisible satellite. This satellite has been carefully

searched for with great telescopes during the last few years,

but without suooesB.
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Triple and Multiple Stars.— Besides double stars, groups

of three or more stars are frequently found. Such objects

are known as triple, quadruple, etc. They commonly occur

through one of the stars of a wide pair being itself a close

double star, and very often the duplicity of the component

has not been discovered till long after it was known to form

one star of a pair. For instance, ft Herculis was recognized

as a double star by Sir W. Herschel, the companion star being

about 80'' distant, and much smaller than /» itself. In 1856,

Mr. Alvan Clark, trying one of his glasses u{)on it, found that

the small companion was itself double, being composed of two

nearly equal stars, about 1" apart. This close pair proves to

be a binary system of short period, more than half a revolu-

tion of tlie two stars around each other having been made
since 1856. Another case of the same kind is y Andromedse,

which was found by Herschel to have a companion about 10"

distant, while Struve found this companion to bo itself double.

Many double and mnltiple stars are interesting objects for

telescopic examination. We give in the Appendix a list of

the more intereating or remarkable of them.

§ 5. Clusters cf Stars.

A very little observation with tlie telescope will show that

while the brighter stars are scattered nearly equally over the

whole celestial vault, this is not the case with the smaller ones.

A number of stars which it is not possible to estimate are

found to be a^^regated into clusters, in which the separate

stars are so small and so numerous that, with insuflicient tele-

scopic power, they present the ap^iearance of a mass of cloudy

light. We find clusters of every degree of aggregation. At
one extreme we may place the Pleiades, or "seven stars"

which form so well-known an object in our winter sky, in

which, however, only six of the staiv are plainly visible to the

naked eve. There is an old myth that this group originally

consisted of seven stars, one of which disapj^ieared from the

heavens, leaving but six. But a very good eye can even now

see eleven when the air is clear, and the telescope shows from
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fiffy to a ImiiditHl more, according to its power. "We present a

view of this group us it appeal's tlirongh a small teleacoi^e.

No absolute dividing-line can be drawn between such wide-

ly extended groups as the Pleiades and the densest clusters.

Via. 101.—TVlMcople tI«w ofthe PIHadM, •fttr Bngahmmn. The itz larger »tar« nre tho»e

eiwlly leen by ordinnrjr eyee withoat • teleeeope, while the tarn next In ilee, haTing
Umt niyt each, can be seen by very good eyee. Aboet an inrh h-om the upper rfgb^
hand eomer la a p«lr ofemail atara which a very keen eye can ice aa a *ingle atar.

The duster Preesejie, in the constellation Cancer (Map III.,

right ascension, 8 honre 20 minutes ; declination, 20" 10' N.X
is plainly visible to the naked eye on a clear, moonless night,

•8 a nebnlona mass of light. Examined with u small tele*
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scope, it is foniid to consist of a gronp of stars, ranging from

the seventh or eighth magnitude upwards. For examination

with a small telescope, one of the most beautiful groups is in

the constellation Pei-sens (Map I., right ascension, 2 houi-s 10

minutes ; declination, 57° N.). It is seen to the best advantage

with a low magnifying power, between twenty-five and fifty

times, and may easily be recognized by the naked eye as a

little patch of light.

The heavens afford no objects of more interest to the con-

templative mind than some of these clusters. Many of them

are so distant that the most powei-fnl telescopes ever made

show them only as a patch of star-dust, or a mass of light so

faint that the sepaiate stars cannot be distinguished. Their

distance from us is such that they are beyond, not only all

our means of measurement, but all our powers of estimation.

Minute as they appear, tliere is nothing that we know of to

prevent our supposing each of them to be the centre of a

gronp of planets as extensive as our own, and each planet to

be as full of inhabitants as this one. We may thus think of

them as little colonies on the outskirts of creation itself, and

as we see all the suns which give them light condensed into

one little speck, we might be led to think of the inhabitants

of the various systems as holding intercoui-se with each other.

Yet, were we transported to one of these distant clusters, and

stationed on a planet circling one of the suns which compose

it, instead of finding the neighboring suns in close proximity,

we should only see a firmament of stars around us, such as we

see from the earth. Probably it would be a brighter firma-

ment, in which so many stars would glow with more than the

splendor of Sirins, as to make the night far brighter than

ours; but the inhabitants of the neighboring worlds would as

completely elude telescopic vision as the inhabitants of Mars

do here. Consequently, to the inhabitants of every planet in

the cluster, the question of the plumlity of worlds might be

as insolvable as it is to us.

To give the reader an idea what the more distant of these

star clusters looks like, we present two views from Sir John

'- ,,V^4'"!,;;
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lierscliers observationa at the Capo of Good Hope. Fig. 102

ghows tlie cluster iiuinbere<l 2322 in Herachel's catalogue, and

known as 47 Toucani. That astronomer describes it as ^'

a

most glorious globular cluster, the stars of the fourteenth mag-
nitude immensely numerous. It is compressed to a blaze of

light at the centre, the diameter of the more compressed part

being 30" in right ascension." Fig. 103 is No. 3504 of Her-

schel :
" The noble globular cluster w Centauri, beyond all

comparison the richest and largest object of the kind in the

heavens. The stars ai-e literally innumerable, and as their

Vm.101—Clmtor4TlV>a;;»>i, BtithtaMni-

•loD, honn IB minatM ; dkdlBMlon,
Tr4B'&

ViclOt.—CluteraOotlanrl. RlehtMeMi-
•ion, IS boon ao minatM > daellnatloD,

4rM'&

total light when received by the naked eye affects it hardly

more than a star of the fifth or fourth to fifth magnitude, the

minutenesB of each star may be imagined."

§ 6. NAtdce.

Nebnin appear to ns as manes of soft diffused light, of

greater or less extent Generally these masses ^re very ir-

regular in ontline, but a few of them are round and well-

defined. These are termed planetary nAulat. It may some-

times be impossible to distinguish between star clusters and

nebnIsB, because when the power of the telescope is so low

that the separate stars of a cluster cannot be distingnished,

they will present the appearance of a nelmla. To the naked

eye the cluster Fraesepe, described in the last chapter, looks
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Exactly like a nebula, though a very small telescope will re-

solve it into stars. The early observers with telescopes do-

scribed many objects as nebulse which the more powerful in-

struments of Herschel showed to be clusters of stars. Thus

arose the two classes of resolvable and irresolvable nebulte,

the first comprising such as could be resolved into stars, and

the second such as could not. It is evident, from what we
have just said, that tliis distinction would depend partly on

the telescope, since a nebula which was irresolvable in one

telescope might be resolvable in another telescope of greater

power. This suggests the question whether all nebulas may
not really be clusters of stars, those which are irresolvable ap-

ipearing so merely because their distance is so great that the

separate stars which compose them cannot be distingnished

with our most powerful telescopea. If this were so, tliero

wonld be no such thing as a real nebnla, and everything

which appears as such should be olassified as a star cluster.

The speetrowope, as we shall presently show, has settled this

question, by riiowing that many of these objects are immense
masses of glowing gas, and therefore cannot be stars.

CkaaifUxction and Forms of NebuloB.—The one object of this

class which, more than all others, has ooonpied the attention

of astronomers and excited the wonder of obser%'ers, is the

great nebnla of Orion. It surrounds the middle of the three

stars whieh form the sword of Orion. Its position may be

fonnd on Maps II. and III., in right ascension 5 honrs 38

minutes, declination 6° S. A good eye will p:>rceive that

this star, instead of looking like a bright point '^> the other

stars do, has an ill-defined, hazy appearance, due o the sur-

rounding nebulsB. This object was first described by Hny-
ghens in 1659, as follows

:

" There is one phenomenon among the fixed stars worthy

of mention which, so far as I know, has hitherto been noticed

by no one, and indeed cannot be well observed except with

lai^ telescopes. In the sword of Orion are three stars quite

close together. In 1656, as I chanced to be viewing the mid-

dle one of these with the telescope, instead of a single star^
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twelve showed tliemMlvcs (a not uncommoii cironmstance).

Tiiree of these uhnust touched each other, and, with four oth-

era, shone through a nebula, so that the space aronnd them

seemed far brighter than the rest of the heavens, which was

entirel)' clear, and appeared quite black, the effect being that

of an opening in the sky, through which a brighter region

was visible."*

Fm. 104.—The great nebula of Orion, aa drawn by TroBTelot with tbe twenty-alx-iiieh

Waahlngton teleaeopa.

Since that time it has been studied widi large telescopes

by a great number of observera, including Messier, the two

* Syttema Satwmium, p. 8. The last remark of HuyKhena seemt to have pro-

duced the impregaion that he or name of the enrlr olxiervers conMidered the nebulie

to be real opening? in the flrmament, throngh which they got glimpaea of the

glory of the empyrean. Bnt it may be doubted whether the old ideas of the firma-

ment and the empyrean were entertained by any astronomer afker the invention

of the telescope, and there i« nothing in the remark of Hnyghens to indicate that

•be thought the opening really exiateil. Hit words are rather obseur*. •



[jircumstance).

ivith four oth-

around them

ns, which was

Bct being that

righttir region

b the twenty-«tx-taieh

lai^ telescopes

lessier, the two

8 geemt to have pro-

onMidered the nebuitt

got |{limp«ea of the

lid ideas of the firma-

ir afker the invention

[hen« to indicate that

robwura. -

NEBVLM. 459

Ilerachels, Rosse, Stnive, and the Bonds. The representation

whioli we give in Fig. 104 is from a drawing made by Mr.

Trouvelot with the great Wasliington telescope. In brilliancy

and variety of detail it exceeds any other nehnla visible in

the northern hemisphere. The central point uf interest is oc-

cupied by fonr comparatively bright stars, easily distingnished

by a small telescope with a magnifying power of 40 or 50,

combined with two small ones, requiring a nine-inch telescope

to bo well seen. The whole of these form a sextuple group,

included in a space a few seconds square, which alone would

be an interesting and remarkable object. Besides these, the

nebula is dotted with «o many stars that they would almost

constitute a cluster by tliemselves.

In the winter of 1864-'65, the spectmm of this object was

examined independently by 8ecchi and Huggins, who found

that it consisted of. tliree bright lines, and henoe concluded

that the nebula was composed, not of stars, but of glowing

gas. The position of one of the lines was near that of a line

of nitrogen, while another seemed to coincide with a hydrogen

line. There is, therefore, a certain probability that this object

is a mixture of hydrogen and nitrogen gas, though this is a

point on which it is impossible to speak with certainty.

Another brilliant nebula visible to the naked eye is the

great one of Andromeda (Maps II. and V., right ascension,

honre 35 minutes ; declination, 40° N.). The observer can

see at a glance with the naked eye that this is not a star, but

a mass of diffused light. Indeed, nntraincd observers have

sometimes very naturally mistaken it for a comet.* It was

tirst described by Marius, in 1614, who compared its light to

that of a candle shining through horn. This gives a very

good idea of the singular impression it produces, which is that

of an object not self-luminous, but translucent, and illuminated

by a very brilliant light behind it. With a small telescope, it

* A ihip-captnin who had cnwwd the Atlantic once viitited the Cambridge Ol>-

senratory, to tell Profeuor Bond that he had «een a small comet, which i-emnine«I

in sight during his entire voyage. The object proved to be the nebniu uf An-

dromeda.

mmmmmmsM
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it OMy to imagine it to be a solid like horn ; but with a large

one, the effect is much more that of a great mass of matter,

like fog or mist, which scatters and reflects tlie light of a brill-

iant body in its midst That this impression can be correct,

it would be hacardoos to assert ; but the result of a spectrum

Fio. IMk—TiM unnlar Mbnt* In lom. Drawn by PiokMor B. & Holdra.

analysis of the light of the nebnla certainly seems to favor it

Unlike most of the nebnlee, its spectrum is a continnous one,

similar to tho' ordinary spectra from heated bodies, thus indi-

cating that the light emanates, not intra a glowing gas, but

from matter in the solid or liquid state. This would suggest
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the idea that the object is mflly an immense star-ohwter, so

distant that the most powerful telescopes cannot resolve it.

Though wo cannot positively deny the possibility of this, )«t

in the most powerful telescopes the ligiit fades away so softly

and gradually that no such thing as a resolution into stars

seems possible. Indeed, it looks less resolvable and more like

a gas in the largest telosco|)es thai: in those of moderate sise.

If it is really a gas, and if the spectrum is continuous through-

out the whole extent of the nebula, it would indicate either

that it shone by reflected light, or that the gas was subjected

to a great pressure almost to its outer limit, which hardly seems

possible. But, granting that the light is reflected, we cannot

say whether it originates in a single bright star or in a num-

ber of small ones scattered about through the nebula.

Another extraordinary object of this class is the annular, or

ring-nebula of Lyra, situated in that constellation, about half-

way between the stans /3 and ^. In the older telescopes it

looked like a perfect ring; but the hirger ones of modern times

show tliat the opening of the ring is really filled with nebu-

lous light; in fact, that we have here an object of very regular

outline, in which the outer portion is brighter than the inte-

rior. Its form is neither circukr nor exactly elliptic, but egg-

shaped, one end being more pointed than the other. A mod-

ei-ate-sized telescope will show it, but a lai^ one is i-eqnired

to see it to good advantage.

It would appear, from a comparison of drawings made at

different dates, that some nebulsB are subject to great changes

of form. Especially does this hold true of the nebula sur-

rounding the remarkable variable star q Argus. In raany

other nebulffi changes have been suspected ; but the softness

and indistinctness of outline which characterize most of these

objects, and the great difference of their aspect when seen in

telescopes of very d'iffei'ent powers, make it difficult to prove a

change from mere differences of drawing. One of the strongr

est cases in favor of change has been made out by Professor

Ilolden from a study of drawings and descriptions of what is

called the " Omega nebula," from a i-esemblance of one of
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I
Fia. KM.—Th« Omega nebalat HenelMl M0& Bight •fcemioD, IS houn U mtuawx

dediMtloi^ te* 14' 8. After Bolden ud Troovelot

its branches to the Greek letter Q. We present a %nre of

this object as it now appears, from a drawing by Professor

Holden and Mr. Troavelot, with the great Washington tele-

scope. It is the branch on the left-hand end of the nebula

which was formerly supposed to have the form of Q.

As illustrative of the fantastic forms which nebnlse some-

times assume, we present Herschel's views of two more neb-

nlee. That shown in Fig. 108 he calls the " looped nebula,"

and describes as one of the most extraordinary objects in the

heavens. It cannot be seen to advantage except in the south*

em hemisphera.

Distribution of the Nebulx.—A remarkable feature of the

distribution of the nobulse is that they are most numerous

where the stars are least so. While the stars grow thicker as

we approach the region of the Milky Way, the nebulae dimin*

ish in number. Sir John UeracUel remarks that one-third of

.-J*,^^^ -. -4fHM.M' ^•4^'^^l>-Ml!H*'lH
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Vi*. m.—Netala BnMlwI tm. IMKht MCMMhM, IT taonn M mlnntw: daellnatlM. M*
n'& After Sir John HenelML

the nebnloos contents of the heavens are congi-egated in a

broad, irregular patch occupying about one -eighth the sur-

face of the celestial sphere-, extending from Umt Major in the

north to Yii^ in the south. If, however, we consider, not the

true nebulee, but star clusters, we find the same tendency to

condensation in the Milky Way that we do in the stars. We
thus have a clearly marked dis*

tinction between nebulae and

stars as regards the law of their

distribution. The law in ques-

tion can be most easily nndei^

stood by the non-matheniatieal

reader by supposing the starry

sphere in sncli a position that

the Milky Way coincides with

the horizon. Then the stars and

star clusters will be fewest at the

senith, and will increase in number as we approach the horizon.

Also, in the invisible hemisphere the same law will hold, the

stars and clusters being fewest under our feet, and will increase

as we approach the horizon. But the true nebulae will then

81

tn. Its.—TiM liMiped iwbnlii ; Henehel

(Ml. Right acMiwIon, 8 houn 4D mill-

ntM: d«eliD*U<M,«* •' 8.

4:4^ -
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be fewest in t'ne horizon, and will increase in nunnber as we ap-

preach the zei,ith,or as, going below the horizon, we approach

Oie nadir. The poeitious of the nebute and clusters in SirJohn

Herschel's great catalogue have been studied by Mr. Cleve-

land Abbe with especial reference to their distance from the

galactic circle, and the following numbers show pait of his re-

sults. Tiuagine a belt thirty degi'ees wide extending around

the heavens, including the Milky Way, and reaching fi^en

degi-ees on each side of the central circle of the Milky Way.

This belt will include nearly one-fourth the surface of the ce-

lestial sphere, and if the stars or nebula were eqnally distrib-

uted, nearly one-fourth of them would be found m the belt.

Instead, however, of one-fourth, we find nine-tenths of the s^r

clusters, but only one-tenth of the nebulBB.

The discovery that the nebulae are probably masses of glow-

ing gas is of capital importance as tending to substantiate the

view of Sir William Herschel, that these masses are the cnide

material out of which suns and systems are forming. Ihis

view was necessaiily an almost purely speculative one on the

part of that distinguished astnmomer ; but unless we suppose

that the nebul« are objects of almost miraculous power, there

must be some truth in it. A nebulous body, in order to shine

by it» own light, as it does, must be hot, and must be losing

heat through the very radiation by which we see it. As it

tux>lB, it must conti-act, and this contraction cannot cea«e uii:

til itbecomea either a solid body or a system of such bodies

revolving round each other. We shall explain ^is more fully

in treating of cosmical physics and the nebular hypothesis.

^t. Proper Motions of the Shxrs.

To the unassisted eye, the stars seem to preserve the same

reUtive positions in the celestial sphere generation after gen-

eration. If Job, Hipparehus, or Ptolemy should again look

upon the heavens, he would, to al\ appearance, see Aldebr ran

Orion, and the Pleiades exactly as he saw them thousan of

yean, ago, without a single star being moved fi-om ite place.

But th? refined methods of modern astronomy, m which the
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telescope is brought in to measure spaces absolutely invisible

to the eye, have shown that this seeming imchangeability is

not real, and that the stars are actually in motion, only the

rate of change is so slow that the eye would not, in most cases,

notice it for thousands of years. In ten thousand years quite

a number of stars, especially the brighter ones, would be seen

to have moved, while it would take a hundred thousand years

to introduce a very noticeable change in the aspect of the con-

stellations.

As a general rule, the brighter stars have the greatest

proper motions. But this is a rule to which there are many

exceptions. The star which, so far as known, has the greatest

proper motion of all—namely, Gi-oombridge 1830—is of the

seventh magnitude only. Next in the order of proper motion

comes the pair of stars 61 Cygni, each of which is of the sixth

magnitude. Next are four or five others of the fourth and

fifth magnitudes. Tlie annual motions of these stars are as

follows

:

Groombridge 1830 7".0

61 Cygni 6 ".2

LaIan<le2i.C!... 4 ".7

cindi 4".6

Lalande 21268 i"A
e'Eridani 4".l

|i CosiiiopeisB 8".8

a Centanri 8".7

The first of these stars, though it has the greatest proper

motion of all, would require 186,000 years to perform the

circuit of the heavens, while ft Cassiopeise would require near-

ly 340,000 years to perform the same circuit. Slow as these

motions are, they are very large compared with those of most

of the stars of corresponding magnitude. As a general rule,

the stars of the fourth, fifth, and sixth magnitudes move only

a few seconds in a hundred years, and would tlierefore re-

quire many millions of yeare to perform the circuit of the

heavens.

So far as they have yet been observed, and, indeed, so far

as they can be observed for many centuries to come, these

motions take place in perfectly straight lines. If each star is

moving in some orbit, the orbit is so immense that no cufva-

tnre can be perceived in the short ai'e which has been de-

^l?^s^3^^SS^f^^4^^!^4^'
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scribed since accnrate determinations of the positions of the

stars began to be made. So far as mere observation can in-

form us, there is no reason to suppose that the stars are sever-

ally moving in definite orbits of any kind. It is true that

Mftdler attempted to show, from an examination of the proper

motions of the stars, that the whole stellar universe was revolv-

ing around the star Alcyone, of the Pleiades, as a centre—

a

theory the grandeur of whidi led to its wide diffusion in popu-

lar writings. But not the slightest weight has ever been given

it by astronomers, who have always seen it to be an entirely

baseless speculation. If the stars were moving in any r^ular

circular orbits whatever having a common centre, we could

ttBio some regularity among their proper motions. But no

such regularity can be seen. The stars in all parts of the

heavens move in all directions, with all sorts of velocities. It

is true that, by averaging the proper motions, as it were, we
can trace a certain law in them ; but this law indicates, not a

particular kind of orbit, but only an apparent proper motion,

common to all the stars, which is probably due to a real mo-

tion of our sun and solar system.

The Solar Motion.—As our sun is merely one of the stars,

and rather a small star too, it may have a proper motion as

well as the other stars. Moreover, when we speak of the

proper motion of a star, we mean, not its absolute motion, but

only its motion relative to our system. As the snn moves, he

carries the earth and all the planets along with him ; and if

we obsv«rve a star at perfect rest while we ourselves are thus

moving, the star will appear to move in the opposite direc-

tion, as we have already shown in explaining the Copemicau
system. Hence, from an observation of the motion of a sin-

gle star, it is impossible to decide how much of this apparent

motion is due to the motion of our system, and how much to

the real motion of the star. If, however, we should observe a

great number of stars on all sides of us, and find them all ap-

parently moving in the same direction, it would be natural to

cboolnde that it was really our system which was moving, and

not the stars. Kow, when Herschel averaged the proper mo-
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tions of the stars in different regions of the heavens, he found

that this was actually the case. In general, the stars moved

from the direction of the constellation Hercules, and towards

the opposite point of the celestial sphere, near the constella-

tion Argus. This would show that, relatively to the general

mass of the stars, our sun was moving in the direction of the

constellation Hercules. Herschel's data for this conclusion

were, necessarily, rather slender. The subject was afterwards

very carefully investigated by Argelander, and then by a num-

ber of other astronomers, whose results for the point of the

heavens towards which the sun is moving ara as follows:

DwUBtUra.

267° 49'

261° 23'

262° 24'

260° 1'

261° 88'

262° 29'

28° 60' N.
87° 86' N.
14° 26' N.
34° 28' N.
39° 64' N.
28° 68' N.

Struve
Tjondahl ••••

Midler ;

Aii7and Dankin

It will be seen that while there is a pretty wide range among

the authorities as to the exact point, and, therefore, some un-

ceitainty as to where we should locate it, yet, if we lay the

different points down oii a star-map, we shall find that they

all fall in the constellation Hercules, which was originally as-

signed by Herschel as that towards which we were moving.

As to the amount of the motion, Struve found that if the

sun were viewed from the distance of an average star of the

first magnitude placed in a direction from us at right angles

to that of the solar motion, it would appear to move at the

rate of 33".9 per century. Dunkin found the same motion to

be 8B".6 or 41".0, according to the use he made of stars hav-

ing large proper motions.

Motion of Groups of Stars.—There are in the heavens sev-

eral oases of widely extended groups of stars, having a com-

mon proper motion entirely different from that of the stars

around and among them. Such groups must form connected

systems, in the motion of which all the stars are carried along

together without any great change in their positions relative
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to each I other. The most remarkable case of this kind oc-

curs in the constellation Taurus. A large majority of the

brighter stars in the region between Aldebaran and the Plei-

ades have a common proper motion of about ten seconds per

century towards the east. How many stars are included in

this group no one 'knows, as the motions of the brighter ones

only have been accurately investigated. Mr. R. A. Proctor

has shown that five out of the seven stars which form the

Dipper, or Great Bear, are similarly connected. He proposes

for this community of proper motions in certain regions the

name of Star-drijl, Besides those we have mentioned, there

are cases of close groups of stars, like the Pleiades, and of

pairs of widely separated stars, in which star -drift has been

noticed.

Motion in the Line of Sight.—Until quite recently, the only

way in which the proper motion of a star could be detected

was by observing its change of direction, or the change of the

point in which it is seen on the celestial sphere. It is, how-

ever, impossible in this way to decide whether the star is or is

not changing its distance from our system. If it be moving

directly towards us, or directly away from ns, we could not

see any motion at all. The complete motion of the stars can-

not, therefore, be determined by mere telescopic observations.

But there is an ingenious method, founded on the nndulatory

theory of light, by which this motion may be detected with

more or less probability by means of the spectroscope, and

which was first Buccese^lly applied by Mr. Hnggins, of Eng-

land. According to the nsual theory of light, the luminosity

of a heated body is a result of the vibrations communicated

by it to the ethereal medium which fills all space ; and if the

body be gaseous, it is supposed that a molecule of the gas vi-

brates at a certain definite rate, and thus oommnnicates only

certain definite vibrations to the ether. The rate of vibration

is determined by the position of the bright line in the speo-

trnm of the gas. Now, if the vibrating body be moving

through the ether, the lightwaves which it throws behind it

will be longer, and those which it throws in front of it will be
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shorter, thaii if the body were at rest. The result will be, that

in the former case the spectral lines will be less refrangible,

or nearer the red end of the spectrum, and in the latter case

nearer the blue end. If the line is not a bright one which the

gas emits, but the corresponding dark one which it has ab-

sorbed from the light of a star passing through it, the result

will be the same. If such a known line is found slightly

nearer the blue end of the spectrum tlian it should be, it is

concluded that the star from which it emanates is approach-

ing us, while in the contrary case it is receding from us.

The question may be asked. How can we identify a line as

proceeding from a gas, unless it is exactly in the position of

the line due to that gas t How do we know but that it may
be due to some other gas which emits light of slightly differ-

ent refrangihility ? The reply to this must be, that absolute

certainty on this point is not attainable ; but that, from the

examination of a number of stars, the probabilities seem large-

ly in favor of the opinion that the displaced lines are really

due to the gases near whose lines they fall. If the lines were

always displaced in one direction, whatever star was exam-

ined, the conclusion in question could not be drawn, because

it might be that this line was due to some other unknown sab-

stance. But as a matter of fact, when different stars are ex-

amined, it is found that the lines in question are sometimes

on one side of their normal position and sometimes on the

other. This makes it probable that they really all belong to

one substance, but are displaced by some cause, and the motion

of the star is a cause the existence of which is certain, and the

Bofliciency of which is probable.

Mr. Huggins's system of measurement has been introduced

by Professor Airy into the Royal Observatory, Greenwich,

where very careful measures have been made duiing the past

two years by Mr. Christie and Mr. Maunder. To show how
well the fact of the motion is made ont, we give in the tables

on the following page the results obtained by Mr. Hnggins

and by the Greenwich observers for these stars in which the

motion is the largest

:
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STARS RKCHDIXO mOM V».

y Mr. HoMln. y OnMwIek.

Sirius 20 miles per sec.

22 ** '*

16 " "
26 "
15 *•

25 miles per sec.

76 *•

receding.

SA miles per sec.

80 " "

aOrionis
/3 Ononis
a Geminonim
a Leonis

STARS APPROACHIMO US.

By Mr. H^tstaa. Bjr Ormiwkli.

Arcturus 55 miles per sec.

50 " "
89 " "
49 " "
46 " •'

41 miles per sec.

36 *' "
41 " "
approaching,

approaching.

a Lyra
a Cygni
R Geminomm
a Ursa Mnioris

Tliere are several collateral circumstances which tend to

confirm these i-esults. One is that the general amount of mo-

tion indicated is, in a rough way, about what we should expect

the stars to have, from their observed proper motions, com-

bined with their probable parallaxes. Another is that those

stars in the neighborhood of Hercules are mostly found to be

approaching the earth, and those which he in the opposite di-

rection to be receding from it, which is exactly the effect which

would result from tlie solar motion just described. Again,'the

five stars in the Dipper which we have described as having a

common proper motion are also found to have a common mo-

tion in the line of sight. The results of this Wonderful and

refined method of determining stellar motion, therefore, seem

worthy of being received with some confidence so far as the

general direction of the motion is concerned. But the dis-

placement of the spectral lines is so slight, and its measure^

ment a matter of such difficulty and delicacy, that we are far

from being sure of the exact numbers of miles per second

given by the observers. The discordances between the results

of Greenwich and those of Mr. Huggins show that numerical

certainty is not yet attained.

A necessary result of these motions will be that those stars

which are receding from us will, in the course of ages, appear

less brilliant, owing to their greater distance,while those which
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are approaching us will, as they come nearer, appear brighter,

always supposing that their intrinsic brightness does not vary.

But 80 immense is the distance of the stars, that many thou-

sands of years will be required to produce any appreciable

change in their brightness from this cause. For instance,

from the best determinations which have been made, the dis-

tance of Sirius from our system is more than a million radii

of the earth's orbit. With a velocity of twenty miles per sec-

ond, it would require more than one hundred and fifty thou-

sand years to pass over this distance.

It will, of course, be understood that the velocities found by

the si^eotroscopic method ara not the total velocities with

which the stars are moving, but only the rate at which they

are approaching to or receding from the earth, or, to speak

mathematically, the component of the velocity in the direc-

tion of the line of sight. To find the total velocity, this com-

ponent must be combined with the telescopic velocity fouiid

from the observed proper motion of the star, which is the ve-

locity at right angles tr> the line of sight. None of the stars

are moving exactly towards our system, and it is not likely

that any will ever pass very near it. In the preceding list,

the star a Gygni is the one which is coming most directly

towards ns. Its telescopic proper motion is so slight that,

though we suppose its distance to be two million radii of the

earth's orbit, yet its velocity at right angles to the line of sight

will hardly amount to one-third of a mile per second. If the

spectroscopic determination is correct, then, after an interval

which will probably fall between one hundred thousand and

three hundred thousand years, a Cygni will pass by our pys-

tem at something like a hundredth of its present distance,

and will, for several tliousand years, be many times nearer and

brighter than any star is now.

^
'A-V//WI*J^3S'» -r i. ~f^^'- ' >. '^"W

" jj^^fla**-
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CHAPTER II.

THE STRUOTUEB OF THE UNIVERSE.

Haviko in the preceding chfipter described those features

of the universe which the telescope exhibite to us, we have

now, in pursuance of our plan, to inquire what light telescopic

discoveries can throw upon the structure of the universe as a

whole. Here we necessarily tread upon ground less sure than

that which has hitherto supported us, because we are on the

very boundaries of human knowledge. Many of our oonclu-

Bions must be more or less hypothetical, and liable to be modi-

fied or disproved by subsequent discoveries. We shall en-

deavor to avoid all mere guesses, and to state no conclusion

which has not some apparent foundation in observation or

analogy. The human mind cannot be kept from. speculating

upon and wondering about the order of creation in its widest

extent, and science will be doing it a service in throwing ev-

ery possible light on its path, and preventing it from reaching

any conclusion inconsistent with observed facts.

The first question which we reach in regular order is, How

are the forty or fifty millions of stars visible in the most pow-

erful telesoopes arranged in space? We know, from direct

observation, how they are arranged with respect to direction

from our system; and we have seen that the vast.majority of

small stars visible in gi«at telescopes are found in a belt span-

ning the heavens, and known as the Milky Way. But this

gives us no complete information respecting their absolute po-

sition : to determine this, we must know the distance as well

as the direction of each star. But beyond the score or so of

stars which have a measurable parallax, there is no known

way of measuring the stellar distances; so that all we can do
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is to make more or less probable conjectures, founded on the

apparent magnitude of the individual stani and the probable

laws of their arrangement. If the stars were all of the same

intrinsic bWghtness, we could make a very good estimate of

their distaiiue from their apparoiit magnitude ; but we know
that such is not the case. Still, in all roasonable probability,

the diversity of absolute magnitude is far less than that of the

apparent magnitude; so that a judgment founded on the lat

ter is much better than none at all. It was on such consi der-

ations as these that the conjectures of the first observers with

the telescoiie were founded.

§ 1. Views of Astronomers before Herschel

' Before the invention of the telescope, any well-founded

opinion respecting the structure of the starry system was out

of the question. We have seen how strong a hold the idea of

a spherical universe had on the minds of men, so that even

Copernicus was fnlly possessed with it, and probably believed

the sun to be, in some way, the centre of this sphere. Before

any step could be taken towards forming a true conception of

the universe, this idea had to be banished from the mind, and

the snn had to be recognized as simply one of innumerable

stars which made up the universe. The possibility that such

might have been the case seems to have first suggested itself

to Kepler, though he was deterred from completely accepting

the idea by an incorrect estimate of the relative brilliancy of

the stars. He reasoned that if the sim were one of a vast

number of fixed stars of equal brilliancy scattered uniformly

throughout space, there could not be more than twelve whicli

were at the diortest distance from us. We should then have

another set at double the distance, another at triple the dis-

tance, and so on ; and since the mora distant they are, the

fainter they would appear, we should speedily reach a limit

beyond which no stars could be seen. In fact, however, we
often see numerous stars of the same magnitude crowded

closely together, as in the belt of Orion, while the total num-

ber of visible stars is reckoned by thousands. He therefore
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concludes that the distances of the individual stars from each

other are much lees than their distances from our sun, the lat-

ter being situated near the centre of a comparatively vacant

region.

Had Kepler known that it would ret^niro the light of a hun-

dred stars of the sixth magnitude to make that of one of the

first magnitude, he would not have reached this conclusion.

A simple calculation would have shown him that, with twelve

stars at distance unity, there would have been four times that

number at the donble distance, nine times at the treble dis-

tance, and so on, until, within the tenth sphere, tliere would

have been more than four thousand stars. Tlie twelve hun-

dred stars on the surface of the tenth sphere would have

been, by calculation, of the sixth magnitude, a number near

enough to that given by actual count to show hira that the

hypothesis of a uniform distribution was quite accordant with

observations. It is true that, where many bright stara were

fonnd crowded together, as in Orion, their distance from each

other is probably lees than that from our sun. But this ag-

glomeration, being quite exceptional, would not indicate a gen-

eral crowding together of all tlie stars, as Kepler seuiaed to

suppose. In justice to Kepler it must be said that he put

forth this view, not as a well-founded theory, but only as a

surmise, concerning a question in which certainty was not

attainable.

Itleat of Kant—Those who know of Kant only as a specula-

tive philosopher may be surprised to learn that, although he

was not a working astronomer, he was the author of a theory

of the stellar system which, with some modifications, has been

very generally held nntil the present time. Seeing the Gal-

axy encircle the heavens, and knowing it to be produced by

the light of innumerable stars too distant to be individually

visible, he concluded that the stellar system extended much
farther in tlie direction of the Galaxy than it did elsewhere.

In other words, he conceived the stars to be arranged in a

comparatively thin, flat layer, or stratum, our sun being some-

where near the centre. When we look edgewise along this
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This thin stratum oiiggested to Kiirit the idea ot a certain

resemblance to the solar system. Owing tu the small inclina-

tions of the planetary orbits, the bodies which compose this

system are spread out in a thin layer, as it were ; and we have

only to add a great multitudo of planets moving around the

sun in orbits of varied inclinations to have a representation in

miniature of the stellar system as Kant imagined it to exist.

Had the zone of small planets between Mars and Jupiter then

been known, it would have afforded a striking confirmation of

Kant's view by showing a yet greater resemblance of the plan-

etary system to his supposed stellar system. Were the num-

ber of these small planets sufficiently increased, we should see

them as a sort of Galaxy around the zodiac, a second Milky

Way, belonging to our system, and resolvable with the tele-

S(0(ie into small planets, just af> the Galaxy is resolved into

small stars. The conclusion that two systems which were so

similar in appearance were really alike in structure would

have seemed vo) y well founded in analogy.

As the planets are kept at their proper distances, and pre-

vented from tailing into each other or into the sun by the

centrifugal force generated by their revolutions in their or-

bits, so Kant supposed the stars to be kept apart by a revolu-

tion around some common centre. The proper motions of

the stars were then almost unknown, and the objection was

anticipated that the stars were found to occupy the same po-

sition in the heavens from generation to generation, and tliere-

fore could not be in motion around a centre. To this Kant's

reply was tliat the time of revolution was so long, and the

motion so slow, that it was not perceptible with tlie imper-

fect means of observation then available. Future genera-

tions would, he doubted not, by comparing their observations

* The original idea of this theory is attributed by Kant to Wright, of Darhnm,

England, a writer whose works are entirely unknown in this country, and whose

authorship of the theoty has been very geiMra4y fbfgottw.

jWrnrmiiw
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with those of their predecessoiv, find that there actnally was a

motion among the stars.

This conjecture of Kant, that the stars would be found to

have a proj^er motion, has, as we have seen, been amply con-

firmed ; but the motion is not of the kind which his theory

would require. On this theory, all the stars ought to move in

directions nearly parallel to that of the Milky Way, just as in

the planetary system we find them all moving in directions

nearly parallel to the ecliptic. But the proper motions actually

observed havie no common direction, and follow no law what-

ever, except that, on the average, there is a preponderance of

motions from the constellation Hercules, which is attributed

to an actual motion of our sun in that direction. Making al-

lowance for this preponderance, we find the stars to be appar-

ently moving at random in every direction; and therefore

they cannot be moving in any regularly aiTanged orbits, as

Kant supposed. A defender of Kant's system might indeed

maintain that, as it is only in a few of the stars nearest us

that any proper motion has been detected, the great cloud of

stars which make up the Milky Way might really be moving

along in regular order, a view the possibility of which we shall

be: better prepared to consider hereafter.

The Kantian theory supposes the system which we have

just been describing to be formed of the immense stratum of

stars which make up the Galaxy and stud our heavens, and

to include all the stars separately visible with our telescopes.

But he did not suppose this system, immense though it is, to

constitute the whole material universe. In the nebulse hd

saw other similar systems at distances so immense that the

combined light of their millions of suns only appeared as a

faint cloud in the most powerful telescopes. This idea that

the nebulffi were other galaxies was more or less in vogue

among popular writers until a quite recent period, when it

was refuted by tlie spectroscope, which shows that these ob-

jects are for tlie most part masses of glowing gas. It has,

however, not received support among astronomers since the

time of Sir William HerscheL
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System of Lambert.—A few years after the appearance of

Kant's work, a similar but more elaborate system was sketched

out by Lambert He supposed the universe to be arranged in

systems of different orders. The smallest systems which we

know are those made up of a planet, with its satellites circu-

lating around it as a centre. The next system in order of

magnitude is a solar system, in which a number of smaller

systems are each carried round the sun. Each individual star

which we see is a sun, and has its retinue of planets i-evolving

around it, so that there are as many solar systems as stars.

These systems are not, however, scattered at random, but are

divided up into greater systems which appear in our telescopes

as clusters of stars. An immense number of these clusters

make up our Galaxy, and form the visible universe as seen in

our telescopes. There may be yet greater systems, each made

up of galaxies, and. so on indefinitely, only their distance is so

immense as to elude our observation.

Each of the smaller systems visible to us has its central body,

the mass of which is much greater than that of those which

revolve around it This feature Lambert supposed to extend

to other systems. As the planets are larger tiian their satel-

lites, and the sun larger than its pknets, so he supposed each

stellar cluster to have a great central body arotmd which each

solar system revolved. As these central bodies are invisible to

'

us, he supposed them to be opaque and dark. All the systems,

from the smallest to the greatest, were supposed to be bound

together by the one universal law of gravitation.

As not the slightest evidence favoring the existence of these

opaque centres has ever been found, we are bound to say that

this sublime idea of Lambert's has no scientific foundation.

Astronomers have handed it over without reservation to the

lecturers and essayists.

§ 2. BeseanJies o/Ber^chel and his Successors.

Herschel was the l^rst who investigated the structure of

the stellar system by a long-continued series of observations,

executed with a definite end in view. His plan was that oj
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"star -ganging," which meant, in the first place, the simple

enumeration of all the stars visible with a powerful tele-

scope in a given portion of the heavens. He employed a

telescope of twenty inches aperture, magnifying one hundred

and sixty times, the field of view being a quarter of a degree

in diameter. This diameter was about half that of the full

moon, so that each count or gauge included all the stars visi-

ble in a space having one-fourth the apparent surface of the

lunar disk. From the number of stars in any one field of

view, he concluded to what relative distance his sight ex-

tended, supposing a uniform distribution of the stars through-

out all the space included in the cone of sight of the telescope;

When an observer looks into a telescope pointed at the heav-

ens, his field of vision includes a space which constantly

widens out on all sides as the distance becomes greater ; and

the reader acquainted with geometry will see that this space

forms a cone having its point in the focus of the telescope, and

its circular base at the extreme distance to which the telescope

reaches. The solid contents of this cone will be proportional

to the cube of the distance to which it extends ; for instance,

if the telescope penetrates twice as far, the cone of sight will

be not only twice as long, but the base will be twice as wide

in each direction, so that the cone will have altogether eight

times the contents, and will, on Herschel's hypothesis, contain

eight times as many stars. So, when Herschel Tpund the stars

eight times as numerous in one region as in another, he con-

cluded that the stellar system extended twice as far in the

direction of the first region.

To count all the stars visible with his telescope, Herschel

fonnd to be out of the question. He would have .had to point

hia instrument several hundred thousand times, and count all

the visible stars at each pointing. He therefore extended his

survey only over a wide belt extending more than half-way

round the celestial sphere, and cutting llie Oalaxy at right

angles. In this belt he counted the stars in 8400 telescopic

fields. Gomparing the average number of stars in different

regions with the position of the region relative to the Galaxy,
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he found that the stars were thinnest at the point most distant

from the Galaxy, and that they constantly increased in num-
ber as the Galaxy was approached. The following table will

give an idea of the rate of increase. It shows the average

number of stars in the field of view of the telescope for each

of six zones of distance from the Galaxy.

Firat tone .... 90° to 76° from finlnxv .... 4 8tars per field.

Second tone .... .... 75° " 60° "

.... 60° " 46° •'

.... 5

Third lone. .... 8

.... 14Fourth cone. .... 45° " 30" "
.... 80° " 16° •«

.... 16° " 0° "
Fifth cone .... 24

Sixth lone .... 68

A similar enumeration was made by Sir John Herschel for the

corresponding region on the other, or southern, side of the Gal-

axy. He used the same telescope, and tlie same magnifying

power. His results were:

First tone 6 stars per field.

Second Mne 7 "
Third lone. 9 " "

Fourth lone 18 stars per field.

Fifth cone 26 " "
Sixth tone 69 " "

The reader will, perhaps, more readily gitup the significa-

tion of these numbers by the mode of representation which

was suggested in describing the distribution of the nebulae.

Let him imagine himself star.ding under a clear sky at the

time when the Milky Way encircles the horizon. Then, the

first zone, as we have defined it, will be around the zenith, ex-

tending one -sixth of the way to the horizon on every side;

the second zone will be next below and around this circular

space, extending one-third of the way to the horizon ; and so

each one will follow in regular order until we reach the sixth,

or galactic, zone, which will encircle the horizon to a height

of 15° on every side. The numbers we have given show that

in the position of the observer which we have supposed the

stars would be thinnest around the zenith, and would con-

stantly increase in number as we approached the horizon.

The observer being supposed still to occupy the same posi-

tion, the second table shows the distribution of the stars in the

82
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opposite or invisible hemisphere, which he would see if the

earth were removed. In this hemisphere the first, or thinnest,

jEone would be directly opposite the thinnest zone in the ob-

server's zenith ; that is, it would be directly under his feet

The successive zones would then be nearer the horizon, the

sixth or last encircling it, and extending 15° below it on every

side.

The numbers we have given are only averages, and do not

give an adequate idea of the actual inequalities of distribu-

tion in special regions of the heavens. Sometimes there was

not a solitary star in the field of the telescope, while at oth-

ers there were many hundreds. In the circle of the Galaxy

itself, the stars are more than twice as thick as in the average

of the first zone, which includes not only this circle, but a

space of 15° on each side of it.

Adopting the hypothesis of a uniform distribution of the

stare, Herschel concluded from his firet researches that the

stellar system was of the general form supposed by Kant, ex-

tending out on all sides five times as far in the direction of

the Galaxy as in the direction perpendicular to it. The most

important modification he made was to suppose an immense

cleft extending edgewise into the system fron its ciroumfer^

enoe about half-way to the centre. This cleft corresponded to

the division in the Milky Y"vj which commences in the sum-

mer constellation Cygnns in the north, and passes through

Aquila, the Serpent, and Scorpius far into the southern hemi-

sphere. Estimating the distance by the arrangement and ap-

parent magnitude of the stare, he was led to estimate the mean

thickness of the stellar stratum from top to bottom as 156

units, and the diameter as 850 units, the unit being the aver-

age distance of a star of the firet magnitude. Supposing this

distance to be that which light would travel over in 16 yeare

•^-» supposition which is founded on the received estimate of

the mean parallax corresponding to stare of that magnitude

—

then it would take light nearly 14,000 yeare to travel across

the system from one border to the other, and 7000 yeare to

reach us from the extreme boundary.

-^r-—iwi<Bi»ilMw»im"J'W»>illl». iu lilt miirtl ilii iM'lJi l
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The foregoing deduction of

Herschel was founded on the

hypothesis that the stars were

equally dense in every part of

the stellar system, so that the

number of stars in any direc-

tion furnished an index to the

extent of the stars in that di-

rection. Further study show-

ed Hersohel that this assump-

tion might be so far from cor-

rect that his ooncltisions would

have to be essentially modi-

iied. Binary and other double

stars and star dusters evident-

ly offered cases in .which sev-

eral stars were in much closer

association than were the stars

in generaL To show exactly

on what considerations this

change of view is founded, wre

remark that if the increase of

density in the direction of the

Milky Way were quite regn*

lar, so that there were no cases

of greatdifference in the thick*

ness of the stars in two adjoin-

ing r^ons, then the original

view would have been sound

so far as it went But such ir-

r^nlarities are very frequent,

and it would lead to an obvi-

ous absurdity to explain them

on Herschel's first hypothesis

;

for instance, when the tele-

scope was directed towards

the Pleiades there would be ''•'^^-^^^S.llSlilL""^'

"WUi^ii^*^'Miis^milx^sP'^%T
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found, probably, six or eiglit times as many stars as in the ad-

joining fields. But supiHwing the real thickness of the stars

the same, th6 result would be that in this particular direction

the stars extended out twice as far as they did in the neigh-

boring pai-ts of the sky; that is, we should have a long, nar-

row spike of stars pointing directly from us. As thei-e are

many such clusters in various parts of the sky, we should have

to snppose a great number of such spikes. In other regions,

especially around the Milky Way, there are spaces nearly void

of stars. To account for these we should have to suppose

long naiTow chasms reaching through towards our sun. Thus

the stellar system would present the form of an exaggerated

star-fish with numerous deep openings, a forui the existence

of which is beyond all probability, especially if we reflect

that all the openings and all the arms have to proceed from

the direction of our sun.

The only rational explanation of a group of stars showing

itself in a telescope, with a comparatively void space surround-

ing it, is that we have here a real star cluster, or a region in

which the stars are thicker than elsewhere. Now, one can see

with the naked eye that the Milky Way is not a continuous

uniform belt, but is, through much of its course, partly made

up of a great number of irregular cloud-like masses with com-

paratively dark spaces between them. The conclusion is un-

avoidable that we have here real a^rgregatiosct of stars, and

not merely a region in which the bounds of the stellar-sys-

tem are more widely extended. Whether Herschel clearly saw

this may be seriously questioned; but however it may have

been, he adopted another method of estimating the relative

distances of the stars visible in his gauges.

This method consisted in judging of the distances to which

his telescope penetrated, not by the number of stars it brought

into view, but by their brightness. If all the stars were of the

same intrinsic brightness, so that the differences of their ap-

parent magnitude arose only from their varions distances from

US, then this method would enable us to fix the distance of

each separate star. Bat as we know that the sta^^ a;« by no

y .

'

l'
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means equal in intrinsic brightness, the method cannot 1)0

safely applied to any individual star, a fact which Herschel

himself clearly saw. It does not follow, however, that we
cannot thus form an idea of the relative distances of whole

classes or groups of stars. Although it is quite possible that

an individual star of the fifth magnitude may be nearer to us

than another of t1ie fourth, yet we cannot doubt that the av-

erage distance of all the fifth-magnitude stars is greater than

the average of those of the fourth magnitude, and greater,

too, in a proportion admitting of a tolei-ably accurate numeri-

cal estimate. Such an estimate Herschel attempted to make,

proceeding on the following plan

:

Suppose a sphere to be drawn around our sun as a centre

of such size that it shall be

equal to the average space

occupied by a single one of

the r.tars visible to the naked

eye; that is, if we suppose

that portion of the space of

the stellar system occupied

by the six tliousand bright-

er stars to be divided into

six thousand parts, then the

sphere will be equal to one

of these parts. The radius

of this sphere will probably

not differ much from the dis-

tance of the nearest fixed star,

a distance we shall take for

nnity. Then,^suppo8e a series

of larger spheres, all drawn

aronn'U our sun as a centre,

and I aving the radii 3, 5, 7,

9, etc. The contents of the

spheres being as the cubes

of their diameters, the first
pi^. uc-niastiiittag HencM'. o»i«rs of die-

sphere will have 3x3x3=27 - unMoftbeauui.
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times the bnlk of the unit sphere, and will therefore be large

enough to contain 27 stars; the second will have 126 times

the bulk, and will therefore contain 125 stars, and so with

the successive spheres. Fig. 110 shows a section of portions

of these spheres up to that with radius 11. Above the centre

ai-e given the various orders of stara which are situated be-

tween the several spheres, while in the corresponding spaces

below the centre are given the number of stars which tlie re-

gion is large enough to contain ; for instance, the sphere of

radius 7 has room for 343 stars, but of this space 125 parts

belong to the spheres inside of it : there is, therefore, room for

218 Stars between the spheres of radii 5 and 7.

Ilerschel designates the several distances of these layers of

stars as orders ; the stars between spheres 1 and 8 are of the

first order of distance, those between 8 and 5 of the second

order, and so on. Comparing the room for stars between the

several spheres with the number of stare of tlie several magni-

tudes, he found the result to be as follows

:

NamtMrof NnnWror
OrdKoT SUntlMn Macaltwb. BtanofthM

bniMn for.

1 26 1 17

2 98 2 57

8 218 8 206
4 886 4 454
6 602 5 1161

6 866 6 ;iios

7 1178 7 6146
8 1538

There is evidently no correspondence between the calculat-

ed orders of distance and the magnitudes as estimated on the

usual scale. But Herechel found that this was because the

magnitudes as usually estimated corresponded to an entirely

different scale of distance from that which he adopted. In

his scale the several distances increased in arithmetical pro-

gression; while in tlie order of magnitudes the increase is

in geometrical progression. In consequence, the stars of the

sixth magnitude correspond to the eighth, ninth, or tenth order

of distances; that is, we should have to remove a star of the

i.i IimvmiSmKSMKliiiSSmmtm
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Attempting on this system to measure the extent of the

Milky Way, Ilerschol concluded that it was unfathomable

with his twenty -foot telescope, which, he calculated, would

penetrate to the 900th order of distances, that is, to stars

which were 000 times as far as the average of those of the

first magnitude. He does not seem to hfive made any very

extended examination with his forty-foot telescope, but con-

cluded that it would leave him in the same uncertainty iu

respect to the extent of the Milky Way as the twenty-foot one

did. This unrivalled man, to whom it was given to penetrate

farther into creation tlian man had ever done before him,

seems to have rested from his labors without leaving any more

definite theory of the boundaries of the stellar system than

that they extended, at least in the direction of the Milky Way,

beyond the utmost limit to which his telescope could penetrate.

If we estiraate tbo time it would require light to come from

the utmost limit to which he believed his vision to extend,

we shall find it to be about fourteen thousand years, or more

than double that deduced from his former gauges. We can

say with confidence that the time required for light to reach

us from the most distant visible stars is measured by thou-

sands of years. But it must be admitted that Herschel's esti-

mate of the extent of tlie Milky Way may be far too great, be-

cause it rests on the assumption -that all stars are of the same

absolute brightness. If the smallest stars visible in his tele-

scope were, on tlie average, of the same intrinsic brilliancy as

the brighter ones, the conclusion would be well founded. But

if we suppose a boundary, it is impossible to decide from Her-

sohel's data whether the minuteness of those stars arises from

their great distance or from their small magnitude. Notwith-

standing this uncertainty, it has been maintained by some, not-

ably by Mr. Proctor, that the views of Herschel respecting tlie

oonstitation of the Milky Way, or stellar system, were radical-

ly changed by this second method of star-gauging. I see no

evidence of any radical cliange. Although Uerachel does not

trWUmiCTi mmm H^lF^
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exprees himself very definitely on the subject, yet, in his last

paper on the distribution of tlie stars (Philosophical TVaru'

actions for 1817), there are several remarks whieh seem to im-

ply that he still supposed the stellar system to have the gen>

eral form shown in Fig. 109, and that, in accoi'dance with that

view, he supposed the clustering of stars to indicate protuber-

ant parts of tlie Milky Way. He did, indeed, apply a differ-

ont method of research, but the results to which the new meth-

ods led were, in their main featui-es, the same as tliose of the

old method.

Since the time of Herschel, one of the most eminent of the

astronomers who have investigated this subject is Struve the

elder, formerly director of the Pulkowa Observatory. His re-

searches were founded mainly on the numbers of staib of the

several magnitudes found by Bessel in a zone thirty degrees

wide extending all round the heavens, fifteen degrees on each

side of the equator. With these he combined the gauges of

Sir William Herschel. The hypothesis on which he based his

theory was similar to that employed by Herschel in his later

researches, in so far that he supposed the magnitude of the

stars to furnish, on the average, a measiu^ of their relative

distances. Supposing, after Herschel, & i amber of concentric

spheres to be drawn around the sun as a centre, the successive

spaces between which corresponded to stars of the several

magnitudes, he found that the farther out he went, the more

the stars were condensed in and near the Milky Way. This

conoinsion may be drawn at once from the fact we have al-

ready mentioned, that the smaller the stara, the more they are

condensed in the region of the Oalaxy. Struve found that if

we take only the stars plainly visible to the naked eye—that

is, those down to the fifth raagnitnde—they are no thicker in

the Milky Way tlian in other parts of the heavens. But those

of the sixth magnitude are a little thicker in that region, those

of the seventh yet thicker, and so on, the inequality of distrir

bution becoming constantly greater as the telescopic power is

increased.

From all this, Struve concludedthat the stellar system might

W'-'VJijIg.L^-- 'nMmiaiiuuiimwMM i u'jii ^iJ,1H)WWWiiaMJJW««Mll-M*lMH niiMI"
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be considorod as con)|M)«ed of layoi-s of stars of varions densi-

ties, all parallel to the plane of the Milky Way. Tbe stars ai-e

thickest in and near the central layer, which he conceives to

bo spread out as a wide, thin sheet of stars. Our sun is situ-

ated near the middle of this layer. As we pass out of this

layer, on either side we iind the stars constantly growing thin-

ner and thinner, but we do not reach any distinct boundary.

As, ifwe could rise in the atmosphere, we should find the air

constantly growing thinner, but at so gradual a rate of prog-

ress that we could hardly say where it terminated; so, on

Struve's view, would it be with the stellar system, if we could

mount np in a direction perpendicular to the Milky Way.

Struve gives the following table of the thickness of the stars

on each side of the principal plane, the unit of distance being

that of the extreme distance to which Uerschel's telescope

oould penetrate

:

MMnDtalMM
DnallX. iMtlTMII N<<(k.

borlB( 8Un.

In fthfl Drin(*iiMil nlfttitt. 1.0000 1.000

0.05 from principal plane

0.10 '^
0.48568
0.38288

1.272
1.458

o.ao " " 0.28895 1.611

0.80 " " 0.17980 1.772

0.40 " " 0.18021 1.978

0.50 •' *• 0.08646 2.261

0.60 0.05510 2.628

0.70 " " 0.08079 8.190

0.80 •' " 0.01414 4.181

0.866 " " 0.00582 5.729

This condensation of the stars near the central plane, and

the gradual thinning-out on each side of it, are only designed

to t^ the expression of the general or average distribution

of those bodies. The probability is that even in the central

plane the stars are many times as thick in some regions as in

others, and that as we leave the plane, the thinning-out would

be found to proceed at very different rates in different re-

gions. That there may be a gradual thinning-out cannot be

denied ; but Struve's attempt to form a table of it is open to

the serious objection that, like Herschel, he supposed the dif-

^^M<Vs'M4S'ai&aMM^~.M^^'%M&&^ •.isii^ !.>^ ''I -H.
^
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forenco^ between the magnitudes of the stare to arise entirely

frum their different distaiiees from us. AlthongU where the

scattering of the stare is nearly uniform this supposition may
not lead ns into serious error, the case will be entirely differ-

ent whore wo have to deal with irregular masses of stare, and

especially where our telescopes penetrate to the boundary of

the stellar system. In the latter case we cannot possibly dis>

tingnish between %u\k\\ stare lying within the boundary and

larger ones scattered outside of it, and Struve's gradual thin-

ning-out of the stare may be entirely accounted for by great

divereities ia the absolute brightness of the stars.

Among recent researches on this subject, those of Mr. R.

A. Pnvjtor are entitled to consideration, from being founded

on facts which were not fully known or nuderetood by the

investigatore whom we have mentioned. The strongest point

which he makes is that all views of the arrangement of the

stellar system founded upon the theory that the stare are

either of similar intrinsic brightness, or approach an equality

of distribution in different regions, are entirely illusory. He
cites the phenomena of star-drift, described in the last chap-

ter, as proving that stare which had been supposed widely sep-

arated aro really agglomerated into systems ; and claims that

the Milky Way may be a collection of such systems, having

nothing like the extent assigned it by Herscbel.

IIow far the considerations brought forward by Mr. Proc-

tor should make us modify the views of the subject hitherto

held, caimot be determined without farther observations on the

clustering of stare of different magnitudes. We may, howev-

er, safely concede that there is a greater tendency among the

stare to be collected into groups than was formerly supposed.

A onrious result of Mr. J. M. Wilson, of Rugby, England, re-

specting the orbits of some binary stare, throws light on this

tendency. It was found by Struve that although the great

common proper motion of the pair of stare 61 Gygni, cele-

brated for the determinations of their parallax, was such as to

leave no reasonable doubt that they were physically connect-

ed, yet not the slightest deviation in their courses, arising

>mimmm,iiWf»}im: -awoagflswa
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from their mutual attraction, could ho detected. Mr. Wilson

has recently confirmed this result by an examination of the

wluile >crios of measures on this pair fruui 1753 to 1874,

which do not show the slightest deviation, but seem to indi-

cate that each star of the pair is going on its course indepen-

dently of the other. But, as just stated, they move too nearly

together to permit of the belief that they are really indepen-

dent. The only conclusion open to us is that each of them de-

scribes an immense orbit around their common centre of grav-

ity, an orbit which may be several degrees in apparant diam-

eter, and in which the time of revolution is counted by thou-

sands of years. Two thousand yours hence they will bo so

far apart that no connection between tliem would be sus-

pected.

It is a question whether we have not another instance of

the same kind in the double star Castor, or a Oeminornm.

Mr. Wilson finds the orbit of tliis binary to be apparently

hyperbolic, a state of things which would indicate that tlie

two stars had no physical connection whatever, but that, in

pursuing their courses through space, they chanced to come

so close together that they were brought for a while within

each other's sphere of attraction. If this be the case, they

will gradually separate forever, like two ships meeting on the

ocean and parting again. We remark that the course of each

star will then be very different from what it would have

been if they had not met We cannot, however, accept the

hyperbolic orbit of Mr. Wilson as an established fact, because

the case is one in which it is very difficult to distinguish be-

tween a large and elongated elliptic orbit and a hyperbolic

orbit. The coinmon proper motion of the two objects is such

as to lead to the belief that they constitute a pair, the compo-

nents of which separate to a great distance.

Now, these discoveries of pairs of stars moving around a

common centre of gravity, in orbits of immense extent, sug-

gest the probability that tliere exist in the heavens great num-

i)ers of pairs, clusters, and systems of this sort, the members

of which ai'e so widely separated that they have never been

'^vzsmam
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Biispected to uelong together, and the widely scattered gronps

having a common proper motion may very well be systems of

this kind.

§ 3. Probable Arrangement of the Visile Universe.

The preceding description of the views held by several gen-

erations of profound thinkers and observei's respecting the

arrangement of the visible universe furnishes an example of

what we may call the evolution of scientific knowledge. Of
no one of the great men whom we have mentioned can it be

said that his views were absolutely and unqualifiedly errone*

ous, and of none can it be said that he reached the entire

truth. Their attempts to solve the mystery which they saw

before them were like those of a spectator to make out the ex-

act structure of a great building which he sees at a distance

in the dim twilight. He first sees that the building is really

there, and sketches out what he believes to be its outlines. As
the light increases, he finds that his firat outline bears but a

rude i-esemblance to what now seems to be the real form, and

he corrects it accordingly. In his first attempts to fill in the

columns, pilasters, windows, and doors, he mistakes the darker

shades between the columns for windows, other lighter shad-

ows for doors, and the pilasters for columns. Notwithstand-

ing such mistakes, his representation is to a certain extent cor-

rect, and he will seldom fall into egregious error. The snc-

ccbsive improvements in his sketch, from the first rough out-

line to the finished pictiii^^,- 4)0 sivoi; consist in effacing at each

step everything he has donej bhi in correcting it, and filling in

the details.

The progress of our knowledge of nature is generally of this

character. But in the case now before us, so great is the dis-

tance, so dim the light, and so slender our ideas of the princi-

ples on which the vast fabric is constructed, that we cannot

pass beyond a few rough outlines. Still there are a few feat-

ures which we can describe with a near approach to certainty,

and others respecting which, though our knowledge is some-

what vague, we can reach a greater or less degree of proba>

"^Bi i!mi '!M:.mv ' ' -vf^' i-nv:- ; vi-.m
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bility.

heads

:

We may include these under the following seven

1st Leaving the nebulse out of consideration, and confining

ourselves to the stellar system, we may say, with moral cer-

tainty, that the great mass of the stare which compose this

system are spread out on all sides, in or near a widely extend-

ed plane passing through the Milky Way. In other words,

the large majority of the stars which we can see with the tele-

scope are contained in a space having the form of a round, flat

disk, the diameter of which is eight or ten times its thickness.

This was clearly seen by Kant, and has been confirmed by

Herschel and Strave. In fact, it forms the fundamental base

of the structures reared by these several investigatore. When
Kant saw, in this arrangement, a resemblance to the solar

system, in which the planets all move round near one central

plane, he was correct, so far as he went. The space, then, in

which we find most of the stare to be contained is bounded

by two parallel planes forming the upper and lower surfaces

of the disk we have described, the distance apart of these
.

planes being a small fraction of their extent— probably less

than an eighth.

2d. Within the space we have described the stare are not

scattered uniformly, but are for the most part collected into

iri'egular clnstere or masses, with comparatively vacant spaces

between them. These collections have generally no definite

boundaries, but run into each other by insensible gradations.

The number of stare in each collection may range from two

to many thousands ; and larger masses are made up of smaller

ones in every proportion, much as the heavy clouds on a sum-

mer's day are piled upon each other.

dd. Onr sun, with its attendant planets, is situated near the

centre of the space we have described, so that we see nearly

the same number of stare in any two opposite quartere of the

heavens.

4th. The six or seven thousand stare around us, which are

easily seen by the naked eye, are scattered in space with a

near approach to uniformity, the only exception being local
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vlnsters, the component stars of which are few in number and

pretty widely separated. Such are the Pleiades, Coma Bere-

nioes, and perhaps the principal stars of many other constella-

tions, which are so widely separated that we do not see any

Connection among them.

5th. The disk which we have described does not represent

the form of the stellar system, but only the limits within

which it is mostly contained. The absence of any definite

boundary, either to star clusters or the stellar system, and the

number of comparatively vacant r^ons here and there among

the clusters, prevent our assigning any more definite form to

the system than we could assign to a cloud of dust. The thin

and widely extended space in which the stars are most thickly

clustered may, however, be called the galactic region.

6th. On each side of the galactic region the stars are more

evenly and thinly scattered, but probably do not extend out to

a distance at all approaching the extent of the galactic region.

If they do extend out to an equal distance, they are very few

in number. It is, however, impossible to set any definite bonn*

daries, not only from oar ignorance of the exact distance of

the smallest stars we can see in the telescope, but because the

density of the stars probably diminishes very gradually as we

go out towards the boundary.

7th. On each side of the galactic and stellar r^on we have

a nebular region, in which we find few or no stars, but vast

numbers of nebuke. The nebnlee diminish greatly in num-

ber as we approach the galaotio region, only a very few being

found in that region. i

The general arrangement of the stars and nebulea which we
have described is seen in Fig. Ill, which shows what is prob-

ably the general aspect of a section of the visible universe per-

pendicular to the Milky Way. In the central part of the fig-

ure we have the galactic region, in which the stars are mostly

aggregated in large masses. Of the arrangement of these

masses nothing certain is known ; they are, therefore, put in

nearly at random. Indeed, it is still an undecided question

whether the aggregations of stars which make up the Milky
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Way extend all the way across the diameter of the galactic

region, or whether they are arranged in the form of a ring,

with our sun and his surrounding stars in the centre of it.

In the latter case, the masses of stars near the centre should

be less strongly marked. This central region being that in

which our earth is situated, this uncertainty respecting the

density of stars in that region implies an uncertainty wheUier

Fm ni -Pr«*«bto wnuiRMmBt of Ui« Mm wd nrtmto v'»lbto with the MaseoiM. !
ttta G»IU7 ttM itan ue not eranlr •Mttond, bat are aulomemtAd into dasten.

the stars visible with the naked eye are part of one of the

masses which make up the Galaxy, or whether we are in a

comparatively thin region. Although this question is still

unsolved, it is one which admits of an answer by telescopic

researoh. When we described Sir William Herschel's ar-

rangement of the stars iii concentric spheres, we saw that in

the more distant spheres the stare were vastly more dense
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around the galactic belt of each Bphero than they were in

other parts of it To answer the question which has been

presented, we must compare the densities of the stars at the

circumferences of tliese spheres with the density immediately

around ns. In other words, the question is, Suppose a human

being could dart out in the direction of the Milky Way, and

pass through some of the masses of stars composing it, would

he find them thicker or thinner than they are in the visible

beavens around ns f

A question still left open is, whether all the celestial objects

visible with the telescope are included within the limits of the

three regions W3 have just indicated, or whether the whole

Galaxy, with everything which is included within its limits,

is simply one of a great number of widely scattered stellar

systems. Since any consideration of invisible galaxies and

systems would be entii-ely idle, the question may be radnced

to this : Are the most distant star clusters which the telescope

shows us situated within the limits of the stellar system or far

without them, a great vacant space intervening) The latter

alternative is the popular one, first suggested by Kant, it be-

ing supposed that the most distant nebulse constituted other

Milky Ways or stellar systems as extensive as our own.

Although the possibility that this view is correct cannot be

denied, yet the arrangement of the star clusters or resolvable

nebulsB militates against it We have shown that the major-

ity qi the latter lie near the direction of the plane of the

Milky Way, comparatively few being seen near the perpen-

dicular direction. But if these objects were other galaxies,

far outside of the one which surrounds us, they would be as

likely to lie in one direction as in another, and the probabil-

ity against the great mass of them lying in one plane would

be very great The most probable conclusion, therefore, is

that they constitute part of our stellar system. They may, in-

deed, be scattered around or outside of the extreme limits with-

in which single stars can be seen, but not at distances so great

that they should be considered aa separate systems. The most

probable conclusion, in the present state of our knowledge,
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whole visible universe.

The differences of opinion which now exist respecting the

probable arrangement and distance of the stara arise mainly

from our uncertainty as to what is the probable range of ali-

solute magnitude of the stars, a subject to which we have al-

ready several times alluded. The discovery of the parallax

of several stars has enabled us not only to form some idea of

this question by comparing the brilliancy of these stars with

their known distances, but it has enabled us to answer the in-

teresting question. How does our sun compare with these stars

in brightness ? The curious result of this inquiry is, that our

sun is really a star less than the average, which would mod-

estly twinkle among the smaller of its fellows if removed

to the distance from us at which they are placed. ZoUner

found, by comparing the light of the sun with that of Capella,

or a AurigsB, that it would have to be removed to 286,000

times its present distance to appear equally bright with that

star, whidi we may take as an average star of the first magni-

tude. But the greater number of the stars of this magnitude

are situated at four or five times this distance ; so that if our

sun were placed at their average distance, it would probably

not exceed the third or fourth magnitude. Still, it would by

no means belong among the smallest stars of all, because we

do iind stars with a measurable parallax which are only of

the fifth, sixth, or even the seventh magnitude. Altogether, it

appears that the range of absolute brilliancy among the stars

extends throngh eight or ten magnitudes, and that the largest

ones emit several tliousand times as much light as the small-

est It is this range of magnitude which really forms the

greatest obstacle in the way of determining the arrangement

of the stars in space.

§ 4. />o the Stars reaUy/orm a System?

We have described the sublime ideas of Kant and Lam-

bert, who, seeing the bodies of our solar system fitted to go

through their revolutions without permanent change during

83

Bk.
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an indefinite period of time, reasoned by analogy that the

stellar universe was constructed on the same general plan,

and that each star had its appointed orbit, round which it

woald run its course during endless ages. This speculation

was not followed up by Herschel and Strnve, who, proceeding

on a more strictly scientific plan, found it necessary to learn

how the stars are now situated before attempting to decide

in what kinds of orbits they are moving. In the absence of

exact knowledge respecting the structure and extent of the

stellar system, it is impossible to say with certainty what will

be the state of that system after the lapse of the millions of

years which would be necessary for the stars to perform a

revolution around one centre. But, as in describing the oon-

stitution of the stellar system, we found certain features on

which we could pronounce with a high d^ree of probability,

so, in respect to the motions and orbits of the stars, there are

some propositions which we may sustain with a near approach

to certainty.

Stability of the System.—We may first assert, with a high de-

gree of probability, that the stars do not form a Stable system

in the sense in which we say timt the solar system is stable.

By a stable system we mean one in which each star movjg

round and round in an unchanging orbit, every revolution

bringing it back to its starting-point, so that the system as a

whole shall retain the same general form, dimensions, and

arrangement during innumerable revolutions of the bodi^

which compose it It is almost necessary to the existence of

such a system that it have a great central body, the mass of

which should be at least vastly greater than that of the indi-

vidual bodies which revolve around it. At least, such a cen^

tral body could be dispensed with only by the separate stars

having a regularity of motion and arrangement which cer-

tainly does not exist in the stellar system as we actually see

it The question, then, reduces itself to this : Are there any

immense attracting centres around which the separate collec-

tions of stars revolve ; or is there any centre around which all

the stars which compose the visible universe revolve % In all
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human probability, these questions must be answered in the

negative. All analogy leads us to believe that if there were

any such central masses, they would be not only larger than

the other stars, but brighter in a yet greaier proportion. It

is, of course, possible to conceive of immense dark bodies,

such as Lambert supposed to exist, but W3 cannot but believe

the existence of such bodies to be very improbable. Al-

though there is, as we have seen, great diversity among the

stars in respect to their magnitudes, there are none cf them

which seem to have that commanding preeminence above

their fellows which the sun presents above the planets which

surround him.

But the most conclusive proof that the stars do not revolve

ronnd definite attracting centres is found in the variety and

irregularity of their proper motions, which we have already

described. We have shown (1) that when the motions of

great numbers of stars are averaged, there is found a general

preponderance of motions from the constellation Hercules,

which is supposed to be due to a motion of our sun with his

attendant planets in that direction ; and (2) that when the

motions of stars in the same region are compared, there is

often found to be a certain resemblance among them. But

this tendency towards a regular law affects only large masses

of stars, and does not imply any such regularity in the mo-

tions of individual stars as would be apparent if they moved

in regular circular orbits, as the planets move round the sun.

The motion of each individual star is generally so entirely

different from that of its fellows as seemingly to preclude all

reasonable probability that these bodies are revolving in defi-

nite orbits around great centres of attraction.

The most extraordinary instances of the irregularities of

which we speak are found in the stars of unusually rapid

proper motion, which are moving forward at such a rate tjiat

the gravitation of all the known stars cannot stop them until

they shall have passed through and beyond the visible uni-

verse. The most remarkable of these, so far as we know, is

Groombridge 1830, it having the largest apparent proper mo-
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tion of Any known star. The most carefnl detenniuations of

its parallax seem to show that its distance is so immense that

the parallax is only about a tenth of a second ; that is, a line

drawn from the sun to the earth would subtend an angle of

only a tenth of a second when viewed from this star. But

the apparent motion of the star, as we actually see it, is more

than seven seconds per annum, or seventy times its parallax.

It follows that the star moves over a space of more than sev-

enty times the distance of the su'i from us in the space of a

year. If, as is likely, the motion of the star is oblique to the

line in which we see it, its actual velocity must be yet greater.

Leaving this out of account, we see that the star would pass

from the earth to the sun in about five days, so that its veloci-

ty probably exceeds two hundred miles per second.

To understand what this enormous velocity may imply, we
must advert to the theorem of gravitational astronomy that

the velocity which a body can acquire by falling towards an

attracting centre is, at each point of its pjith, limited. For ex-

ample, a body falling from an infinite distance to the earth's

surface, and acted on by the attraction of the earth alone, would

acquire a velocity of only about seven miles per second. Vice

versanti body projected from the earth with this velocity would

never be stopped by the earth's attraction alone, but would

describe an elliptic orbit round the sun. If the velocity ex-

ceeded twenty-deven miles per second, the attraction of the sun

himself could never stop it, and it would wander forever

through the stellar spaces. The greater the distance from the

sun at which the body is started, the less the velocity which

will thus carry it forever away from the sun. At the orbit of

Uranus the required velocity would be only six nailes per sec-

ond ; at Neptune, it would be less than five miles per second

;

half-way between the sun and o Gentanri, it would be a nile

in twelve seconds, or a fourth the speed of a cannon-ball. If

we knew the masses of each of the stars, and their arrange-

ment in space, it would be easy to compute this limiting ve-

locity for a body falling from an infinite distance to any point

of the stellar system. If the motion of a star were found to
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exceed this limit, it would show that the star did not belong

to the visible universe at all, but was only a visitor flying

on a conl'se tlirough infinite space at such a rate that the

combined attraction of all the stars could never stop it.

Let us now see how the case may stand with our flying star,

and what relation its velocity may bear to the probable attrac-

tion of all the stars which exist within the range of the tel-

ascope. The number of stars actually visible with the most

powerful telescopes probably falls short of fifty millions ; bnt,

to take a probable outside limit, we shall suppose that within

the regions occupied by the farthest stars which the telescope

will show, there are fifty millions more, so small that we cannot

see them, making one hundred millions in all. We shall also

suppose that these stars have, on the avei-age, five times the

mass of the sim, and that they are spread out in a layer across

the diameter of which light would require thirty thousand ^^ears

to pass. Then, a mathematical computation of the attractive

power exerted by such a system of masses shows that u body

falling from an infinite distance to tlie centre of the system

would acquire a velocity of twenty -five miles per second.

Vice versa, a body projected from the centre of such a system

with a velocity of more tlian twenty-five miles per second in

any direction whatever would not only pass entirely through

it, but would fly off into infinite space, never to return. If the

body were anywhere else than in the centre of the system, the

velocity necessary to carry it away would be less than the

limit just given. But this calculated limit is only one-eighth

the probable velocity of 1830 Groombridge. The force re-

quired to impress a given velocity on a body falling through

any distance is proportional to the square of the velocity, four

times the force being required to give double the velocity, nine

times to Increase it threefold, and so on. To give eight times

the velocity would require sixty-four times the attracting mass.

If
J
then, the star in question belongs to our stellar system, the

masses or extent of that system must be many times greater

than telescopic observation and astronomical research indicate.

We may place the dilemma in a concise form, as follows

:

HSSSKWWi^K!^
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Either the bodies which compose onr universe are vastly

more massive and numerous than telescopic examination

seems to indicate, or 1830 Oroombridge is a runaway star,

flying on a boundless course through infinite space with such

momentum that the attraction of all the bodies of the universe

can never stop it.

Which of these is the more probable alternative we cannot

pretend to say. That the star can neither be stopped, nor bent

far from its course until it has passed the extreme limit to

which the telescope has ever penetrated, we may consider

reasonably certain. To do this will require two or three mill-

ions of years. Whether it will then be acted on by attractive

forces of which science has no knowledge, and thus carried

back to where it started, or whether it will continue straigiit

forward forever, it is impossible to say.

Much the same dilemma may be applied to tlie past history

of this body. If the velocity of two hundred miles or more

per second with which it is moving exceeds any that could be

produced by the attraction of all the other bodies in the uni-

verse, then it must have been flying forward through space

from the beginning, and, having come from an infinite dis-

tance, must be now passing through our system for the first

and only time.

It may be asked whether, in Lambert's hypothesis oi im-

mense attracting bodies, invisible on account of their being

dark, we have not at once the centres required to give general

stability to the stellar system, and to keep the star of which

we have spoken in some regular orbit. We answer, no. To

secure such stability, stars equally distant from the attracting

centres must move with nearly the same velocity. An at-

tr .Qg centre sufficiently powerful to bring a body moving

t hundred miles per second into a regular orbit would

draw most of the other stars moving with small velocities into

its immediate neighborhood, and thus subvert the system. We
thus meet the double difficulty that we have good reason to

doubt the existence of diese opaque, dark bodies, and that if

they did exist, they would not fulfil our requirements.
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Tlie general result of our inquiry is that the stellar uni-

verse does not seem to possess that form of unvarying stabil-

ity which we see in the solar system, and that the stars move

in irregular courses depending on their situation in respect

to the surrounding stars, and probably changing as this situa-

tion changes. If there were no motion at all among the stars,

they would all fall to a common centre, and universal ruin

would be the result But the motions which we actually see

are sufficient to prevent this catastrophe, by supplying each

star with a reserve of force which will generally keep it from

actual collision with its neighbors. If, then, any one star

does fall towards any attracting centre, the velocity which it

acquires by this fall will carry it away again in some other

direction, and thus it may keep up a continuous dance, under

the influence of ever-varying forces, as long as the universe

shall exist under its present form.

To those who have been enraptured with the sublhne specu-

lations of Kant and Lambert, this may seem an unsatisfactory

conclusion; while to those who look upon the material uni-

verae as something made to last forever, it may seem improba-

ble. But when we consider the immense periods which Vw )uld

be required for the mutual gravitation of the stars to eft'eot

any great change in the stellar system, we may be led to alter

such views as these. We have shown that tens of thousands

of years would be required to make any great change in the

arrangement of the stars which we see with the naked eye.

The time required for all the stars visible with tlie telescope

to fall together by their own attraction is to be counted by

millions of years. If the universe had existed in its present

state from eternity, and were to exist forever, the immensity

of these periods would not be at all to the point, because a

million of years is no more a part of eternity than a single

day. But all modem science seems to point to the finite

duration of our system in its present form, and to carry us

back to the time when neither sun nor planet existed, save as

a mass of glowing gas. How far back that was, it cannot tell

us with certainty ; it can only say that the period is counted

Jf
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by millions of yean, but probably not by hnndreda of mill-

ions. It aleo points forward to the time when the sun and

stars shall fade away, and nature shall be enshrouded in dark-

ness and death, unless some power now unseen shall uphold

or restore her. The time required for this catastrophe cannot

be oaloulated ; but it is probably not so great that tlie stellar

system can, in the mean time, be subverted by the mutual

gravitation of its members.

It would thus appear as if those nicely arranged adjust-

ments which secure stability and uniformity of motion are

not found where they are not necessary to secure the system

from subversion during the time it is to last, nmch as the

wheel of an engine which is to make but two or three revo-

lutions while the engine endures need not be adjusted to

make thousands of revolutions. Tlie bodies which form our

solar system are, on the other hand, like wheels which have

to make millions of revolutions before they stop. Unless there

is a constant balance between the opposing forces under the

influence of which they move, there must be a disarrangement

o* the movement long before the engine wears out. Thns,

although the present arrangement of the stars may be studied

without any reference to their origin, yet, when we seek lo

penetrate the laws of their motion, and foresee the changes

of state to which their motions may give rise, we are brought

to face the question of their dnration, and heuoe of their be-

ginning and end.
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CHAPTER III.

THE OOSMv.OONY.

The idea that the world has not endured forever in the

fortn in which we now see it, but that there wa-* «^ time when

it either did not exist at all, or existed only as a mas*, "with-

out form, and void," is one which we iind to have been always

held by mankind. The " chaos " of the Greoks-the rude and

formless materials, subject to no law, out of which all things

were formed by the creative power—corresponds in a strikmg

manner to Uie nebplous masses of modern astronomy. These

old ideas of chaos were expressed by Milton in the second

book of « Paradise Lost," befo- e such a thing as a nebula

could be said to be known, ad he would be a bold astrono-

mer who, in giving a description of the primeval nebulous

mass, would attempt to improve on the great poet:

"a dark,

IlUmitable ocean, without bound,

Without dimension, where length, breadth, and height,

And time and place, are lo»t ; where aldeat Nigbt

And Chooi, ancestors of Nature, hold

Eternal anarchy amidit the noise

Of endie»» war», and by confusion stand

:

For hot, cold, moist, and dry, four champions fierce,

Strive here for mastery, and to battle bring

Their embryon atoms.*******
Chaos umpire sits,

And by decision more embroils the fray

By which he reigns : next him, high arbiter,

Chance gorerns all Into this wild abyss

The womb of Nature, and perhaps her grave,

Of neither sea, nor shore, nor air, nor fire.

But all these in their pregnant causes mixed

Confusedly, and which thus most erer fight,

m'A-
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Unless the almighty Maker them ordain

Hia dark materials to create more worlds

—

Some tumultnous cloud

Instinct with Are and nitre."

If WO classify men's ideas of the cosmogony according to

the data on which they are foauded, we shall find them divis-

ible into three classes. The first class comprises those formed

before the discoveiy of the theory of gravitation, and which,

for this reason, however correct they might have been, had no

really scientific foundation. The second are those founded on
the doctrine of gravitation, but without a knowledge of the

modern theory of the conservation of force ; while the third

are founded on this theory. It must not be supposed, how-

ever, that the ideas of the last-mentioned class are antagonistic

to those of the other classes. Kant and Laplace founded the

nebular hypothesis on the theory of gravitation alone, the con-

servation of force being then entirely unknown. It was, there-

fore, incomplete as it came from their hands, but not neces-.

sarily erroneous in its fundamental conceptions.

l!he consideration of the ancient ideas of the origin of the

world belongs rather to the history of philosophy than to as-

tronomy, for the reason that they were of necessity purely

speculative, and reflected rather the mode of thought of the

minds in which they originated than any definite system of.

investigating the operations of nature. The Hindoo concep-

tion of Brahma sitting in meditation on a lotus-leaf through

long ages, and then producing a golden e^ as large as the

universe, out of which the latter was slowly evolved, is not

founded on even the crudest observation, but is purely a result

of the speculative tendency of the Hindoo mind. The Jew-

ish cosmogony is the expression of the monotheistic views of

that people, and of the identity of their tutelary divinity with

the maker of heaven and earth. Hipparchus and Ptolemy

showed the f^cientific turn of their minds by confining them-

selves to the examination.of the universe as it is, without mak-
ing any vain effort to trace its oi'igin.

twSNMMta
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Though the systems to which we refer are essentially un>

scientific, it must not be supposed that they were all errone-

ous in their results, or that they belong exclusively to ancient

times. Thus, the views of Swedenborg, though they belong

to the class in question, are remarkably in accordance with

recent views of the subject as regards the actual changes which

took place during the formation of the planets. A great deal

of what is written on the subject at present is to be included

in this same ancient class, as being the production of men who
are not mathematicians or working astronomers, and who,

therefore, cannot judge whether their views are in accordance

with mechanical laws and with the facts of observation. Pass-

ing over all speculation of this sort, no matter when or by

whom prodnced, we shall consider in historical order the works

of those who have actually contributed to placing the laws of

cosmogony on a scientific foundation.

§ 1. Tkt Modem Nebtdar Hypothma.

From a purely scientific point of view, Kant has probably

the best right to be regarded as the founder of the nebular

hypothesis, because he based it on an examination of the actual

features of the solar system, and on the Newtonian doctrine

of the mutual gravitation of all matter. His reasoning is

briefly this: Examining the solar system, we find two remark-

able features presented to our consideration. One is that six

planets and nine satellites (the entire number then known)

move around the er.n in circles, not only in the same direction

in which the sun himself revolves on his axis, but very nearly

in the same plana Thie common feature of the motion of

so many bodies could not, by any reasonable possibility, have

been a result of chance ; we ara, therefore, forced to believe

that it must be" the result of some common cause originally

acting on all the planets.

On the other hand, when we consider the spaces in which

the planets move, we find them entirely void, or as good as

void ; for if there is any matter in them, it is so rare as to bd

without effect on the planetary motions. There is, therefore,
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no material connection now existing between the planets

through which they might have been forced to take ap a com-

mon direction of motion. How, then, are we to reconcile this

common motion with the absence of all material connection ?

The most natural way is to suppose that there was once some

such connection which brought about tlie uniformity of mo-

tion which we observe ; that the materials of which the plan-

ets are formed once filled the whole space between them, '' I

assume," says Kant, " that all the materials out of which the

bodies of our solar system were formed were, in the begin-

ning of things, resolved in their original elements, and filled all

the space of the universe in which these bodies now move."

There was no formation in this chaos, the formation of sepa-

rate bodios by the mutual gravitation of parts of the mass be-

ing a later occurrence. But, naturally, some parts of the mass

would be more dense than others, and would thus gather

around tliem the rare matter which filled the intervening

spaces. The larger collections thus formed would draw the

smaller ones into them, and this process would continue until,

a few round bodies had taken the place of the original chaotic

mass.

If we exarahie the result of this hypothesis by the light of

modern science, we shall readily see that all the bodies thus

formed would be drawn to a common centre, and thus we

should have, not a collection of bodies like the solar system,

but a single sun formed by the combination of them all. In

attempting to show how the smaller masses would be led to

circulate around the larger ones in circular orbits, Kant's rea-

soning ceases to be satisfactory. He seems to think that the

motion of rotation could be produced indirectly by the repul-

sive forces acting among the rarer masses of the condensing

matter, which would give rise to a whirling motion. But the

laws of mechanics show that the sum total of rotary motion in

a system can never be increased or diminished by the tnutnal

action of its separate parts, so that the present rotary motions

of the sun and planets must be the equivalent of that which

they had from tixQ beginning.
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fferseheVa Hypothesis.— It is remarkable that the idea of

the gradual transmutation of nebnlsB into stars seems to have

been suggested to Herschel, not by the relations of the solar

system, but by his examinations of the nebula) themselves.

Many of these bodies seemed to him to be composed of im-

mense masses of phosphorescent vapor, and he conceived that

these masses must bo gradually condensing, each around its

own centre, or around those parts where it is most dense, until

it should be transmuted into a star or a cluster of stars. On
classifying the numerous nebulse which he discovered, it

seemed to him that he could see each stage of this operation

going on before his eyes. There were the large, faint, diffused

nebulse, in which the process of condensation seemed to have

hardly begun ; the smaller but brighter ones, which had been

so far condensed that the central parts would soon begin to

form into stars
;
yet others, in which stars had actually begun

to form ; and, finally, star clusters in which the condensation

leas complete. As Laplace observes, Herschel followed the

condensation of the nebulse in much tha same way that we
can, in a forest, study the growth of the trees by comparing

those of the different ages which the forest contains at the

same time. The spectroscopic revelations of the gaseous nat-

ure of the true nebulse tend to strengthen these views of Her-

schel, and to confirm as in the opinion that these masses will

all at some time condense into stars or clustera of stars.

Laplace's View of the Nebular Hypothesis.—Laplace was led

to the nebular hypothesis by considerations very similar to

those presented by Kant a few years before. The remarkable

uniformity among the directions of rotation of the planets be-

ing something which could not have l)een the result of chance,

he sought to investigate its probable cause. This cause, he

thought, could be nothing else than the atmosphere of the son,

which once extended so far out as to fill all the space now oc-

cupied by the planets. He does not, like Kant, begin with a

chaos, out of which order was slowly evolved by the play of

attractive and repulsive forces, but with the sun, surrounded

by this immense fiery atmosphere. Knowing, from meohan-

,.1-.-
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ical laws, that the sam total of rotary motion now Been in the

planetary system must have been there from the begiuuing, he

conceives the immense vaporous mass forming the sun and

his atmosphere to have had a slow rotation on its axis. The
mass being intensely hot would slowly cool off, and as it 4id so

would contract towards the centre. As it contracted, its ve-

locity of rotation would, in obedience to one of the funda-

mental laws of mechanics, constantly increase, so that a time

would arrive when, at the outer boundary of the mass, the cen-

trifugal force due to the rotation would counterbalance the at-

tractive force of the central mass. Then, those outer portions

would be left behind as a revolving ring, while the next inner

portions would continue to contract until, at their boundary,

the centrifugal and attractive forces would be again balanced,

when a second ring would be left behind, and so on. Thus,

instead of a continuous atmosphere, the sun would be sm*-

rounded by a series of concentric revolving rings of vapor.

Now, how would these rings of vapor behave ? As they

cooled off, their denser materials would condense first, and

thus the ring would be composed of a mixed mass, partly solid

and partly vaporous, the quantity of solid matter constantly

increasing, and that of vapor diminishing. If the ring were

perfectly uniform, this condensing process would take place

equally aU around it, and the ring Would thus be broken up
into a group of small planets, like that which we see between

Mars and Jupiter. But we should expect. that in general

some portions of the ring would be much denser than others,

and the denser portions would gradually attract the rarer por-

tions around it until, instead of a ring, we should have a sin-

gle mass, composed of a nearly solid centre surrounded by an

immense atmosphere of fiery vapor. This condensation of the

ring of vapor around a single point would have produced no

change in the amount of rotary motion originally existing in

the ring ; the planet, surrounded by its fiery atmosphere, would
therefore be in rotation, and would be, in miniature, a repro-

duction of the case of the sun surrounded by his atmosphere

with ^hich we set out. In the same way that the aoliur at-
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mosphere formed itself first into rings, and then these rings

condensed into planets, so, if the planetary atmospheres were

Bufiiciently extensive, they would form themselves into rings,

and these rings would condense into satellites. In the case of

Saturn, however, one of the rings was so peiiectly uniform

that there could be no denser portion to draw the rest of

the ring around it, and thus we have the well - known rings

of Saturn.

If, among the materials of the solar atmosphere, there were

any so rare and volatile that they would not unite themselves

eitiier into a ring or around a planet, they would continue to

revolve around the sun, presenting an appearance like that

of the zodiacal light They would offer no appreciable re-

sistance to the motion of the planets, not only on accoimt of

their extreme rarity, but because their motion would be thQ

same as that of the planets which move among them.

Such is the celebrated nebular hypothesis of Laplace which

has given rise to so much discussion. It commences, not with

a purely nebulous mass, but with the sun surrounded by a

fiery atmosphere, out of which the planets were formed. On
this theory the sun is older than the planets; otherwise it

would have been impossible to account for the slow rotation

of the sun upon his axis. If his body had been formed of ho-

mogeneous matter extending out uniformly to near the orbit

of Mercury, it would not have condensed into a globe revolv-

ing on its axis in twenty-five days, but into a fiat, almost lens-

shaped, body, which would have been kept from forming a

sphere by the centrifugal force. But the denser materials be-

ing condensed first, perhaps into such a body as we described,

the friction of the uncondensed atmosphere would have di-

minished the rotation of the sun, the rotating enei^.which he

lost being communicated to the embryo planets and throwing

them farther away.

In accordance with the hypothesis of Laplace, it has al-

ways been supposed that the outer planets were formed first

There is, however, a weak point in liiplaoe's theory of the for-

mation of rings. He supposed that when the oentrifugal and
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(tentripetal forces balanced each other at the outer limit of

the revolving mass, the outer portions were separated from the

rest, which continued to drop towards the centre. If the plan-

etary rings were formed in this way, then, after each ring was

thrown off, the atmosphere must have condensed to nearly

half its diameter before another would have been thrown off,

because we see that each planet is, on the whole, nearly twice

as far as the one next within it. But theia being no cohe-

sion between particles of vapor, such throwing-off of immense

masses of the outside portions of the revolving mass was im-

}>OBsible. The moment the forces balanced, the outer portions

of the mass would, indeed, cease to drop towards the sun, and

would partially separate from the portions next to it ; then

these would separate next, and so on ; that is, there would be

a constant dropping-off of matter from the outer portions, so

that, instead of a series of rings, there would have been a flat

disk formed of an infinite number of concentrating rings all

joined together.

If we examine the subject more closely,we shall see that

the whole reasoning by which it is supposed that the inner

portions of the mass would drop away from the outer ones

needs important modifications. In its primeval state, when it

extended far beyond the present confines of the solar system,

the rare nebulous atmosphere must have been nearly spherical.

As it gradually contracted, and the effect of centrifugal force

thus became more marked, it would have assumed the form

of an oblate spheroid. When the contraction had gone so

far that the centrifugal and attracting forces nearly balanced

each other at the onter equatorial limit of the mass, the result

would have been that contraction in the direction-of the equa-

tor would cease entirely, and be confined to the polar regions,

each particle dropping, not towards the sun, but towards the

plane of the solar equator. Thus, we should have a constant

flattening of the spheroidal atmosphere until it was reduced

to a thin flat disk. This disk might then separate itself into

rings, which would form planets in much the same way that

Laplace supposed, '^ut there would probably be no marked

'^^1



outer limit of

rated from the

If the plan-

each ring was

nscd to nearly,

sen thrown off,

le, nearly twice

being no cohe-

off of immense

^ mass was im-

) outer portions

ds the sun, and

ext to it; then

there would be

iter portions, so

lave been a flat

rating rings all

B shall see that

that the inner

the outer ones

al state, when it

lie solar system,

learly spherical.

Bntrifugal force

nmed the form

m had gone so

nearly balanced

mass, the result

ion-of the equa-

e polar regions,

}ut towards the

liave a constant

it was reduced

arate itself into

same way that

be no marked

*b-

PROORESSIVE CHANGES IN OUR SYSTEM. 511

difference in the age of the planets
; quite likely the smaller

inner rings would condense into planets more rapidly than the

wide-spread outer ones.

Kant and Laplace may be said to have arrived at the neb-

ular hypothesis by reasoning forward, and showing how, by

supposing that the space now occupied by the solar system

was once filled by a chaotic or va]K>rous mass, from which the

planets were formed, the features presented by this system

could be accounted for. We are now to i.
''"« jow our mod-

em science reaches a similar result by reasoning backward

from actions which we see going on before oui eyes.

§ 2. Progressive Changes in our System.

During the short period within which accurate observations

have been made, no actual permanent change has been ob-

served in our system. The earth, sun, and planets remain of

the same magnitude, and present the same appearance as al-

ways. The stara retain their brilliancy, and, for the most part,

the nebnlss their form. Mot the slightest variation has been

detected in the amount of heat received from the sun, or, in

the average number and extent of the spots on his surface.

And yet we have reason to believe that these things are all

changing, and that the time will come when the state of the

universe will be very different from that in which we now see

it. How a change may be inferred when none is actually vis-

ible may be shown by a simple example.

Suppose an inquiring person, walking in what he sup-

posed to be a deserted building, to find a clock running. If

he is ignorant of mechanics, he will see no reason why it may
not have been running just as he now sees it for an indefinite

period, and why the pendulum may not continue to vibrate,

and the hands to go through their revolutions, so long as the

fabric shall stand. He sees a continuous cycle of motions, and
can give no reason why they should not have been going on
since the clock was erected, and continue to go on till it shall

decay. But let him be instructed in the laws of mechanics,

and let him inquire into the force which keeps the hands and
84
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pendulnm in motion. He will then iind that this forue is

transmitted to the pendulum through a train of wheels, each

of which moves many times slower than t^^'vt in front of it,

and tliat the first wheel is act * \x\,y>r\ by a weight, with which

it is connected by a cord. He can see a slow motion in the

wheel which acts on the pendulnm, and perhaps in the one

next behind it, while during the short time he has for exami-

nation he can see no motion in the others. But if he sees how
the wheels act on each other, he will know that they must all

be in motion ; and when he traces the motion back to the iirst

wheel, he sees that its motion must be kept up by a gradual

falling of the weight, though it seems to remain in the same

position. He can then say with entire certainty: " I do not see

this weight move, but I know it must be gradually appr^' - *'•

ing the bottom, because I see a system of moving macL... y,

the prepress of which necessarily involves such a slow falling

of the weight KnoMring the number of teeth in each wlieel

and pinion, I oan compute how many inches it falls each day

;

and seeing how much room it has to fall in, I oan tell how
many days it will take to reach the bottom. When this is

done, I see that the clock must stop, because it is only the fall-

ing of the weight that keeps its pendnlnm in motion. More-

over, I see that the weight must have been higher yesterday

than it is to-day, and yet higher the day before, so that I can

calculate its position backward as well as forward. By this

calculation I see backward to a time when the weight was

at the top of its course, higher than which it oould not be.

Thus, although I see no motion, I see with the eye of reason

that the weight is nmning through a certain course from the

top of the clock to the bottom ; that some power must have

wound it np and started it ; and that nnless the same power
intervenes again, the weight must reach the bottom in a cer-

tain number of days, and the dock must then stop."

The corresponding pn^ressive change exhibited by the

(^rations of nature consists in a constant transformation of

motion into heat, and the constant loss of that heat by radia-

tion into space. As Sir William Thomson has expressed it,

^•^.

^ffiiffw^,...,.
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a constant "dissipation of energy" is going on in natare.

We all know that the sun has been radiating heat into space

dnring the whole coarse of his existence. A small portion of

this heat strikes the earth, and supports life and motion on its

surface. All this portion of the sun's heat, after performing

its function, is radiated off into space by the earth itsell The
portion of the sun's radiant heat received by the earth is, how-

ever, comparatively insignificant, since our luminary radiates

in every direction equally, while the earth can receive only a

part represented by the ratio which its apparent angular mag-

nitude as seen from the sun bears to the whole oelratial sphere,

which a simple calculation shows to be the ratio of 1 to

2,170,000,000. The stars radiate heat as well as the son.

The heat received from them, when condensed in the focus of

a telescope, has been rendered sensible by tlie thermo-mnlti-

plier, and there is every reason to believe that stellar heat and

light bear the same proportion to each other that solar heat

and light do. Wherever there is white stellar light, there

must be stellar heat ; and as we have found that the stars in

general give more light than the sun, we have reason to be-

lieve that they give more heat also. Thus we have a contin-

nons radiation from all the visible bodies of the universe,

which must have been going on from the beginning.

Until quite recently, it was not known that this radiation

involved die expenditure of a sometlung necessarily limited in

supply, and, consequently, it was not known bat that it might

continue forever without any loss of power on the part of the

sun and stars. Bnt it is now known that heat cannot be pro-

duced except by the expenditure of force, actual or potential,

in some of its forms, and it is also known that the available

supply of force is necessarily limited. One of the best-estab-

lished doctrines of modem science is that force can no more

be produced from nothing than matter can : to find it so pro-

duced would be as oomplete a miracle as to see a globe oreated

from nothing before our eyes. Hence, this radiation cannot

go on forever unless the force expended in producing the heat

be returned to the sun in some form. That it is not now

lf#'iilMiiiilv
—U^M 1
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HO rotnrnod we may regard as morally certain. There in no

known law of radiation, except that it proceeds out in straight

lines from the radiating centre. If the heat were retamed

back to the sun from space, it would have to return to the

centre from all directions ; tlie earth would then intercept as

much of the incoming as of the outgoing heat ; that is, we
should receive as much heat from the sky at night as from

the sun by day. We know very well that this is not the ease

;

indeed, there is no evidence of any heat at all reaching us from

space except what is radiated from the stars.

Since, then, the solar heat does not now return to the snn^

we have to inquire what becomes of it, and whether a com-

pensation may not at some time be effected whereby all the

lost heat will be received back again. Now, if we trace the

radiated heat into the wilds of space, we may make three pos-

sible hypotheses respecting its ultimate destiny

:

1. We may suppose it to be absolutely annihilated, just as it

was formerly supposed to be annihilated when it was lost by

friction.

2. It may continue its onwavrl course through space forever.

3. It may, through some agency of which we have no con-

ception, be nltimately gathered and returned to the sources

from which it emanated.

The first of these hypotheses is one which the scientific

thinkers of the present day would not regard as at all philo-

sophical. In our scientific philosophy, the doctrine that force

cannot be annihilated is coequal with that that it cannot be

created ; and the inductive processes on which the latter doc-

trine is founded are almost as 'mimpeachable as those from

which we conclude that matter cannot be created. At the

same time, it might be maintained that all these doctrines re-

specting the uncreatableness and indestructibility of matter

and force can have no proper foundation except induction

from experiment, and that the absolute truth of a doctrine

like this cannot be proved by induction. Especially may this

be claimed in respect of force. The most careful measures of

force which we can make under all circumstances show that it

'^'^
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is subject to no sensible loss by either transmission or transfor-

mation. But this alone does not prove that it can be subject

to no loss in a passage through space requiring hundreds of

thousands or millions of years. There is also this essential

difference between force and matter, that we conceive the lat-

ter as made up of individual parts which preserve their iden-

tity through all the changes of form which they undergo;

while force is something in which we do not conceive of any

such identity. Thus, when I allow a drop of water to evapo-

rate from my hand, I can in imagination tnoe each molecule

of water through the air, into the clouds, and down to the

earth again in some particular drop of rain, so that, if I only

had the means of actually tracing it, I could say, " This cup

contains one, or two, or twenty of the identical molecules

which evaporated from my hand a week or a month ago."

It is on tliis idea.of the separate identity of each molecule

of matter that our opinion of the indestructibility of matter is

founded, because matter cannot be destroyed witltout destroy-

ing individual m ecules, and any cause which could destroy a

single molecule might equally destroy all the molecules in the

universe.

But neither parts nor identity is possible in force. A cer-

tain amount of heat may be expended in simply raising a

weight. Here heat has disappeared, and is replaced by a

mere change of position -^something which cannot be con-

ceived as identical with it. If we let tlie weight drop, the

same amount of heat will be reproduced that was expended

in raising the weight ; but, though equal in quantity, it can-

not be regarded as identical in the way that the water con-

densed from steam is identical with that which was evapo-

rated to form the steam. If measures showed it to be less

in quantity, we could not say there was a destruction of an

identical something which previously existed, as we could if

the condensed steam were not equal to the water evaporated.

Therefore, while tlie doctrine of the indestructibility of force

is universally received as a scientific principle, it can hardly

be claimed that induction has established its absolute correct-

. t

A^tSi^At-^
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ne88 ; and, in a case like the present, where wo see something

which transcends scientific explanation, the failure of tlie

widest indaction may be considered among the possible alter-

natives.

The second alternative— that the heat radiated from the

sun and stars continues its onward course through space for-

ever—is the one most in accord with our scientific concep-

tions. We actually receive heat from the most distant star

visible in our telescopes, and this heat has, according to the

best judgment we can form, been travelling thousands of

years without any loss wliatever. From this point of view,

every radiation which has ever emanated from the earth or

the sun is still pursuing its course through the stellar spaces,

without any other diminution than that which arises from its

being spread over a wider area. A very striking presentation

of this view is, we believe, due to some modem writer. If

an intelligent being had an eye so keen that he could see the

smallest object by the faintest light, and a movement so rapid

that he could pass from one bound of the stellar system to the

other in a few years, then, by viewing the earth from a dis-

tance much less than tliat of the farthest star, he would see it

by light which had left it several thousand years before. By
simply watching, he would see the whole drama of human his-

tory acted over again, except where the actions had been hid-

den by clonds, or under other obstacles to the radiation of light.

The light from every human action performed under a clear

sky is still pursuing its course among the stars, and it needs

only the powers we have mentioned to place a being in front

of the ray, and let him see the action again.

If the hypothesis now under consideration be the correct

one, then the heat radiated by the sun and stars is forever lost

to them. There is no known way by which the heat thus sent

off can be returned to the sun. It is all expended in produc-

ing vibrations in the ethereal medium which constantly ex-

tend out farther and farther into space.

The third hypothesis, like the first, is a simple conjecture

pennitted by tlu3 necessary imperfection of our knowledge.

1
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All the laws of radiation and all onr concopfions of Bpaco

lead to the conclusion that tho radiant heat of tlie sun can

never be returned to it. Buch a return can result only from

Birnce itself having such a curvature that what seems to us a

straight line shall return into itself, as has been imagined by a

great German mathematician ;* or from the ethereal medium,

the vibrations in which constitute heat being limited in extent;

or, finally, through some agency as yet totally unknown to sci-

ence. The firot idea is too purely speculative to admit of dis-

cussion, while the other two suppositions transcend our scienoo

as completely as does that of an actual annihilation of force.

§ 3. The Sources of the Sun's Heat.

' We may regard it as good as an observed fad that ha sun

has been radiating heat into void space for *housan() < or even

millions of years, without any apparent diminution o^ the sup

ply. One of the most difficult questions of cosmical physic^'-'

a question the difficulty of which was not seen before the kiiir

covery of the conservation of force—has boen,Hov ih ' uis sup-

* Thii idea belongs to that transcendental branch of geometi-y which, rising

above those conceptions of space derived from oar experience, investigates what

maj be possible in the relations of parts of space considered in their widest range.

It is now conceded that the supposed a priori necessity of the axioujs of geom-

etry has no really sound logical foundation, and that the question of the limita-

tions within which they are true is one to be settled by experienco. Especially is

this true of the theorem of parallels, no really valid demonstration either that two

parallel Etraight lines will never meet or never diverge being possible. By reject-

ing the limitations imposed upon our' fundamental geometrical conceptions, yet

without admitting anything which positively contradicts them, several geometrical

systems have been constructed in recent times, which are included under the gen-

eral appellation of the non-EuclidiaH Geometry. The most celebrated and re-

markable of these systems is that of Biemann, who showed that although we are

obliged to conceive of space as unbounded, sine, v.: position is possible which has

not space on all sides of it, yet there is no ne"' --e' that we shall consider it as

infinite. It may retnm into itself in something the manner of the surface of a

sphere, which, though it has no boundary, yet contains on'; a finite number of

sliuare feet, and on which one who traveh rtrr.ight forward indefinitely will finally

arrive at his starting-point. Although tli'« idea of the flnitnde of space transcends

our fundamental conceptions, it 'o? not contradict them, and the most that ex-

perience can tell us in the matter is that, thongh space be finite, the whole extent

of the visible universe can be but a very small fraction of the sum total of space.
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ply of heat kept up 9 If we calculate at what rate the tem-

perature of the sua would be lowered annually by the radia-

tion from its surface, we shall find it to be 2^° Fahrenheit per

annum, supposing its specific heat to be the same as that of

water, and from 6° to 10° per annum, if we suppose it the

same as most of the substances which compose our globe. It

would, therefore, have entirely cooled off in a few thousand

years after its formation if it had no other source of heat

than that shown by its temperature.

That the temperature could be kept up by combustion, as

terrestrial fii-es are kept up, is out of the question, as new fuel

would have to be constantly added in quantities which cannot

possibly exist in the neighborhood of the sun. But an allied

source of heat has been suggested, founded on the law of the

mechanical equivalency of heat and force. If a body should

fall into the sun from a great height, all the force of its fall

would be turned into heat, and the heat thus produced would

be enormously greater than any that would arise from the

combustion of the faUiug body. An instance of this law is

shown by the passage of shooting-stars and aerolites through

our atmosphere, where, though the velocity rarely amounts to

more than forty miles a second, nearly all such bodies ara con-

sumed by the heat generated. Now, the least velocity with

which a body could strike the sun (unless it had been merely

thrown from the sun and had fallen back) is about 280 miles

per second ; and if the body fell from a great height, the ve-

locity would be over 850 miles per second. The meteoric

theory was founded on this law, and is, in substance, that the

heat of the sun is kept up by the impact of meteors upon his

surface. The fact that the earth in its course around the sun

encounters millions of moteoroids every day is shown by the

frequency of shooting -stars, and leads to the result that the

solar system is, so to speak, crowded with such bodies revolv-

ing in all sorts of erratic orbits. It is therefore to be sup-

posed that great numbers of them fall into the sun ; and the

question whether the heat thus produced can be equal to that

radiated by the sun is one to be i>dttled by calculation. It is

mm
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thus found that, in order to keep up the solar heat, a mass of

matter equal to our planet would have to fall into the sun ev-

ery century.

This quantity of meteoric matter is so far beyond all rea-

sonable possibility that it requires little consideration to show
that the supply of solar heat caimot be thus accounted for.

Only a minute fraction of all the meteoroids or other bodies

circulating through space or revolving around the sun could

strike that luminary. In order to reach the sun, they would

have to drop directly to it from space, or be thrown into it

through some disturbance of their orbits produced by planet-

ary attraction. If met^eors were as thick as this, tiie earth

would be so pelted with them that its whole surface would be

made hot by the force of the impact, and all life would be

completely destroyed. While, then, the sun may, at some past

time, have received a large supply of heat in this way, it is

impossible that the supply could always be kept np.

The Oontraction Theory.— It is now known that there is

really no necessity for supposing the snn to receive heat from

any outward source whatever in order to account for the

preservation of his temperature through millions of years.

As his globe cools off it must contract, and the heat gener-

ated by this oontraction will suffice to make up almost tiie en-

tire loss. This theory is not only in accordance with the laws

of matter, but it admits of accurate mathematical investiga-

tion. Knowing the annual amount of energy which the snn

itidiates in the form of heat, it is easy, from the mechanical

equivalent of the heat thus radiated, to find by what amount

he must contract to make it up. It is thus found that, with

the present magnitude of the bun, his whole diameter need

contract but 220 feet a year to produce all the heat which he

radiates. This amounts, in round numbera, to a mile in 25

years, or four miles in a century.

The question whether the temperature of the sun will bo

raised or lowered by contraction depends on whether we sup-

pose his interior to be gaseous, on the one hand, or solid or

liquid, on the other. A known principle of the contraction of

im.'iJfH^^'^
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gaseous bodies, and one which, at first sight, seems paradox-

ical, is that the more heat snch a body loses, the hotter it will

become. By losing heat it contracts, but the heat generated

by the contraction exceeds that which it had to lose in order

to produce the contraction.''^ When the mass of gas is so far

contracted that it begins to solidify or liquefy, this action

ceases to hold, and further contraction is a cooling process.

We cannot yet say whether the sun has or has not begun to

solidify or liqnefy in his interior, and therefore cannot make

an exact estimate of the time his heat will last. A rough

estimate may, however, be made from the rate of contraction

necessary to keep up tiie present supply of heat This rate

diminishes as the sun grows smaller at such a rate that in five

millions of years the sun will be reduced to one-half his pres-

ent volume. If he has not begun to solidify now, it seems

likely that he will then, and his heat must soon after begin

to diminish. On the whole, it is quite improbable that the

sun can continue the radiation of sufiicieut heat to support

life on the earth ten millions of years more.

The contraction theory enables us to trace the past history

of the sun a little more definitely than that of his future. He
must have been larger a hundred years ago than he is now by

four miles, and yet larger in preceding centuries. Knowing

* This curiona law of cooling nuunea of gas was discovered by Mr. J. Homer

Lane, of Washington. This gentleman's paper on the theoretical tempemture of

the sun, in the Anuriean Journal of Seienee for July, 1870, contains the most

profound discussion of the subject with which I am acquainted. The principle in

question may be readily shown in the following way. If a globular gaseous mass

i» condensed to one-half ito primitive diameter, the central attraction upon any

part of its mass will be increased fourfold, while the sarfiuse upon which this at.

traction is exercised will be reduced to one-fourth. Hence, the pressure per unit

of surface will be increased sixteen times, while the density will be increased only

dght times. Hence, if the elastic and gravitating forces were in equilibrium in

the primitive condition of the gaseous mass, its temperature must be doubled in

order that they »y still be in equilibrium when the diameter is reduced one-half.

A similar paradox is found in the theorem of celestial mechanics—that the effect

of a resisting medium is to accelerate the motion of a planet or comet through

it. The effect of the resistance is to make the body approach the sun, and the

velocity generated by the qiproach exceeds that lost by the resistance.
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the law of h.*' : jntraction, we can determine his diameter at

any past timejnstias in the case of the running clock the

height of the weight during preceding days can be calculated.

We can thus go back to a time when the globe of the sun ex-

tended out to the orbit of Mercury, then to the orbit of the

earth, and, finally, when it filled the whole space now occupied

by the solar system. We are thus led by a backward process

to the doctrine of the nebular hypothesis in a form strikingly

similar to that in which it was presented by Kant and La-

place, although our reasoning is founded on natural laws of

which those great thinkers had no knowledge.

If we take the doctrine of the sun's contraction as furnish-

ing the complete explanation of the solar heat during the whole

period of the sun's existence, we can readily compute the total

amount of heat which can be generated by his contraction

from any assigned volume. This amount has a limit, however

gi«at we may suppose the sun to have been in the beginning:

a body falling from an infinite distance would generate only

a limited quantity of heat, just as it would acquire only a lim-

ited velocity. It is thus found that if the sun had, in the be-

ginning, filled all space, the amount of heat generated by his

contraction to his present volume would have been sufficient

to last 18,000,000 years at his present rate of radiation. We
can say with entire certainty that the sun cannot have been

radiating heat at the present rate for more than this period un-

less he has, in the mean time, received a miraculous accessira

of energy from some outside source. We use the term *' mi-

raculous" to designate any seeming incompatibility with those

well -ascertained natural laws which we see in operation

around us. These laws teacU ns that no body can acquire

heat except by changes in its own mass akin to contraction of

its parts, or by i-eoeiving it from some other body hotter than

itself. The heat evolved by contraction from an infinite size,

or by the falling of all the parts of the sun from an infinite

distance, shows the extreme limit of the heat the sun could

acquire from internal change, and this quantity, as just stated,

would last only 18,000,000 years. In order (hat the sun

^"
i
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should receive heat from another body, it is not merely neces-

sary that that body should be hotter than the snn, but it would

have to be bo much hotter that the small fraction of its radi-

ant heat which reached the sun would be greater tban all that

the sun himself radiated. To give an instance of what this

condition requires, we remark that the body must radiate

mora heat than the sun in the proportion that the entire vis-

ible celestial sphere bears to the apparent angular magnitude

of the body as seen from the sun. For instance, if its appar-

ent diameter were twelve degraes, it would seem to fill about

SThv P&i^ of the '^lestial sphei-e, and in order to warm the

sun at all it would have to radiate more than three thousand

times as much heat as the sun did. Moreover, in order to fur-

nish sufficient heat to last the sun any given length of time,

it would have to stay in the sun's neighborhood so long that

the excess of what the sun received over what he radiated

would furnish a supply of heat sufficient for that time. We
cannot suppose the sun to have received even a supply of a

thou8and years of heat in this way without the most extrava-

gant assumptions respecting the volume, the temperature, and

the motion of the body from which the heat was received

—

assumptions which. In addition to their extravagance, would

involve the complete destruction of the planets by the heat of

the body, and the total disarrangement of their orbits by its

attraction, if we suppose them to have been in any way pro-

tected from this heat.

The foregoing computation of the limit of time the sun can

have been radiating heat is founded on the supposition that

the amount of heat radiated has always been the same. If

we suppose this amount to have been less formerly than now,

the period of the sun's existence may have been longer, and

in tlie contrary case it may have been shorter. The amount

in question depends on several causes, the effect of which can-

not be accurately computed—^namely, the magnitude, temper-

ature, and condition of the solar globe. Supposing a uniform

radiation, the diameter of this globe was twice as great nine

millions of years ago as it is now. Its surface was then of
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four times its present extent, so that, if it was of the same

natnre and at the same temperature as now, there would have

been four times the radiation. Bnt its density would have

been only one^ighth as great as at present, and its temper-

ature would have been lower. These circumstances would

tend to diminish its radiation, so that it is quite possible that

the total amount of heat radiated was no greater than at

present. The probability would seem to he on the side of a

greater total radiation, and this probability is strengthened by

geological evidence that the earth was warmer in its earlier

ages than now. If we reflect that a diminution of the solar

heat by less than one-fourth its amount would probably make

our earth so cold that all the water on its surface would

fi-eeze, while an increase by much more than one-half would

probably boil the water all away, it must be admitted that the

balance of causes which would result in the sun radiating heat

just fast enough to preserve the earth in its present state has

probably not existed more than 10,000,000 years. This is,

therefore, near the extreme limit of time that we can suppose

water to have existed on the earth in the fluid state.

§ 4. Secular Cooling of the Earth.

An instance of a progressive loss of heat, second in impor-

tance only to the loss from the sun itself, and, indeed, con-

nected with it, is afforded by the secular cooling of the earth.

As we have shown in a preceding chapter, the interior of the

oartli is hotter than the surface, and wherever there is such

a difference of temperature as this, there must be a conduc-

tion of heat from the hotter to the colder parts. In order

that heat may thus be conducted, there must be a supply of

heat inside/ The increase of heat downwards into the earth

cannot, therefore, terminate suddenly, but must extend to a

great depth.

Whatever view we may take of the question of the earth's

fluidity, it must be admitted that it was hotter in former ages

than now. To borrow an illustration from Sir William Thom-

son, the case is much the same as if we should find a hot stone
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in a field. We conid say, with entire certainty, that the stone

had been in the fire, or some other hot place, within a limited

period oi time. Respecting the origin of this heat, two hy-

potheses have prevailed—one, founded on the nebular theory,

that the earth was originally condensed as a molten mass, and

has not yet cooled off ; the other, tliat it i-eceived its heat from

some external source. The latter was the view of Poisson,

who accounted for the increase of temperature by supposing

that the solar system had, at some former period, passed

through a hotter region of space than that in which it is now
found. This view is, however, now known to be entirely un-

tenable, for several reasons. Space itself cannot be warm,

and the earth could have derived heat only from passing near

a hot body. A star passing near enough to heat up the eaith

would have totally disarranged the planetary orbits, by its at-

traction, and destroyed all life on the surface of the globe by

its heat.

Thus, tracing back the earth's heat, we are led back to the

time when it was white-hot ; and then, again, to when it was

enveloped in the fiery atmosphere of the sun ; and again, when
it was itself a mass of fiery vapor. Bespecting the time re-

quired for it to cool off, we cannot make any exact calcula-

tion, as we have done in the case of the sun, because the .cir-

cumstances are entirely different. Owing to tlie solidity of at

least the outer crust of the earth, the heat which it loses bears

no known relation to its interior temperature. In fact, were

we to compute how long the earth might have been able to

radiate heat at its present rate, we may find it to be counted

by hundreds or thousands of millions of years. The kernel

of the difiSculty lies in the fact that when a solid crust once

formed over the molten earth, there was a sudden change in

the rate of cooling. As long as th -> globe was molten, there

would be constant currents between itb surface and the inte-

rior, the cooling superficial portion constantly sinking down,

and being replaced by fresh hot matter from the interior.

But when a continuous solid crust was once formed, the heat

could reach the surface only by conduction through the crust,

\^
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and the latter, thongh only a few feet thick, would operate as

a screen to prevent tlie further loss of heat. There would, as

the crust cooled, be enormous eruptions of molten matter from

the interior; but these would rapidly cool, and thus help to

thicken the crust.

A fact not to be lost sight of, and which in some way as-

similates the earth to the sun, is that of the heat lost by the

earth by far the greater part is made up, not by a lowering

of the temperature of the earth, but by its contraction. It is

true that there must be some lowering of temperature, but for

each degree that the temperature is lowered there will proba-

bly be a hundred degrees of heat evolved by the contraction

of our globe. Considering only the earth, it is difficult to set

an exact limit to the time it may have been cooling since its

crust was formed.

The sudden change produced in the radiation of a molten

body by the formation of a solid crust over its surface may

afford us some clue to the probable termination of the heat-

giving powers of the sun. Whenever the latter so far cools

off that a continuous solid crust is formed over its surface, it

will rapidly cease to radiate the heat necessary to support life

on the globe. At its present rate of radiation, the sun will be

as dense as the earth in about 12,000,000 years; and it is

quite likely to be long before that time that we are to expect

the permanent formation of such a crust

The general cosmical theory which we have been consider-

ing accounts for the supposed physical constitution of Jupiter,

which has been described in treating of that planet. On the

nebular hypothesis, as we have set it forth, the ages of the

several planets do not greatly differ. Tlie smaller planets

would, therefore, cool off sooner than the larger ones. It is

possible that, owing to the great masses of Jupiter and Saturn,

their rate of cooling has been so slow that no solid crust is yet

formed over them. In this case they would appear self-lnmi-

nous, were they not surrounded by immense atmospheres, filled

with clouds and vapors, which shut off a great part of the

internal heat, and thus delay the cooling process.

.^
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§ 5. Oeneral Conclusions respecting the Nebular Hypothesis.

It would Beem from what has been said that the w' ^est iii>

dnctions of modern science agree with the speoalations of

thinking minds in past ages, in presenting the creation of the

material nni verse to our view as a process rather than act.

This process began when the present material universe yroR a

mass of fiery vapor, filling the stellar spaces ; it is still going

on in its inevitable course, and it will end when sun and stars

are reduced to dark and cold masses of dead matter. The
thinking reader will, at this stage of the inquiry, very natu-

rally inquire whether this view of the cosmogony is to be

received as an established scientific fact, or only as a result

which science makes more or leas probable, but of the validity

of which opinions may reasonably differ. We consider that

the latter is the more correct view. All scientific conclusions

necessarily rest on the postulate that the laws of nature are

absolutely unchangeable, and that their operations have never

been interfered with by the action of any supernatural cause

;

that is, by any cause not now in operation in nature, or op-

erating in any way different from that in which it has always

done. The question of the correctness of this postulate is one

of philosophy and common-sense rather than of science ; and

all we can say in its favor is that, as a general rule, the bet-

ter men understand it, the more diflSculty they find in doubting

it. And all we can say in favor of the nebular hypothesis

amounts to this : that the operations of nature, in their widest

range, when we trace them back, seem to lead us to it, as

the mode of running of the dock leads to the conclusion that

it was once wound up.

Helmholtz, Thomson, and others have, as we have explain-

ed, made it evident that by tracing back the cooling processes

we now see going forward in nature, we are led to a time

when the planets were enveloped in the fiery atmosphere of

the sun, and were therefore themselves in a molten or vapor-

ous form. But the reverse problem, to show that a nebulous

mass would or might condense into a system ppsseasing the
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wonderful symmetry of our solar system—the (Planets revolv-

ing round the sun, and the satellites round their primaries

iu nearly circular orbits—has not been solved in a manner at

all satisfactory. We have seen that Kant's ideas were in some

respects at variance with the laws of mechanics which have

iuce been discovered. Laplace's explanation of how the

planets might have been form'ad from the atmosphere of the

sun is not mathematical enough to be conclusive. In the ab-

sence of a mathematical investigation of the subject, it seems

more likely that the solar atmosphere would, under the condi-

tions supposed by Laplace, condense into a swarm of small

bodies like the asteroids, tilling the whole space now occupied

by the planets. Again, when we examine the actual nebulae,

we find very few of them tt> *^ resent that symmetry of outline

which would lead to their con iensation into A system so sym-

metrical as that to which our planet belongs. The double

stars, revolving in orbits of every degree of eccenti'icity, and

the rings of Saturn, composed apparently of a swarm of small

particles, offer better examples of what we should «xpect from

the nebular hypothesis than do the planets and satellites of our

system.

These difficulties may not be insnrmonntable. The greatest

of them, perhaps, is to show how a ring of vapor surrounding

the sun could condense into a single planet ^icircled by satel-

lites. The conditifHis under which such a result is possible

require to be invMiigated mathematically. At the present

time we can only say that the nebular hypothesis is indicated

by the general tendencies of the laws of nature; that it has

not been proved to be inconsistent with any fact; that it is

almost a necessary consequence of the only theory by which

we can account for the origin and conservation of the sun's

heat; but that it rests on the assumption that this conservation

is to be explained by the laws of nature, as we now see them

in operation. Should any one be sceptical as to the sufficiency

of these laws to account for die present state of things, science

can furnish no evidence strong enongh to overthrow his doubts

until the sun shall be found growing smaller by actual meas-

85
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uratnent, or tbe r abulte be actually eeeu to ooadeute into stara

and Bystems.

§ 6. The Plurality of Worlda.

When we contemplate the planets as worlds like onr own,

and the stars as suns, each, perhaps, with its retinue of attend-

ant planets, the idea naturally suggests itself that other planets

as well as this may be the abode of intelligent beings. The

iiuestion whether other planets arp, as a general rule, thus

peopled, is one of the highest interest to us, not only as in-

volving uur place in creation, but as phowing us what is really

greatest in the universe. Many thinking people regard the

discovery of evidences of life in other worlds as the great ul-

timate object of telescope research. It is, therefore, extreme-

ly disappointing to learn that the attainment of any direct

evidence of such life seems entirely hopeless— so hopeless,

indeed, that it has almost ceased to occupy the attention of

astronomers. The spirit of modem science is wholly adverse

to speculation on questions for the solution of which no scien-

tific evidence is attainable, and the common answer of astron-

omers to all questions respecting life in other worlds would

be that they knew no more on the subject than any one else,

and, having no data to reason from, had not evdn an opinion

to express. Still, in spite of this, many minds will speculate

;

and although science cannot answer the great question for us,

she may yet guide and limit our speculations. It may, there-

fore, not be unprofitable to show within what limits specula-

tion may not be discordant with the generalizations of science.

First, we see moving round our sun eight large planets, on

one of which we live. Onr telescopes show us other suns, in

such numbers that they defy count, amounting certftinly to

many millions. Are these suns, like our own, centres of plan-

etary systems H If our telescopes conld be made powerful

enough to show such planets at distances so immense as those

of the fixed stavs, the question would at once be settled ; but

all the planets of our system would disappear entirely from

the reach of the most powerful telescopes we can ever hope to
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make at a distance far less than that which neparates us from

the nearetit fixed star. Observation can, tliorefore, afford us

no information on the subject. We must have recourse to

costnological considerations, and these may lead to the con-

elusion that if the whole universe condensed from a nebulous

mass, the same cause which led our sun to be surrounded by

planets would operate in the case of other suns. But we have

jost shown ichat the symmetry of form an^l arrangement seen

in our system is something we could raioly expect to result

from the condensation of masses so irregular as those which

make up the large majority of the nebulas, while the irreg-

ular orbits of the double stars show us what we should rather

expect to be the rule. It is, therefore, quite possible that reti-

nues of planets revolving in circular orbits may be rare excep-

tions, rather than the rule, among the stars.

Next, granting the existence of planets without number,

what indications can we have of their habitability 1 There

is one planet besides our own for which the telescope settles

this point—namely, the moon. This body has neither air nor

water, and, consequently, nothing on which organic life can

be supported. The speculations sometimes indulged in re-

specting the possible habitability of the other side of the

moon, which we can never see, are nothing more than plays

of the imagination. The primary planets are all too distant

to enable us to form any certain judgment of the nature of

their surfaces, and the little we can see indicates that their

constitution is extremely varied. Mars has every appearance

of being like our earth in many particulars, and is, therefore,

the planet which we should most expect to find ii)habited.

Most of the other planets give indications of being surround-

ied by immense atmospheres, filled with clouds and vapors,

through which sight cannot penetrate, and we can reach no

certain knowledge of what may be nnddr these clouds. On
the whole, we may consider the chances to be decidedly

against the idea that any considerable fraction of the heav-

enly bodies are fitted to be the abode of such animals as we
have on the earth, and that the number of them which have
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the requisites for supporting civilization is • very miiati frac-

tion indeed of the whole.

This coDcluBion rests on the Msutnption that the conditions

of life ara the same in other worlds as in our own. This as-

sumption may be contested, on the ground that we can set no

limits to the power of the Creator in adapting life to the con-

ditions whicli surround it, and that the imineiiso range of adap-

tation on our globe—some animals living where others are im-

mediately destroyed—makes all inferences founded on the im-

possibility of our earthly animals living in the planets entirely

inoonolnsive. The only scientific way of meeting this argu-

ment is to see whether, on our earth, there are any limits to

the adaptability in question. A cursory examination shows

that while there are no well-defined limits to what may be

considered as life, the higher forms of animal life ara very

far from existing equally under all conditions, and the high-

er the form, the mora restricted the conditions. We know
that no animal giving evidence of solf-oonsoionsness is devel-

oped except under the joint iiifinence of air and water, and

between certain narrow limits of temperatnro; that only forms

of life which ara intellectually very low ara developed in the

ocean ; that there is no adapting power exeroised by nattare on

our globe whereby man can maintain a high degree of intel-

lectual or bodily vigor in the polar regions ; that the heats of

the torrid zone also impose restrictions upon the development

of onr race. The conclusion which we may draw from this

is that, if great changes should occnr on the surface of onr

globe, if it should be cooled down to the temperatnre of the

poles, or.heated up to that of the equator, or gradually be cov-

ered with water, or deprived of its atmosphere, the higher pres-

ent forms of animal life would refuse to adapt themselves to

the new state of things, and no new forms of life of equal ele-

vation would take the place of those destroyed by the change.

There is not the slightest reason for believing that anything

more intelligent than a fieh would ever live under water, or

anything more intellectual than the Esquimaux ever be sup-

ported in regions as cold as the poles. If we apply this con-

m
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sideratiort to the qaestion which now occupies us, we are led

to the conclusion tliat, in view of the immense diversity of

conditions which probably prevails in the universe, it would

be only in a few favored spots that we should expect to find

any very interesting development of life.

An allied consideration will lead us to nearly the same con-

clusion. Enthusiastic writers not only sometimes people the

planets with inhabitants, but calculate the possible population

by the number of square miles of surface, and throw in a lib-

eral supply of astronomers who scan our earth with powerful

telescopes. The possibility of this it would be presumption

to deny ; but that it is extremely improbable, at least in the

case of any one planet, may be seen by reflecting on the brev-

ity of civilization on our globe, when compared with the exist-

ence of the globe itself as a planet. The latter has probably

been revolving in its orbit ten millions of years; man has

probably existed on' it loss than ten thousand years; civiliza-

tion less than four thousand ; telescopes little more than two

hundred. Had an angel visited it at intervals of ten thousand

years to seek for thinking beings, ho would have been disap-

pointed a thousand times or more. Reasoning from analogy,

we are led to believe that the same disappointments might

await him who should now travel from planet to planet, and

from system to system, on a similar search, until he had exam-

ined many thonsand planets.

It seems, therefore, so far as we can reason from analogy,

that the probabilities are in favor of only a very small frac-

tion of the planets being peopled with intelligent beings.

But when we reflect that the possible number of the planets

is counted by hundreds of millions, this small fraction may
be really a yery large number, and among this number many
may be peopled by beings much higher than ourselves in the

intellectual scale. Here we may give fi-ee rein to our imagi-

nation, with the moral certainty that science will supply noth-

ing tending either to prove or to disprove any of its fancies.
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APPENDIX.

I.

LIST OF THE PRINCIPAL GREAT TELESCOPES OP THE WORLD.

A. Refleeting Tehieope*.

Ownar, nad PUm.

The Earl ot Rosse, Parsonatown,

Ireland ;

'

Mr. A. A. Common, Esq., Ealing, \

England '

The Obgervatocy of Melbourne,

'

Australia f

The Observatory of Paris

The Earl of Rosse, Parsonstown, \

Ireland '

)

Professor Henry Draper, Dobbs
Perry, New York

The Observatory of Toulouse,

France (

The Observatory of Marseilles, |

France (

Mr. Lassell, Maidenhead, Eng-

1

land S

CoutracUoo.*

Newtonian.

Newt.,S.O.

Cassegr.

Newt., S. O.

Newtonian.

Cass., S. 6.

S.G.

8.0.

Newtonian.

Apartare.

6 feet

87 in.

4 feet.

47 in.

8 feet.

28 in.

81.6 in.

81.6 in.

2 feet.

Wh«i buill, and by whom.

Earl of R., 1844.

( The owner and Mr.

( Culver.

Mr. Grubb, 1870.

j M. Martin and M.

\ Eichens, 1876.

The owner.

The owner.

M. Foucault

( M. Foucault and M.

I
Eichens.

The owner.

B. RefraeUng Tdeteopet.

Oman, ud PUn. Apwtm. Malur,« DM*.

The Imperial Observatory, Pnllowa, Russiat. .

.

Tiie Imperial Obse ''<'atory, Vienna

30 in.

27 in.

26 in.

26 in.

36 in.

19 in.

18.6 in.

18 in.

16 in.

( A. Clark and Sons,

} 1882:

Mr. Grubb. 1881.

( A. Clark and Sons,

} 1878.

( A. Clark and Sons,

) 1881.

' T.Cooke and Sons,

t 1870.

Herz and Miihier.

j A. Clark and Sons,

) 1862.

Mr.Fitz,of N.Y.
< Merz and Mahler,

} 1843.

U. S. Naval Observatorv. Wasbinirton

The Universitv of Yinrinia

Mr. R R. Newall, Gateshead, England

The Observatory of Strasburg, Germany

The Observatory of Chicago

Mr. Van der Zee, Buffalo, New York
The Observatory of Harvard College, Cam-

)

bridge, Mass \

In tbii ciilaron, " Cassegr." lignlfle* the Cnssegntinlau

IM. 8. G. signifles that the mirntr Is of allvered glass,

t This telescope, of which the al^ect^iaas only la by the

constmction, described on page

Olarks, Is still nnilniabed.
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t

OmMT, and FUm.

The Roysl OlMenratory, Pulkowa, Rumia.

Mr. William Huggins, London, EngUnd*
Lord Lindsay, Aberdeen, Scotland

The Observatory of Lisbon, PortogaL
The Obserratory, Markree Castle, England
Hamilton College, Clinton, New York
Tlte Paris Observatoryf
The Allegheny Observa'nry, Pennsylrania
Mr. L. M. Rutherfurd, New York
The Dadley Observatory, Albany, New York. . .

.

The Royal Observatoi7, Greenwich, Eng-

1

land)
)

Michigan UniTersity, Ann Arbor

Vassar College, Pooghkeepsie, New York

The Physical Observatory, Oxford, England

The Imperial Observatory, Vienna.

The Cambridge Oliservatory, EngUnd
The Royal Observatory, Dublin.

Professor Heniy Draper, Dobbs Ferrv, New )

York ..'.
f

The Pritchett Institute, Glasgow, Missoari

Mr. S. V. White, Brooklyn, New York
The RadcUffe Observatory, Oxford, England...

.

The Lick Observatory, San Joe4, California. . .

.

The Observatory, Bothkamp, Germany
The Observatory, Cordova, South America
The Observatory, Munich, Germany.
The Observatory, Copenhagen, Denmark
The Observatory of Cincinnati, Ohio
Middletown University, Connecticut

16 in.

15 in.

16 in.

14.8 in.

14 hi.

18.6 in.

18 hi.

18 in.

18 in.

18 in.

12.6 in.

18.6 in.

18.8 in.

12.2 in.

12 in.

12 in.

12 in.

18 in.

12 in.

12 in.

12 in.

18 in.

11.7 in.

11.2 in.

11 in.

11 in.

11 in.

11 in.

( Men and Mihler,

\ 1840.

Mr. Grubb.
Mr. Grubb.
Men and Mthler.

Mr. Spencer.

M. laohens.

The owner.

Mr.Ilts,of N.Y.
Men and Sons,

1860.

Troughton and
Simms.

ar.Fitz,ofN.Y.
Mr.Pitz,ofN.Y.
A. Clark and Sons.

Mr. Grubb.

A. Clark and Sons,

1876.

f. Cauuhoix.

M. Cauchoix.

( A. Clark and Sons,

\ 1876.

I A. Clark and Sons,

{ 1876.

K. Clark and Sons.

M. Cauchoix.

A. Claris and Sons.

Schroeder.

Mr.FitLofN.Y.
Mors.

Men.
Mere
A Clark and Sons.

Besides these, the following three .telescopes Are projected : A gnat re-

fkaotor of 33 inches for the Liok Obsenratory, Calilbraia, to be made by

A. Clark and Sons; a great refractor fsr the Paris Observatoty, to be fig-

ured by the brothers Henry, of Paris ; a lefiraetor ofS8 inches for Yale Col-

lege, by A. Clark and Sons.

* This tetoscops belongs to the Roral Society, but is to poasMsion of Mr. HnBinsi
t The ol|i«et^ass Is an old one, bat the moanUnn la new, by Blelwu.

t Tke otjecHilsas is by Mara, of Mnnieb, the SMnntliig by Tronghlon and Slauas.
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11.

LIST OF THE MORE REMARKABLE DOUBLE STARS.

OOMPIUO BT 8. W. BUKHHAM.

86 Rscium . .

.

88 " . .

.

42 " . .

.

51 " . .

.

55 " ...

i|Cassiope»...

86AndroniedaB.

a Piscium ....

48 0eti

Polaris

(Sculptoris..

.

a Fiadum

y Andromedae.

iTriangnll

(Oassi^MB..

.

Mum.

84 0ea..
yCeti...

I Arietis.

{[Persei.

Persei...

89 Eridani.

f Tauri . .

.

pOrionls..

fi
" ..

88 " .

.

n " ••

C Ononis...
lIMonooerotis.

ISLynds....

Rl||ht Amo.
two.

H. M. S.

8 47

n 13

16 13

26 12

38 36

41 48
48 82

1 7 14
18 41
18 45
40 1

66 60

•6 82

8 6 26
19 10

86 4
87 6

62 21

8 46 86

40 48
4 8 41

12 6ff

6 7 :t

8 4S
16 82
18 !i7

28 32

29 28

82 48

34 42
6 28

86 88

Dwilutloii

IHW.

8 9

8 12

12 49

6 18

20 47

67 11

22 60

28 67
-1 8
88 40

-26 89
8 11

41 46

29 46
66 62

- 1 12

2 44
20 62

81 82

89 40
-10 88
27 4
8 48

-8 80
8 2A

-2 80
9 61

-6 28

-2 40

- 2
-6 67

59 84

Aaglt.
DiltUM.

149.8

287.6

838.0

82.8

192.7

140.0

358.9

227.5

361.4

210.1

69.6

328.2

62.4

80.6

266.1

107.3

824.7

289.2

201.9

207.6

9.2

168.7

246.6

68.4

198.8

28.1

88.8

40.8

286.6

84.6

161.8

130.0

101.7

168.7

304.2

12.47

MagBltBdw.

6.2 7.8

7.0 8.0

6.8 10.7

6.0 9.0

5.0 8.2

4.0 7.6

6.2 6.8

4,7 10.1

6.2 7.2

2.0 9.0

6.0 10.0

2.8 8.9

8.0 6.0

6.0 6.4

4.2 7.1

8.1 1

6.0 9.2

3.0 6.8

5.7 6.0

2.7 f'S

8.1 8.;>'

6.0 9.11

Nolo.

( White, X. Pale-white:

{ violet, Smyth.

(Yellow: blue -green,

) Herschel.

White : ashy.

i Yellow : deep - red,

I
Dembowski.

Yellow : purple.

Binary, 849.1 years.

White: blue.

White : dull red.

i

Yellow : blue.

again double, 0"

ellow: blue.

A and B.

)

A and C. f
Yellow : ashy.

Yellow : blue.

Binaiy.

( Light - green : ashy.

; Other small stars

> in the field.

^1' white: liUo,

YM.ir: V.wi.

8.0|)"Ai : hhus'i.

S.Sri oH':)!. : tloe.

e.ci

tt.O

4.1 lO.S

7.6

,0 6.7

.0 6.5

6.0

6.1

7.4

5.2

Oisoovere() ^ y Dawes.
Yellow: pui|>
)S'>xtup1e. Intheg'AAt

nebula of Orioo.

AcndB.
A andO.
Yellor: light-purple.

A and B.

B and C.

AandB.
A and C.
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N»-.
Right AiMii. DmUuUoii Podtl'n

1880. 1880. Angle.
DMUM. Not.

H. M. 8. ' «

66 Aurigae 88 6 48 42 17.1 66.38 6.0 9.0 V^hite: blue.

ft Canis Maj. .

.

60 86 -13 68 348.6 8.22 1.7 8.0

S Oeminorum

.

7 12 67 22 12 196.0 7.14 3.2 8.2

Castor 26 67 32 9 280.3 6.49 2.7 8.7

6 Navia 42 10 -11 64 17.6 3.32 6.8 7.4

{Cancri 8 6 19 18 1 180.1 0.74 6.0 6.7 A and B. >

A and C. ]. .

.

• • • • 182.0 6.t8 6.6

88 LynciB t il 23 87 10 240.2 2.69 4.0 6.7

y Leonis

86 Sextantis .

.

10 18 20 20 27 111.2 8.18 2.0 8.6 rellow: greeniah.

37 7 6 28 240.6 6.72 6.1 7.2 Yellow: blue.

£ UrasB Maj. .

.

11 11 48 82 13 817.6 1.00 4.0 4.9 Binary.

66 UrHB Maj.

.

48 61 47 9 86.4 8.71 6.0 8.3 Yellow: blue.

t Comte 68 8 22 8 240.6 8.78 6.0 7.6
i< It

24 " 12 29 6 19 2 271.0 20.42 4.7 6.2
II II

y Virginia 86 36 -0 47 160.8 4.77 8.0 8.0 Binary.

86 Comae 47 28 21 64 26.8 1.48 6.0 7.8 A and B. )

A and C.
(.... 124.7 28.60 9.0

84 Virginia . .

.

18 87 2 "49 286.8 3.89 6.8 8.2 Yellow : blue.

(BootiB 14 36 26 14 16 308.2 1.02 8.6 8.0

1 " 89 46 27 86 820.6 8.68 8.0 6.3 Yellow: blue or green.

£ " 46 61 19 36 301.6 6.44 4.7 6.6 Yellow: reddish purple.

44 " 69 61 48 7 289.8 4.80 6.2 6.1 Yellowish: bluish.

M " 16 19 68 87 48 171.9 108.46 4.0 A and B. ) Binary

B and C. j:141.9 0.69 6.7 7.8

S Serpentia . .

.

'29' 6 10 66 196.9 2.66 8.0 4.0 Binary.

(Libne 67 46 -11 8 178.1 1.06 4.0 6.2 A and B. ) Binary.

A and C. ].... .... 70.8 7.06 7.2

Antarea 16 22 2 -26 10 268.7 8.46 1.0 7.0 Red: green-

86 Ophiuchi .

.

17 7 69 -26 26 227.8 6.66 6.0 6.0

aHeroulla 9 10 14 82 118.6 4.66 8.0 6.1 Yellow: emerald.

p " ....

70 Ophiuchi .

.

19 83 87 16 807.2 8.60 4.0 6.1

69 28 2 88 88.7 8.48 4.1 6.1 Yellow: purple. Binary.

f' Lyr» 18 40 22 89 88 26.0 8.08 4.6 6.8
•

«• " 40 24 89 20 165.2 2.67 4.9 6.2

« " 40 88 87 20 149.7 48.71 4.2 8.6

(Sagfttv
19 26 68 27 4! 66.7 84.20 8.0 6.8 Golden yellow : blue.

48 89 18 61 812.8 8.49 6.7 8.8 Lldit-green: blue.

Ydlow: blue.1 Draconis . . .

.

48 84 60 68 864.8 2.79 4.0 7.6

98ngittaB 20 4 89 80 38 886.7 11.4« 6.0 8.8

49 Oygni 86 11 81 68 49.4 8.74 6.0 8.1 Yellow: blue.

(Equuld 68 6 8 6(1 288.fi O.OC 6;a 6.S A and B. )

A, B, and C. f
^

.... 76.S IO.R: 7.1

18 Aqusrii.... 6744 -6 18 189.« %iV , 8.6 7.7 Yellowiah : .bine.

61 Oygni ....

jSCepbei....

21 1 14 88 i 116.(I WMi 8.8 6.(I

27 e 70 S 280.() i;\.yf 8.0 8.C) Light-green : blue.

41 Aquarii. . .

.

22 7 4(1 -21 4(> 119.4\ *.ot) 6.0 8.1lYeilow: blue.

68 " .... 20 S -17 21 S04.{< «.2(> 6.0 6.11 While: yeUow.

5 " ... 22 8« -0 8f) 884.t( 8.4()4.0 4.1 Binary.

^ " ...

9 Caaaiopes

.

28 9 81 -0 4^> 812.2i 49.6:1 4.8 8.(i Yellow : blue.

62 6( 63 (( 828.^I 8.01 6.4 7.1J White: blue.

NoTB.—The sign miiuM (-) befoie decUnatlona means wufA; without the atgn, it ia

orM.
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LIST OF NEBULA AND STAB CLUSTEB8. 637

III.

LIST OF THE MORE INTERESTING AND REMARKABLE NEBUL..E AND
STAR CLUSTERS.

OtjMl.

47 Toucani cluster

Great nebula of Andromeda.

Nebula

Tempel's variable nebula

Hind's variable nebula

Globular cluster

II II

Great nebula of Orion

Chaoomac's vatiable nebula.

Nebula around cOrionis. ..

Looped nebula

Cluster and nebula Hess. 46

.

Star cluster

" " Mess. 67

Planetary nebula
II II

Nebula.

Planetary nebula
11 <i

II II

(-p'ral nebula
II II

NebuU
II

Star duster

Bifd nebula

Cluster around w Ce .tauH .

.

Spiral or ring nebula

Spiral nebula
II II

Cluster

R. A. 1880. Dm. IMO.

H. M. o '

19 72 46 S.

36 40 87 N.

42 26 67 a
8 29 36 82 S.

8 89 23 23 N.

4 16 19 14 N.

6 9 68 66 S.

S 10 40 11 S.

6 29 6 29 S.

6 80 21 8 N.

5 80 1 17 S.

89 69 10 8.

1 86 14 32 S.

7 48 38 18 a
8 40 12 18 N.

9 11 36 7 a
9 18 67 47 a
9 46 69 88 N.

10 2 89 61 a
10 19 18 2 a
11 8 66 40 N.

12 18 16 6 N.

12 17 16 29 N.

12 84 10 67 a
12 86 88 12 N.

13 7 18 48 N.

13 18 42 28 a
18 20 46 41 a
18 26 47 49 N.

18 80 29 16 a
IS 32 i7 16 a
18 87 28 69 N.
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!

CNtiwI.

Oluater
It

Resolvable nebula

Ureat Cluster of Herculeti

Cluster
It

(4

It

Small annular nebula
II II It

Cluster

Trifid nebula

KebulouB cluster.

Hooked nebula

Cluster

Annular nebula of Lyra.

.

Variable nebula

Dumb-bell nebula

Small annular nebula. . .

.

Planetary nebula

Nebula around c Cygni .

.

Planetary nebula

Cluster
II

Blue planetary nebula. .

.

a. A. iN«.

H. M.

16 18

15 88

16 10

16 87

16 41

16 61

16 62

16 64

Dm. IMS.

11

17

14

83

11 81

17 66

17 57

18 14

18 2(«

IB ir-

10 8

18 U
U

20 17

20 40

80 68

81 87

81 84

88 80

o •

8 88 N.

87 28 a
88 41 a
86 48 N.

1 44&
8 64 a

44 2«a
2tf 66 a

81 a
80 a
10 a

88

88

s

84

JD

31 a
18 i5.

8.

68 K.

60 N.

82 24 N.

12 N.

44 M.

17 N.

60 a
28 a
48 a
68 N.

80

19

80

11

1

23

41

To facilitate the fliiding of the Above nebnln and olostets, their potU

(iuiw ara marked on the Btar-mapa with small oircleit



«. Dm. ItM.

o •

2 88 N.

87 28 a
22 41 S.

86 42 N.

1 44a
8 54 a

44 29 a
2tf 06 a
88 21 a
28 80 a
s loa

2s 2 a
24 21 S.

io 18 a.

n H.

n 68 K.

60 N.

22 24 N.

80 12 N.

IS 44 N.

80 17 N.

11 BO a
1 22 a

14 28 48 a
!0 41 B8 N.

stem, their posi*

PERIODIC COMETS SEEN AT MORE THAN ONE RETURN. 63D
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VI.

ELEMENTS OF THE SMALL PLANETa

OOMFIUD BT D. F. tODD.

(1) Cere

(t) Pallae

0) Jnno

(4) Vests.

(5) Aetnu

(•) Hebe

CO IrU

9) Flora.

(f) Metb.

(tO)aygr'»

(U) P*rtheno;«

aS) Victoria...

(t.1)Egeria

(14)Irei.e

(U)BnnoiuUi...

<10Pi)rche

(IT)Thetlt

(It) Melpomene.

(ll)FurtUDa....

(W)MaMaUa...

(St)Latetia

(M)Oalllo|ie....

WTballa.
(M^Themia.....

(H)FhoeMk

(M) Prastrpliie

.

(ST) Baterpe. . .

.

(IQ Bellona . . .

.

(ft) Ampbltrite.

<»»)Vrwto

51

laoi

18M
18M
1807

184fi

I84T

184T

1847

1848

18«

1880

1800

18B0

1861

1861

isn
1868

last

lata

1801

lan
18M
18iit

1868

18S8

18B8

1888

1884

1664

1864

Plaasl

Olbera

Harding

Olben
Heucke

Heneke.

Hind
Hind

Orabam
Qa»parto

Gaiparia.

Hind

Qaaparls

Hind
OaaparU.

Qaaparia.

Latber.

Hind
Hind
GMparii.

Goldaebmldt..

Hlud
Hind
Oasparlis.

Cbaeomar;. . .

.

Lather.

Hind
Latber

Marth

Hind

8.98

8.48

a.86

8.67

8.00

%n
8.04

%M
8.88

8.48

8.70

8.84

8.8Q

8.01

8.14

8.78

%.n
8.16

8.88

8.ac

8.iM

0.68

i.n

8.80

t.78

S.80

«.Tl

8.88

31

8.00

8.11

1.88

8.16

8.10

1.08

1.88

1.88

8.08

8.80

8.81

1.88

8.86

8.17

8.16

8.09

8.16

1.80

8.06

9.08

8,04

8.88

8.09

8.7P

l.T»

a.4S

1.94

8.8e

8lS4

9.08

a

78(1.8

814.1

»77.8

868.8

088.8

9«9.8

1088.8

888.8

688.4

9M.0
984.8

887.9

861.0

888.4

710.8

918.4

108a t

990.1

«4S.»

988.8

716.8

fl8t4

689.0

864.8

819.7

m«.7

74Ce
808.0

976.4

Yf«.

4.61

4.89

4.86

8.88

4.14

8.78

8.88

8.87

>.««

6.88

a84
8.67

4.14

4.17

o.on

0.938

0.967

0.069

U.180

0.808

0.981

0.166

9.va

0.108

0.100

a819
0.087

0.168

4.81'

4.88

(MOT

0.186

8.88 ai88
3.48 0.118

r.8a 0.1fl«

8.74 ai48

8.80 &1(M
«.9« kioi

4.«r 0.981

tuu 0.184

8.79 0.986

1.88 a067
ll.<iO 0.174

4.88 aiBS

4.0» aOT4
8.84 am

100.0

199.0

64.8

960.8

184.9

16.9

41.4

819

71.1

988.8

817.8

801.7

190.8

180i8

97,9

U.I

98t.B

16.1

81.1

89.1

S«7.1

198.8

144.1

803.8

«88.4

8».0

189.4

08.4

89.1

80.8

1718

170.8

108.6

141.6

188.7

968.3

110.8

88.6

•16.6

iar.9

986.6

4S.8

88.8

888.8

160.8

11B.4

l»t.t

(11.6

806.8

80JI

86.8

87.7

86.8

911.9

45.9

918
144.7

860.7

808.1

10.8

84.7

110
T.l

18

14.8

6JI

6.9

84
8.8

4.8

H.4

116
11
ll.T

11
16
10.8

te
0.7

8.1

117

10.9

as
91.6

8.6

1.6

8.1

11
11

1788

1771

1888

1861

1M9

1484

1886

1801

9je;

1144

1677

ia6t

1884

9.0m

9.4T8

19M
IMS
s.4n

I486

1808
1«CI>

1188

1400

18S6
1847

8.7n
1696

9.886



U j 1)
z

!"» 1 a

o o a

B0.0 80.8 110.8 8.788

M.0 in.8 t4.T 8.ni

B4.» 1T0.9 18.« «.«»|

HO.* ioe.B T.l 8J8I

84.» 141.B M 9.»7>

lB.t 188.7 14.8 8.484

41.4 W).'d 6J> 8.888

si.» n«.8| M 8.801

T1.1 •8.5 M 9.887

e88.9 *HB.5 8.8 8.144

S1T.» ur.t 48 9.488

S01.T <a8.« 8.4 SJ84

l«0.t 43.8 18.8 wn
IMS 88.8 8.1 tm
n.» M8.9 U.T 9.884

U.1 1W.8 8.1 9.9n

Ht.8 m.4 S.8 8.478

I0.i W!n,i 10.S 9.m«

Sl.l (11.6 IB i.m
M.1 806.8 0.7 S.4M

84T.t aojt 8.1 9,488

Be.» ••.« 18.7 «.90»|

IS8.8 8I.I 18.11 8.l«l>

144.t 86.8 «l8 8.188

3(r3.6 nt.8 n.11 9.400

•mA 49.« 8.«1 8.888

«».C 08.1 l.<1 *,m
tsa.4k 144.1 ».'I 9.7n

0&41 8B8.1r «. 1 Obli

Sil. L 888. 8^ 1 S.88B

ELEMENTS OF THE SMALL PLANETS.



&44 APPENDIX.

(M) rrais

(VT) Frftg*

0<) Olan*
(TV) Kuryuumr.

.

(80) Sappho

(81) Tfrpulchnr*

(n> Alcniena . .

.

m Btatris.....

m Clio

,'3B) lo

(M) Samtia

(•T) SjrlTla

(88) Thiabi)

(88) Jtilir

(8«) Anliopa....

(91) M^nn
(M) Cndlna
(N) Mluanra....

(•«) turora

(16) AfathnM...

(H) Jlxia

(8T) Clotho

(88) Untba
(88) Dlka

(180)Bakata

(tni)Halana

(IM) Miriam

(U»)Hara
(IM) ClymeiM . .

.

(lOft)Art nla....

(108) Dion*
(lOT) Camilla....

(t08)Haonba.....

(l08)FaUolUa...

(110)L]rdU

(lll)Ata.

(tlDIpblgenia..

(tit) Amaltbaa .

.

au) Caaaandra..

aW)Thyra

(n«)Slroii«i

(linlAmla
ai8)FMUio.
ai9)AltluM.....

(1«0)Laehaala....

'A

ISM
1868

isa
1864

1864

1864

1H«
lueii

1865

1866

1866

1866

1866

1866

1866

186T

186T

186T

186T

1868

1868

1866

188*

18b^.

18»«

1866

1888

1M8
1868

1868

18T0

18T0

18TO

ISTl

18T1

IBTl

isn
isn
1871

isn
i8n

D'Arraat.

V*\Mt%. .

Uitbar .,

WaUon .

Pogaon.

To'iifial.,

Liuhar .

.

Qaaparia.

Lathar. .

.

Fctara...

TIalJan

.

Pngaun..

Pawn...
SlaphaD

.

Luibar .

.

Btapban.

Paiota...

Wataou..

WaUon..
Latkir...

Oofsla..
Te/. pel..

IVtra...

T ir "y..

- 'D..

'•' 'taon..

i' (era...

ifataon.,

WataoD..

WataoD..

Wataon..

Pogaon..

Lather..

Peiere...

Borelljr..

Patera...

PetaiB, ..

Lather..

Paten...

WataoD..

Patera...

Borelly..

Lather .

.

Wataon..

Borelly..
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4.00

8.08

t.t6

fc»a

8.T6

•.4B

8.88

164
*.M
8.16

t.T6

8.TA

8.81

8.01

8.68

18T
8.01

8.14

8.44

8.48

8.86

8.80

8.46

8.60
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8.4T

S.M
8.TO

8.T9

8.T8

4.00

8.04

8J0
a.»4
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M8
8.00

8.16

8.06

8.88

8.T9

8.8T

11 n M
1 il w 1

J
1]

ft Tis. e o
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ELEMENTS OF THE SMALL PLANETS. 546

SIrb ud Num.

(ISl) Hermione..

(in)aerda
(liS) Brnnhilda. .

(IM) Alceite....

(lS»)Libentrlx..

(IM) Velleda.. .

.

(IST) Ji>hauna...c

(li8)Nemesia...<

(1») Autigone..

('.80) Blectra

<l81)Vala

(18S)if:thra

(188)Cyrene

(184) Bophroayne.

(18B)Hertba

(ia«)Aiutr)«.....

(18T)MeUbaa....

(t88)Toloaa

(18l>) Jnewa
(140)Siwa.

(141)Lamen...

(14S)Polaiia...

(14S)Adrla.....

(144)Tibilla....

(14B) Adeona..

(146)Lnclna..

(147) Protogeneia

(148)Oallia

(149)Medaaa...

(tCO)Nuwa

(161) Abandantla.

(lin)AUla....

(IBS) Hilda....

(IM) Bertha...

(U»)8c]rlla...

(IB*) Xanthippe.

(IBT) Oejanlra...

(188) Citroiils . .

.

(1W).Ainilla...

a«0)Una

(l«l)Athor

(IM) Laorentia

.

(l«8)Brig0De...

(164) Bva
(lOS) Loraley . .

.

1^

ISTS

1878

1878

1872

1878

1873

1878

1878

1878

1878

1878

1878

1878

1878

1874

1874

1874

1874

1874

1874

1878

1876

1876

1876

1876

1876

1876

1876

1876

1876

1876

1876

1876

1876

187B

1876

1876

1876

1876

1876

1876

1876

1876

1876

1876

DUeoTMw.

Wataon
Petera

Petera

Peters

Prosper Henry.

Paul Henry

—

Prosper Henry.

Wataon
Peters

Peters

Peters

Watson
Watson
Lather

Petera

Pallaa

PallsB

Perrotin

Wataon
Pallsa

Panl Henry....

Pallsa

Pallaa

Peters

Peters

Bitrelly

Schalhof.

Prosper Henry.

Perrotin

Watson

Pallsa

Panl Henry....

Pallsa

Prosper Henry.

Pallsa

Pallsa

Borelly

Knorre

Paul Henry....

Peters

Wataon
Prosper Henry.

Perrotin....

Panl Henry....

Peters

8.89

3.84

8.08

3.88

8.90

8.70

3.94

8.10

8.47

8.77

8.63

B.R9

8.48

3.87

9.l»

3.48

8.78

3.86

3.87

3.83

8.38

3.74

8.96

8.87

8.00

8.91

8.33

8.38

8.39

8.87

3.68

8.41

4.63

8.46

8.66

8.S4

8.18

8.08

8.46

8.90

8.69

8.66

8.72

8.86

8.36

3.03

3.09

2.87

3.48

3.B3

2.18

3.B9

8.40

8.28

3.47

8.83

1.60

8.68

8.36

1.98

8.09

2.48

3.06

3.89

9.14

3.10

3.10

3.86

3.08

3.88

8.68

3.06

8.36

1.88

8.89

8.60

8.86

3.87

3.98

9.17

2.94

3.04

3.72

8.77

8.86

8.06

3.49

1.99

1.78

8.89

661.6

616.6

801.8

883.0

780.7

931.0

776.3

777.6

787.3

643.9

948.3

846.4

663.0

864.6

938.1

1026.4

641.9

926.0

766.8

786.1

814.6

943.9

778.0

891.8

81&4

788.9

638.7

768.6

1189.8

689.8

860.7

689.0

461.6

688.4

718.8

670.8

664.8

780.6

647.7

787.8

970.0

678.1

961.1

839.7

643.1

0.126

0.040

0.182

0.077

0.077

0.107

0.067

0.128

0.208

0.208

0.061

0.3S3

0.140

0.118

0.906

0.064

0.808

0.102

0.177

0.817

0.811

0.138

0.073

a28e

0.186

0.070

a036
0.186

0.119

0.181

0.036

0.087

0.178

0.084

0^886

0.344

0.811

0.068

0.110

0.068

0.186

o.in

0.160

0.847

0.076

868.6

304.6

70.0

344.8

373.9

847.8

130.0

10.8

841.8

30.6

267.9

163.6

347.3

67.6

819.9

816.1

308.0

311.4

164.6

300.8

18.9

319.9

838.6

7.8

118.6

316.1

86.0

86.1

846.7

867.1

167.8

84.9

886.8

184.4

88.0

186.0

107.4

68.0

101.8

66.0

813.8

146.8

93.8

8E9.6

377.0

u
It
.2

°

70.3

178.7

308.6

18S.4

169.6

33.1

31.8

76.6

187.9

140.0

66.8

268.7

331.1

846.4

848.9

186.1

204.4

64.8

8.4

107.1

819.1

308.8

833.7

76.8

77.7

84.3

361.9

146.8

160.1

807.6

88.9

41.6

938.8

87.7

42.9

246.8

68.6

881.9

18&8

9.4

1&6
88.8

150.1

77.6

804.1

7.6

1.6

6.4

8.9

<•<

2.9

8.8

6.8

13.3

33.9

4.6

24.9

7.2

11.6

J.8

9.6

13.4

8.3

11.0

8.8

18.0

S.8

11.6

4.8

18.8

18.3

1.9

96.4

1.1

8.1

&6
18.8

7.9

91.0

14.1

7.6

18.0

1.0

6.1

8.9

9.8

6.3

4.7

34.4

11.3

8.469

8.316

8.696

3.680

2.744

2.440

8.760

3.761

3.870

8.188

8.480

3.000

8.066

8.6U3

3.428

8.886

3.186

3.449

9.779

9.731

9.667

8.410

8.768

8.668

8.666

8.788

8.187

2.770

3.188

3.981

3.681

8.186

3.963

8.191

8.918

S.(n8

9.688

9.868

8.107

3.789

9.B74

8.098

3.366

3.686

8.186
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81(11 ud Num.

(168)Rhodope

(t6T)Lrda

(108) Sibylla

(lS9)Zelia

(ITO) Maria

(ITl) Ophelia

(ITS) Baucis

(178) luo

(1T4) Plitedra

(ITS) Audromnche.

(lT6)Idmina

(ITDIrma
(ITS) Belisana. . . .

.

(tT&) Clytemnestra

(180)Qarainua....

(181) Bachnris ....

(182)Eli)a

(188)Istria

(184)Deiopea

(186)Buuic«

(186) Celuta

(18T) Lamberta . .

.

(188) Meuippe
(18»)Pbthin

(lM)Umeue

(19t)Colga

(198) Naosicaa ....

(188) Ambroeia....

(194)Prokne

(l»B)Bnr]rclea....

(196) Philomela. .

.

(t9T) Arete

(196)Ainpella.....

(199)Bybli»

(WO) Dynamene .

.

(tot) Penelope....

(«0S) Chryseie ....

(MS) Pompeia ....

(904) Calllito

(SOB)

(906)HenUia.

(SOT)

(908)

(809) Dido

(810)

11

1876

1876

1876

1876

1877

1877

1877

187T

1877

1877

1877

1877

1877

1877

1878

1878

1878

1878

1878

1878

1378

1878

1878

1378

1878

1878

1879

1879

1879

1870

1879

1879

1879

1879

1879

1870

1879

1879

1879

1879

1879

1879

1879

1879

1879

DltooTenr.

Petera

Peters

Watson
Prosper Henry
Perrotin

Borelly.

Borelly.

Borelly

.

Watsou.

Watson.

Peters

Paul Henry.

Palisa

Watson
Perrotin....

Cottenot.

Paliea...

Palisa . .

.

Palisa . .

.

Peters . .

.

Prosper Henry

Coggia

Peters

Peters

Peters

Peters..

Palisa .

.

Coggia

.

Peters .

.

Palisa .

.

Peters .

.

Palisa .

.

Borelly

.

Peters .

.

Petera .

.

Palisa

.

Peters.

Peters.

Palisa

.

Palisa.

Peters.

Palisa

.

Palisa .

Peters

.

Palisa

.

52

8.97

4.88

8.68

8.67

8.78

8.S1

8.66

8.81

3.89

4.78

8.71

8.4U

8.60

8.80

8.19

8.81

8.87

S.79

8.48

3.09

8.78

3.38

8.43

8.64

4.B7

8.18

8.99

8.81

8.84

&M

8.10

8.90

8.01

a 78

8.10

8.16

3.88

8.90

8.14

8.88

8.86

8.08

8.86

8.18

8.18

8.98

8.14

8.06

S.89

8.79

811
8.18

8.48

8.88

9.67

8.18

8.83

8.66

8.86

8.48

1.97

1.88

8.96

8.89

8.01

8.10

8.91

8.86

S.30

8.66

1.81

1.84

8.00

8.61

8.07

8.89

1.90

8.69

8.87

8.19

8.79

8.68

8.80

9.C3

8.88

8.78

3.98

8.87

808.0

614.6

670.U

978.6

868.8

6B6.8

966.4

780.3

738.1

641.0

688.6

774.7

920.1

698.8

787.4

644.0

!H«.0

76. 4

683.3

783.1

9771

788.4

748.8

986.0

464.1

788.B

968.6

863.8

886.9

7889

668.8

781.0

988.9

6ia3

788.3

809.9

666.0

782.8

818.0

766.7

1037.4

789.1

687.1

780.0

H
Yn.

4.48

S.77

6.28

8.68

4.08

8.68

8.67

4.66

4.86

6.86

6.70

4.68

8.86

6.13

4.61

6.61

8.76

4.60

6.69

4.68

8.68

4.83

4.74

8.84

7.81

4.91

8.78

4.18

484
4.87

6.48

4.64

3.84

6.74

4.88

488
8.48

4.

4.87

4.68

8.46

4.87

&67
4.56

J.814

0.813

0.071

0.181

0.064

0.118

0.114

0.806

0.160

0.848

0.164

0.883

0.068

0.100

0.170

0.880

0.186

0.868

0.078

0.137

0.161

0.888

0817

0.086

0161

0.088

0846

0386

0.387

0.093

0.006

0.166

0836

0.168

0.18S

0.188

0.097

0.068

0.176

0.086

0.080

0.061

0.067

0.136

309
38.7

18.0

380.9

96.8

14.^.6

888.0

18.6

888.4

898.8

80.8

88.8

868.8

884.9

186.6

9&8
64.6

46.0

169.4

18.8

887.8

818.6

809.7

6.8

108.8

16.4

10.6

70.9

819.7

106.8

868.8

8S4.8

864.8

360.8

46.6

884.6

187.7

48.4

867.6

8L9

817.7

238.8

389.3

66.7

II

139.6

170.1

309.8

884.6

801.8

101.8

881.9

148.6

888.9

88.6

801.8

8490

60.7

283.8

816.0

144.8

106.8

142.8

886.8

163.8

14.6

88.8

841.8

306.4

177.0

169.9

8488

881.8

169.4

8.4

78.8

88.1

868.8

90.4

886.4

187.1

187.8

848.6

806.7

818.8

88.9

7.8

8.0

39.8

18.0

1.7

4.6

86
14.4

8.6

10.0

14.8

18.8

8.8

88.6

1.4

1.9

7.8

0.9

18.6

8.0

86.6

1.8

88.8

18.8

10.7

11.4

6.8

6.1

11.8

6.9

11.6

ia4
7.8

7.8

8.8

9.8

18.8

•l9

8.7

8.8

8.8

&8
10.7

8.8

8.0

7.3

8.8

3.698

8.319

8.884

2.860

8.866

8.147

8.880

8.748

8.864

8.604

8.190

8.768

8.469

8.978

8.788

8.119

3.417

8.803

8.188

3.788

3.868

3.740

8.881

3.480

8.988

8.889

8.408

3.676

8.619

8.878

&06S

8.748

8.464

8.806

8.788

8.6n

S.084

3.789

3.678

8.777

8888

3.878

8.14S

8.746
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30.9 89.6 1 2.0 i1.698

82. T 170.1 1.7 I1.819

13.0 209.8 4.6 1{.384

320.9 964.6 6.6 ilato

96.8 301.8 14.4 1666

14.^6 101.2 8.6 9.147

Btbi.0 331.9 10.0 i.880

18.« 148.6 14.8 i.745

es8.4 888.9 18.8 8.864

898.8 88.6 8.8 8.604

iO.8 801.8 88.6 8.190

S5.8 849.0 1.4 8.768

1 2«8.2 60.7 1.9 8.469

1 354.9 298.8 7.8 8.978

) 186.6 316.0 0.9 8.788

» 96.8 144.8 18.6 8.119

i 64.6 106.6 8.0 2.417

1 4&0 148.8 86.6 8.803

3 169.4 386.8 1.2 8.188

7 16.8 168.8 88.8 8.738

1 887.8 14.6 18.8 8.868

e 81S.6 88.8 10.7 2.740

17 309.7 841.8 11.4 8.821

16 6.8 808.4 6.8 2.450

n 106.8 177.0 6.1 3.988

38 16.4 169.9 11.6 8.889

46 10.6 34a8 6.9 8.408

Se T0.9 861.8 11.6 8.676

B7 819.7 169.4 18.4 8.619

98 106.8 8.4 7.8 8.878

06 888.B 78.6 T.8 8.088

66 884.8 88.1 8.8 8.748

186 864.8 868.8 9.3 8.464

68 860.8 90.4 16.8 8.806

88 46.6 886.4 6.9 8788

88 884.6 167.1 6.7 8.677

m 187.7 137.8 8.e 8.084

»« 48.4 848.e 8.S 8.789

176 867.11 806.7 as 8.678

986 81.t 818.S 10.1 8.7n

08O 817.'r 88.1) 8.t) 8.886

061 88S.ii 7.ii 8.1> 8878

007 889. i 8. ) 7. i S.H»

136 66. r 32. 3 6. I 8.740

m§.
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"8 6"

8l(n Mid Wonu.

^l

("11) 1879

(818) l&SO

<818)LllRa 1880

(214) 1880

(816)(Enone 1880

(816) 16S0

(817)Eodoni 1880

(818) 1880

(919) 1880

(820) 1881

Dltoorercr.

US

PallM.

Palisn.

j'etoi'B.,

Paliaa.

Knorre

Palliia.

Coggla.

Pallia.

Paliaa.

.

G.51

3.41

8.14

8.69

9.88

a60

4.09

2.96

2.94

8.68

2.82

^85
2.68

2.66

1.99

8.01

2.87

1.83

667.8

644.0

779.8

840.9

770.6

7K9.7

666.8

817.8

966.4

Yri.

688
0.60

4.66

482
4.60

4.07

6.38

4.84

8.6$

I

0.158

0.004

0.144

0.0B1

ooao

0.2S7

0.340

0.108

0.280

74.2

62.4

284.8

116.9

346.4

36.0

307.2

28a7

389.0

u

266.5

3160

122.6

342.6

86.4

214.9

164.1

171.0

200.8

3.8

4.8

6.8

8.4

1.7

18.8

11.1

101

11.1

3.046

3.116

8.746

8.611

8.768

8.794

8.061

8.661

2.382

REMABK8 ON THE PRECEDING ELEMENTS OF THE PLANETS.

Mastes.—The macisea of many of the planets are still very uncertain,

because exact observations have not yet been made long enough to per-

mit of their satisfactory determination. The mass of Mercury may be

estimat«d as uncertain by i of its entire amount; that of Mars by ^;
that of Venus by ^', those of the Earth, Uranus, and Neptune by ^^y',

while those of JupitAr and Saturn iire i)i-obably correct to h^it'

The value of the earth's mass which we have given does not include

that of the moon. The mass of the latter is estimated at gy^ ^^^^^ <>^

the earth.

The masses of Jupiter, Oatnrn, Uranus, and Neptune which we have

cited are all derived from observations of the satellites of these planets.

The masses derived from the perturbations of the planets do not differ

from them by amounts exceeding the uncertainty of the determinations.

TLd most noteworthy deviation is in the case of Saturn, oi which Lever-

rier has found the mass to be ^^^t^-.jf, a result entirely incompatible with

the observations of the satellites.

Diameters.—^These are also uncertain in many cases, especially in those

of the outer planets, Uranus and Neptune. The densities which we have

assigned to these last-mentioned planets, depending on their masses and

diameters, must be regarded as uncertain by half their entire amounta

Ellipiie Element*.—Of these it may be said that in general they are very

accurate for the planets nearest the sun, but diminish in precision as we
go outward, those of Neptune being doubtful by one or more minutes.

Elemente of the Small Planets.—These are only given approximately, in

order that the reader may see the relations of the group at a glance.

They are mostly taken from the Berliner AstroHomisokea Jakrbuok, which

gives annually the latest elements known. The elements of the twenty

or thirty last ones are very uncertain.

'^iV,
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VII.

DETERMINATIONS OF STELLAR PARALLAX.

The followftig is a list of the stare the parallaxes of which are known

to be investigated, with the results obtained by the difFerent investiga-

tora. The yeare are generally those in which the observations are sup-

posed to have been made, but in the case of one or two of the earlier

determinations they may be those of the pnblication of lesnlts. In the

references the following abbreviations are used

:

A. G. PnWkwtiowew der Atironomaehm Oeselhchaft.

A. N. Astronomische NachrichUm.

B. M. Monatsherickt (of the Berlin Academy of Sciences).

C. B. Comptes Eendus (of the French Academy of Sciences).

D. O. Attronomioal OhienaiUm, etc., at DHnrintk, by Francis Brttnuow.

2 Parts,. Dublin, IWO and 1874.

MeL Milangea Matymatiquet et AsU-onomiques, Acadimie de St. Pitm»-

hourg.

M. N. Monthly NoticeB of the Boyal Astronomical Sodety.

M. R. A. S. Memoirs of the Royal Attronomieal Sodety.

M. P. Mimoiret de VAoad^ie de Sciencei de St. Pitershowrg.

P. M. Beewiil det MAnoiree dee Aatronomes de Poulkowa, jwMirf par W.

Struve. St. P^terehourg, 1853, vol. i.

R. O. Badel^e ObHrvationi, Oxford.

8tar'> Num.

Oroombridge )

No. 84 )

PoleSUr

Capella.

Striiu...

AttmHmur, oA TM».

:!

FArallaz.

( Anwets, from heliometer meoenres,

( l<J68-'««

Lindenan, from R. A.'b, 1780-1816

W. Strove, Dorpat, 181»-*B1

Straveand PrenM,fromRA.'e,18«-'88

Landad), from Dorpat declinatlona.

Peters, from decHnatlona, 1848-'44.

.

Liodbagen

Peterf, from declUlatlon^ 1849

Htruve, wltb Pnlkowa eqaat., 18^8.

.

ilenderson, 1838

can

0.144

0.0T6

0.1TS

0.14T

0.0<T

coas
0.046

0.B05

0.84

Protabl*

Krror.

±.086

Rdiman.

±.018

±.80
±.048

B.M.,186T.

P.lI.,p.6S.

P.M., p. in.

P.M., p. 864.

P.BI.,p.l86.

Mel., II., p. 400.

P.M., p. 64.
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f which are known

different investiga-

tsefTations are anp-

r two of the earlier

I of reBults. In the

iencea).

Sciences).

ly Francis BrUnnow.

eaiUmie de St. Piters-

ooiely.

ety.

'er$bourg.

ulkowa, publU par W.

Pcobcble

Error.

t9

±.086 B.M.,186T.

....• P.M., p. 66,

±.080
> • • P.M., p. in.

±.018 P.M., p. 164.

±.80 P.M., p. 186.

±.048 Mel., II., p. 400.

.... P.M., p. 64.

DETERMINATIONS OF STELLAR PARALLAX.

BUr'i NaiiM. AitnmoiMr, uul Date. PwiUlu.
ProlMbIa

Error.
lUfcrMiM.

Striot Maclear. 188T : . . .

.

tt

0.16

0.88

0.188

0.878

a8io

0.188

0.B01

0.871

0.860

0.286

1.08*

0.180

0.08B

0.0S9

0.084

0.088

0.088

0.0»

0.847

0.818

0.187

0.18ft

0.98

1 J.Q

H

±.087

±.108

±.068

±.106

±.011

±.011

±.080

±.141

±.018

±.018

±.088

±.089

±.088

±.<tt8

±.01

±.081

±.M»
±.078

±.068

±.86
-1- 10

M.R.A.8.,xi.,»t8.

Mel., III., 696.

M.N.,xzviii.,p.8.

aO.,xvl.,p.(xl).

P.M., p. 186.

A. O., No. xi.

A. N., No. 1411.

M.N.,xxllL,178.

P.M., p. 186.

C.a,xziil.

A.N., vol.86, p.89.

)/6.,p.88.

P.M., p. 801.

R. 0., xvl., p.

1 (xxll).

a M., 1874.

D.O.,IL,p.88.

M.N..UH1.,178.

A. N., 1688.

P. M., p. 186.

(R. O., xvl., p.

( (xxlil).

Oittor

Hcndenon, fh)in iiU own and Mac-

)

lear'i obtervntlons )

0;ld«n, ft'om Maclear'H oba., 1886.'8T.

Abbe, team Cape oba., 18B6-'68

Johnson, with Oxford hellometer,

)

1884-1». f

Petera, from declination*, 1848

Winnecke, with hellometer, 1807-68.

.

Anweiv. 18<0-'4S

.UraaMiO
Lalande No.)

8118B )

Lnlande No.

)

SUSS )

Groombridge )

No. 1880... )

OeUzen Arg.

N.,NalT41B
/JCeutanri

aBoOtU

aCenUarl

Kroeger, 1868 (f)

'

Peters, ftom declinations, 1848

Fnye, at the Paris Observatory

( Wichman, firom Schlfiter's obaerva-

)

( tions, 1848-'4S )

Wicbmann, (Irom his own oba., ISBltj

Stmve, 184T-'4».

Johnson, with hellometer, 1884-'B6.. .

.

Auwers, from Johnson's obs.

BrAunow, 1870-'T1

Krueger, 1868 (f)

Moesta, from declinations, 1860-'64 . .

.

Peters, flrom declinations, 1848.

Johnson, Oxford hellometer, 184B-'BB.

1 Henderson, itcna his meridian obs.

)

( at the Cape ofGood Hope, 1888-'88.

)

t^ Ceuunrl, thim right ascensions . .

.

a> Centaarl, from direct (Jeclisatlou*.

a> Centanri, from reflected decs

a* Centanri, from right ascensions ...

.

a* CenUnri, flrom direct declinations.

a* Centanri, flrom reflected decs.

Mean of all for both stars

pOpMaeU

1.96

0.48

l.OB

1.81

1.16

1.14

0.918

0.976

0.919

0.880

0.169

±.47
±.84
±.18
±.64
±.11
±.11

±.064

±.084
±.068

±.010

M. R A. a, xi.,

\ P.67-6&

P.M., p. 68.

<M.aA.S., xii.,

I p. 870.

P. M., p. 68.

M. R. A. S., xz.,96.

A. N., 1688.

A. N., 1818.

Peters, fh)m the same obs., finds

( Henderson, flntm Maclear's observa-

)

( tiona, 188(|L.'40
)

Peters, fl-om the same observations .

.

Maclear, flnm decs., lS4»-'44 and 1848.

Moesta, flrom declinations, 1860-'64 . .

.

Krneger, ISBS-'SO

* This resnlt is pmlmbly erroneoos.

t These results ofWIchmaun are parallaxes relative to the mean ofcertain stars ofcom-

parison. He conclnded tba; one of the latter had a large pnrnlinx which made the paral-

lax of 1880 Gr. 0".78 ; bat tliia view was afterwards proved wrong.



650 APPENDIX.

Btar'i Nunt.

p Ophlachl

.

a L;rc

aCygnl..

61 CjrEiit.

Aitronomn, and DiU. Pnillu.

Krneger, 1868-'6S

Airy, Tronghton'8 circle, tSM

Airy, Jones's circle, 18B6

Stiuve, 188T-'40.

Peters, from declinations, 1849

Btruve, ISSl-W

JohusoD, 1864-'86

BrQnnuw, 186»-'69

BrOunow, 18T0

Peters, from decllnatlong, 1848

( Bessel, with KOnlgsberg hellome-

ter,18SS

Bessel, from subsequent obs., 1840.

.

Peters, flrom ijecllnatlons, 184»

(Johnson, with Oxford helicmeler,(

I 1858-'B8

Anweni, from Johnson's obs. . .

.

Struve, 1868-'88

Anwers.from KOnlfjsberg hellometer.

0.1«8

0.M4
0.108

0.i«8

O.IOB

0.14T

0.1IM

0.818

0.188

-0.088

0.814

0.S48

0.849

0.808

0.48

O.'WO

0.M4

ProbsbU

Krror.
lUfirtnM.

±.00T

1;;;;

±.068

±.009

±.040

±.010

±.088

±.048

±.080

±.088

±.018

A. N., 1408.

jM. B. A. 8., X.,

( p. 8«9^8T0.

P.M.,p.B8.

P.M., p. 180.

M.P.,vll.,vol. 1.

D. O., Part I.

O. O., Part IL

PM.,p.l8fl.

P.M.,p.l8«.

R.O.,vol.xlv.

M.P.,Vn.,I.,46.

A.N.,Ull-'t0.
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ror.

##

.OOT A. N., 1408.

jM. B. A. 8., z.,
,

( p. ito-no....

P.M., p. 88.

.06B P.M., p. 180.

.000 M.P.,vll.,T0).l.

.046

.010 D. O., Part I.

.088 D. O., Part n.

.048 PM.,p.l80.

:.080 P.M.,p.l8«.

R.O.,vol.xlv.

-.028 M. R. VII., I., 46.

:.01« A.N.,1411-'16.

SYNOPSIS OF PAPERS ON SOLAR PARALLAX, 1854-78. 551

VIII.

SYNOPSIS OF PAPERS ON THE SOLAR PARALLAX, 1864-78.

The following is believed to be a nearly complete list of the deternii-

nations of the solar parallax which have appeared since the discovery of

the error of the old parallax in 1854. No papers have been included ex-

cept those which relate immediately to the determination in question.

1. Hansen, 1854—Jlf.i^. R. A. S., xv., p. 9.

Statement that he fluds the ooefflcieut of the parallactic equation of the

moon to be 1585".705— a value gi-eater than that deduced from the solar

parallax as given by the transits of Veuus.

2. Lkverrier, 1858—.4fi««/e» de VOhservatoire de Paris, iv., p. 101.

Discussion of solar parallax from lunar equation of the earth, giving

8".95. (In this paper Mr. Stone has found two small numerical errors

:

correcting them, there results 8" .85. There is also a doubt about the

theory, which might allow the result 8".78.)

3. FoucAULT, 1862-Compto* Rendus, Iv., p. 501.

Experimental determination of the velocity of light, leading to the value

of the solar parallax, 8".86.

4. Hall, IBSi— Washington Observations for 1863, p. Ix.

Solar parallax, deduced from observations of Mars with equatorial in-

Btraments, in 1862 : result, 8".8415.

5. Ferguson, 1863—mMWujrton Oftserc. f{on*/or 1863, p. Ixv.

Solar parallax, deduced from observations with meridion instruments at

Washington, Albany, and Santiago. Results various and discordant, ow-

ing to incompleteness of the worli.

6. Stone, 1863—If. N. R. A. S., xxiii., p. 183 ; Mem, R. A. S., xxxiii., p. 97.

Discussion of fifty-eight corresponding observations of Mars (twenty-one

pain) at Greenwich, Cape, and Williamstowu, leading to 8".943.
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7. Hansen, 1863—If. N. R. A. 8., xxiii., p. S43i

Dedaodon of the value 8".97 frum the pantllautic inequality of the moon.
t

8. Hansen, 1863—If. N. R. A. 8., zxiv., p. 8.

A more accurate oomputatiou from the same data gives 8".9168.

9. WiNNBCKB, ima—Aitr. NacMr., liz., col. 961.
,

Comparison of twenty-six corresponding observations (thirteen pairs) at

Pullcowa and the Cape of Good Hope. Parallax, 8".964.

10. PoWALKY, 1864—Doctoral Dissertation, translated in Connai»$anee dtt

Tempt, 1867.

Discussion of the transit of Venus, 1769. Result, 8".833, or 8".86 when
the longitude of Chappe's station is left arbitrary.

11. Stone, 1867—JIf. N. R. A. 8., xxvii., p. 239.

Attention directed to a slight lack of precision in Hansen's first paper

(No. 7). Deduction also from its data of the result 8".916—agreeing with

that from Hansen's second paper.

12. Stone, 1867—Jlf. N. R. A. 8., xxvii., p. 241.

Correction of one of the numerical errors iu Leverrier's determination.

Result, 8".91.

13. Stone, 1867—Jf. N. R. A. 8., xxvii., p. 271.

Determination of the parallactic inequality of the moon fhim 2075 ob-

servations at Greenwich. Inequality, 125".36. Solar parallax, 8".86.

14. Newcohb, leei—WMkingtm OtmvatUnu, 1865, Appendix II.

Discussion of the principal methods employed iri determining the solar

parallax, and of all the meridian observations of Mars during tiw opposi-

tion of 1862. Result, 8".848.

16. Stone, 1867—If. N. R. A. 8., xxviii., p. 21.

Comparison of Newcomb's and Leverrier's determinations of the solar

parallax, leading to the detection of another small error in the latter.

16. Stone, 1868—ilf. N. R. A. 8., xxviii., p. 256.

Redisonsaion of the observations of the transit of Venus, 1769. Only

ol>servationB ofingress and egress at the same station are used, and certain

alterations are made in the usual interpretation of the observations by

Cbappe in California, and Captain Cook and his companions at Otaheite.

The result of these alterations is that the parallax is increased to 8".91.
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SYNOPSIS OF PAPERS ON SOLAR PARALLAX, l8R4-'78

17. Nkwcomb, 1868— JIf. N. R. A. S., xxix., p. 6.

Criticism of Mr. Stone's interpretation of Chappe's observation of egress

in 1769.

18. Stonk, 1868—Jf. N. R. A. S., xxix., p. 8.

Reply to the preceding paper.

19. Fayb, l&Sd—CompUi Rendu», Ixviii., p. 48.

Examination of the observations and interpretations in Mr. Stone's

paper, oonclnding that all that we can decide from these observations is

that the solar parallax is between 8".7 and 8".9.

20. Stone, 1869—ilf. N, R. A. S., xxix., p. 236.

Reply to Fnye, criticism of Powalky's paper, and further discussions hav-

ing for their object to show that the results of his pa|)er agree with the

scattered observations of ingress and egress in Europe and America.

21. Anonymous, 1869— rierieljahrBaokr{fl der A»tr. Ge$el., iv., p. 190.

General review of recent pai>ers on the solar parallax, dealing more

especially with the work of Stone and Powalky.

22. Powalky, 1870~^»<r. Nachr., Ixxvi., col. 161.

From a second discussion of the transit of Venus, 1769, he deduces

8".7869.

23, PowALKT, 1871—J»<r. Naokr., Ixxix., col. 25.

From the mass of the earth as given by the motion of the node of Venus,

8".77. But the adopted mass of Venus enters into the result in such a way

as to make it decidedly uncertain.

24. Levbrrier, 1872—Comj»<e» Beitdui, lxxv.,p. 165.

Determination of the solar parallax from the mass of the earth as derived

from ihe motions of the planets, and the diminution of the obliquity of the

ecliptic. Result, 8".86. (The distinguished author of this paper does not

distinctly state in what way he has allowed for the fact that it is the com-

bined mass of the earth and moon which is derived ftom the perturbations

ofthe planets, while it is the mass of the earth alone which enters into the

formula for the solar parallax. His presentation of the formuln seems to

uee«l a slight correction, which will diminish the parallax to 8".83.)

25. CORNO, 1874-76

—

Annalei de VObtervatoire de Paria, xiii.

Redetermination of the velocity of light, leading to the parallax 8".794,

it Struve's constant of aberration (20". 445) is used.

'mjimr
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*M. GAI.LK, 1H76

—

BfMlaUf Manmchke <f Itermidt.

" ITober eine IktHtlinniiiug iltM* Hoiiik^ii I'uralliixi) uuh vorrvitpondii-eiHli'ii

neobaobtiiiigen iIub I'lancteii Florn, iiii October iiiid November XfU'A." DiH-

oiiMion of flbMrTiitioiiH miule at nine nnrtliorn ob«ervutoricH, nnd the Cape,

Curtloba, and Mulbuurue, in the Hontburn heiuiHiihoru. Uoaiilt, 8".873,

97. PVHKt'X, 1H75

—

CompUt Rendu*, Izxx., p. 933.

Compntation of four contact observutionH of the transit of Venus in 1874,

made at Peking and St. Paul's Island. Result, 8".879.

88. Lindsay and Gill, 1677—JIf. N. R. A. S., xxxvli., p. 306.

Reduction of observations of Jnno with n helinmeter at Mauritius, in

1874. Tlie result is 8".766; or 8".815 when tt discordant observation ia

rejected.

29. Lindsay and Gili,, 1877

—

Dunecht Ohttrvatory PuhlicatioM, il.

Observatious and discussion from which the preceding result is derived

given in full.

30. Airy, 1877

—

QovemvMnt Report oh the Tele$copio Obierratiom cf thf

Tran*U of Ventu.

Observations of contacts made by the British expeditions, and prelimi-

nary computation of the results for the solar parallax. The results given

ou page 7 are

:

From all the obMnrRtlon* ot ingreH. «=S".T89 Wt.=tOM
From all the obierTnttoni of eKreM ir=:8".MT Wt.=t.B»

Combined resDlt ir=8".TM

31. Airy, ISH—Jf. N. R. A. 8., xxxviil., p. 11.

More complete discussion of the British observations leading to the

mean result, 8".754.

32. Stone, 1878—if. N. R. A. S., xxxviii., p. 279,

Another discussion of the observations contained in Airy's report (No.

30) leading to the following entirely different results

:

From obferratlone of Ingren ir=8".M0+0".18«x»

From obiervatlons of egrosa ir=8".9re±J".8T»X«

From all the observattooa v-8".884±0".llSx«

33. Captain G. L. Tupman, R. M. A.—M. N. R. A. S., xxxviii., p. 334.

Statement that the treatment of ingress, as exhibited in the Parliament-

ary Report, seemed unsatisfactory. The following are bis final results

:

From obaervatlona of ingreai ir=8".88T±0".040

From olwerrationa of egres* ir=8".TI)2±0".02T

From all the obgervatioDi ir=a".81S±0".083

Nora.—In the preceding Hat the abbreviation Jf. N, R, A, S. repreaenta the Monthly

NoUeM of the Boyal Aitrotiomieal Soeiety </ London,
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LIST OF ASTROSOMUAL WORKS.

IX.

LIST OF ASTRONOMICAL WORKH, MOHT OF WHICH HAVE BEEN CON-

HIJLTED AS AUTHORITIES IN THE PREPARATION OF THE PRESENT

WORK.

The following comprises: I. A few of the loading works of the great

astrononiors of the past, and of the investigators of tho present, arranged

nearly in the order of time. In tho case of works boforo 1800, the sup-

posed date of composition, or tho years within which the author flour-

iHlied, arc given. Tho list is presented for tho benciit of those teitchers

and students who wish to be acquainted with these authorities, and can-

not refer to such works as the Bihliographie Astronomique of Lalande, or

tho Piilkowa Catalogug Libromm.

a. Modern telescopic researches upon the phy8l9al aspects of the planets

which have been employed in tho preparation of Part III. of the present

work.

3. Recent works on special departments of astronomy, which may be

useful to those who wish to pursue special subjects with greater fulness

than that with which they are treated in elementary works.

lu the first two classes tho selection is, for the most part, limited to

works which have been consulted as authorities in the preparation of this

treatise. In the case of Hevelius, however, some writings are a<lded

which 1 have not used, nor even seen, with the object of making the list

of his larger works complete. Writings which have appeared in period-

icals and the transactions of Iparnetl societies are necessarily omitted from

the list, owing to their great number.

The prices given for some of the older books are those for which they

are commonly sold by antiquarian dealers in tiirmany.

B.C. 250. Abistabchuo . Be Magnitudinihus et DtBtantiia Solia et Luna. Pisa,

1572. $1.

A.D. 150. Ptolemy, Claudk : MEFAAHS SYNTASEQ2 BIBA. ir, common-

ly called The Almagest

The most recent edition is by the Abb6 Hslma, in Greek, with French

tranglntion. Two vols., 4to. Purls, 181»-'1B. Commonly sells for

18 to $10.
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880. XhBA-nx}mvR: DeScienHaStellarumlAher. Bonn, 1645.

1543. Copernicus : De Bevolutionibus Orhium €alf«t««rn.

The flret edlUor, •»f the great work of Copernicus Is rare. The second

(Ba^l 1M6) -lU for h Two flnc editions have been pnblUhed in

Germany in recent times. Price 17 to #10.

15iW. Tycho Brahe: Aatronomia I^ttaurake Meehanka. Noriberg,

1602. ^.

Contains description of Tycho's Instruments and methods of observing.

Astronomia Instauratas Progymntumata,

De Mundi Mherei RecentwrOms PhmommU. Frank-

fort, 1610.

Thpue two volumes jtcnerally go under the title of the former. A later

edltior(1648) was Tssued unfcr the misleading title Opera Omnia. The

selling price is |6 for the two

1596- ) Kepler, Johannes : Opera Omnia

1630. \ vols., 8vo. Frankfort, 1858-71

Edidit Dr. Ch. Frisch. 8

A recent and complete edition of Kepler's voluminous writings. Price

from f26 to $aO. Generally cheaper at second-hand.

1590- > Galileo Galilei : Opere. 13 vols., 8vo. Milan, 1811. Price

1636. ) about $10.

A much better edition, published in 4to, about 1845, is more expensive.

Galileo wrote almost entirely in Italian.

1603. Bayer, Johannes: Uranometria.

Baver's celebrated star-charts, in which the stars were first named with

Greek letters. Three or more editions were published, the second l)e-

ing in 1648, the third in 1661. t2 50.

RicciOLCS : Almagettum Novum. 2 vols, in one, folio. Bonn, 1651.

- Attrmomia Reformata. Folio. Bonn, 1665.

Two ambitious works, remarkable rather for their voluminousness than

for^eir value. The author being an ecclesiastic, had to profess a dis-

belief In the Copemlcan system.

1630. BvhUAVDVs: Astronomia Pkilolaica. Folio. Paris, 1645.

The last three works are cited as probably the most ^ojjnjnlno™*
«""J-

pendlcms of astronomy of the seventeenth century. They can all be

purchased for |3 or $4 each.

1611.

1655.

1647-

1690.

FABRim, J. : De Maculie in Sole OheervaHs.

BoRELLi : De Vero TelwcopM Inventore. Hague, 1655. |1.

I Hevbuus, J. : Selenographia, rive luHa Descriptio. Folio.

The earliest great work on the geo^

of the planets. ProfUsely Ulustra'

of the moon and the aspects

•4 to 15.
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Hkvkuus, J. : MercHtiui in Sole Fitus. Folio, 1662. |1.

Contains also Horrox's observation of the transit of Venus in 1639.

Cometographia. Folio, 1668.

The first great modem treatise on the subject of comets.

Machina Cmleatw, Pan Prior. Folio, 1673.

Contains descriptions of his Instruments, and a disquisition on the prac-

tical astronomy of his time.

- Mackina Cceleslis, Pan Porteiior. Folio, 1679.

A very rare book, almost the entire edition having been destroyed by

fire. A copy was sold for $50 in ltJ73.

Annus CUmactericus. Dautzio, 1685.

Prodromus Attronomia. Dantzic, 1690.

- Firmamenium Sobiesdanum. Dantzic, 1690.

1780.

1728.

These works comprise star-catalogues, star-maps, etc. tS 60.

HuYOHENs: Sy$tema Saturnium. Hague, 1659.

Horologium Osoillatorinm. Paris, 1673.

The latter work contains the theory of the pendulum clock. These two

and most of the other important works of Huygheus were published

in Leiden In 1761, under the titlo of Opera Mechaiiiea, Oeometnca, Aii-

tronomica et MitcManea, nominally In four volumes, but the paging is

continuous throughout the series, the total number of pages being

778. Leiden, 1761. $6.

Newton, Isaac : PMlotophics Naturalia Principia Mathmattca. 4to.

London, 1687.

A number of editions of Newton's Principia have appeared. One of the

most common is that of Le Seur and Jacquler, 8 vols, in 4. Geneva,

1730. It is accompanied by an extended commentary. Bells for about

•4. A very fine edition was issued In 1871, by Sir William Thomson, m
Glasgow. There Is also an English translation by Motte, which bus

gone through several editions in England and one in America.

Brewster, Sir D. : Memoirt of the Life, Wriiingi, and Discoveries

of Sir Isaac NeteUm. 2 vols., 8vo. Edinburgh, 1855.

Flahsteed, J. : Historia Calestis Britonnica. 3 vols., folio. Lon-

don, 1725. |10.

Contains Flamsteed's observations and star-catalogue.

Blancbimi, F. : Hesperi et Phosphori nova Phamonuna sive Ohserra-

tiones circa Planetam Veneris. Folio. Rome, 1728.

1740. Cassimi: ^Umerud'Astronomie. 4to. Paris, 1740. $1.

1741. Weidler, Jo.: Bistoria AstronomicB. Small 4to. Wittemberg,

1741. |2.

BbrnouXlu, John : Opera Omnia. 4 vols., 4to. Lausanne, 1742.

•6.

i
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LK Monnier: La TMme Ae, Comite,. 1 vol., 8vo. Paris, 1743.

II.

KANT, Immanuel: Schr{flen zur Phy»i,ohen Geographic. 8yo.

Leipzig, 1839.

1780. Pinork: C<mitographie ; ou TraiU HUUmque et TMarique des Co-

miteg. 2vol8.,4to. Paris, 1783.

The most complete historical and general treatise on comete which has

appeared.

1780-
I
BAitxv : Histoire de rAstron<mie Andenne d^uis

'--^'"^f
'"'^

1790. 5
reuMUsementdeV^cole^Alexandrie. lvol.,4to. Pans,1781. flO.

.BUMre de VJ»tronomie Mode,-ne depuis la Fondatum de

VEcole aAU.andrie,jmu'& V^po^ae de MDCCXXX. 3 vols., 4to.

Paris, 1779. |6.

Traits de VAstronmie Jndkme et OrientaU. 1 vol., 4to.

Paris, 1787.

1800. LALANDr.,J.DE: Bmiograpm Astron<mique; avec VHisUnre de

VAstronomiedepuUmijusqWAim. 4to. Pans, 1803. |3.

1817. LAPLACE, P. 8. : TraiU de MAianique Cileste. 4 vols., 4to. Paris,

1799-1805. 160.
. . » „„

This worlc Is now expensive, all the editions being exhausted. A new

edition is soon to be issued.

_^——Expo8%ti(mdu8yBtimedu Monde. lvol.,4to. |2.

The latter work gives a very clear popular exposition of the laws of the

celestial motions.

jiKhKUBRE: HieMrederAntrmomieAnoienne. 2vol8.,4to. Paris,

1817. $*.

Histoire deVAttronomieduMojien Age. lvol.,4to. PariB,

1819. $3.

mtoire de VAitronomie Modeme. 2 vols., 4to. Paris,

1821. |5.

Histoire de VAstronomie au dix - huitiime Siicle. 1 vol., 4to. Paris,

1827. lil. ,,, „

S^, but without any attempt at logicat arram nent Each work te

found.

;i
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Enckb, J. F. : Die Entfemung der Sonne von der Erde au» dem Ve-

nuedurchgange von 1761 hergeleitet 12mo. Ctotba, 1822.

Der Fenuadurchgang von 1769. 12mo. Gotha, 1824.

These two little books contain Encke's researches on the solarparallax

leading to the result 8".5776, and the distance of the sun 96,d00,0(K>

miles.

IDELER, Dr. Ludwig : Handbueh der Mathematischen und, Teohnmhen

Chronologie. 2 vols., 8vo. Berlin, 1825.

An exhaustive and commendable work on the measures of time adopted

in various countries, especially in ancient times.

Whewell, Wm. : History of the Inductive Sciences. London.

Herschel, Sir John : Bmdte of Astronomical ObservaHom made

dunng the Tears 1834, '5, '6, '7, '8, at the Cape of Good Hope. 1

vol., 4to. London, 1847.

Struve, F. G. W. : £tudes aAstranomie Stellaire. St. Petersburg,

1847.

Grant, Robert : HUtory of Physical Astronomy, from the Earliest

Ages to the Middle of tlie Nineteenth Century. 8vo. London, 1852.

BiOT, J. B. : £tudea sur VAstronomie Indienne et Ckinoiee. 8vo.

Paris, 1862.

LOVERING, Joseph : On the Periodicity of tfce Aurora. Memoirs

of the American Academy of Arts and Sciences. Boston, 1859

andl865i

Olbers, W., and Galle, J. G. : Die leiehUte und hequemste Methade

die Bahn eines Cometen zu berechnen. 8vo. Leipzig, 1864.

This work contains a table of all orbits of comets computed, brought up

to the end of 1868.

ZOixNEH, Dr. J. C. F. : Ueber die Natur der Kometen. 8vo. Leipzig,

1872.

DOhring, Dr. E. : KHtische Geschichte der Prinoipien der Mechanik.

8vo. Berlin, 1873.

ToDHUNTER, I. : HtstoTy of the MathemaHcal Theories of Attraction

and the Figure of the Earth, from the Time of Newton to that of La

Place. 2vo1b.,8vo. London, 1873.

n.-WOHKS ON THE PHYSICAL ASPECTS OF THE PLANETS.

SCHROETER J. H. : Beitrdge zu den Neuesten Astronomischen Ent-

deckungen. Herausgegeben von Bode. 3 vols., 8vo. Berlin, 1788-

1800. •^
37 .

mi
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SCHHOETEB, J. H. : 8dmotopograpM$ehe Fragmmte tw gmauern

Kenntnist der MondJUkke. 4to. Lilientbal, 1791. 13.

JphroditographiBche Fragmmte zur genawm Kenntnm de»

Phmeien Venus. 4to. Helmstedt, 1796. $6.

Bchroeter'8 style was Intolerably prolix arid diffuse, bo that a clear Idea

of the results Ue really attained Involves no small labor.

Bkeb, W., and MXdler, J. H. : Phytieeke Beobacktungen dee Man

bei leiner OppoeiKon tm September 1830. 12mo. Berlin, 1830.

—Der Mond tufcJt «eiwen kosmieehen und individuellen Ver-

UUnU»en,oderAllgemeinevergleiohendeSelenographie. 4to. Berlin,

1837. |7.

This volume is accompanied by a large map' of the moo". ^nd Is the

most complete and celebrated wort on selenography which has yet

appeared.

Bebb, W., and MXdler, J. H. : BeitrSge zur pkysiacheH Kenntniie

der himmlisohen KSrper im Sonneneysteme. 4to. Weimar, 1841.

Z6LLNEB: Photometrische Unterauchungen mit hetonderer BUckeickt

oh/' die phyeische Besehaffenheit der Himmehkihrper. 8vo. Leip-

zig, 1865.

Enqelmann : Ueber die Eelligkeitnerh&ltnieu der Jupiter$trdbanten.

8vo. Leipzig, 1871.

VOGEL, H. C, and Lohse : Beobochtungen angestellt anf der Stem-

wartedesKammerhermvonSmowzuBotlikamp. 3pt8.,4to. Leip-

zig, isra-TB.

ni.-RKCKNT TREATISES ON SPECIAL SUBJECTS.

The Sun.

Proctob, R. a. : The Sun ; Buler, Fire, Light, and Ufe of fke Plan-

etary System. 8vo. London, 1871.

Lockyeb, J. N. : Con^uOons to Solar Phytice. 8vo, London, 1874.

6KCCm, A. -.LeSoleil. 2 vols., 8vo, with Atlas. Paris, 1875-'77.

The latter is the most complete and beaudfully Illustrated treatise on

the sun which has yet appeared.

The Moon.

NASMTraandCABPENTEB: The Moon. London, 1874.

Contains very beantlftd Ulnstrations oflnnar scenery.

Proctob, E. A. : The Mom: Her Motkm, Aepeett, Scenery, and

Physical CondiUon. 8vo. London, 1873.

Thto work is lUustrated with several of Mr. Rutherltord's photographs.
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NBI80M, EmfVND : . "hu Mom, and the Condition and ConftguratUm

of its Surfaee. Illustrated. 8vo. London, 1876.

Principally devoted to selenography.

Transits of Venus.

Forbes, Georob : Dranrits of Venue. London, 1874.

Proctor, B. A. : TraneiU of Venue. A Popular Aeoount of Poet

and Coming Traneite. 8vo. London, 1875.

THEORETICAL AND PRACTICAL ASTRONOMY.

LOOMIS, EuAS : An Introduction to Practical Astronomy, with a Col-

lection of Aetronomical Tables. 8vo. New York, 1855.

Contains mnch information for the amateur astronomer.

Sawttch : Abrits der Practtscken Astronomie. 2 vols., 8vo. Ham-

burg, 1850.

BtienHOW,F-i Practical and Spherical Astronomy. 8vo. London

and New York, 1865.

Chauvenet, W. : ManutH of Spherical and Practical Astronomy. 2

vol8.,8vo. PhUadelphia, 1863.

The most complete and exhaustive treatise on the subject which has yet

appeared.

Watson, J. C. : Theoretioal Astronomy. 8\ a. Philadelphia, 1868.

. 1
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X.

GLOSSARY OF TECHNICAL TERMS OF FREQUENT OCCURRENCE IN

ASTRONOMICAL WORKa

The following list is believed to include all the technical terms nsed In

the present work, as well as a number of others which the reader of as-

tronomical literature will fhjquently meet with. The words iu parenthe-

ses which sometimes follow a term express its literal signitication.

Abenation (a «andmnjr-«tr«y). Generally applied to a real or apparent

deviation of the course of a ray of light. Especially (1) an apparent

displacement of a star, owing to the progressive motion of light com-

bined with that ofthe earth iu its orbit, p. 211 ; (2) the defects of action of

a lens in not bringing all rays to the same focus. The »pheHoal afterratfcm

of a lens results in the rays which pass through the ghus near its edge

coming to a shorter focns than those which pass near its centre, while

the ehwmaHo ahmratUm is the separation of the light of diflferent colors.

Aobiomatlo {without color). AppUed to an object-glass in which rays of

diflferent colors are brought to the same focus. See p. 114

AeroUte. A meteoric stone or other body faUing ftom the celestial spaces.

Albeda Degree of whiteness, or proportion of incident light reflected by

a non-luminous body. When the albedo of a body is said to be 0.6, It

means that it reflects^ of the incident light.

Alidade. A movable frame carrying the microscopes or verniers of a grad-

uated circle. Not generally used in instruments of recent construction.

Aldtade. The apparent angular elevation of a body above the horizon,

usually expressed in degrees and minutes. At the horizon the altitude

is zero, at the zenith it is 90°.

AmralKr (ring-shaped). Having the appearance or form of a ring.

Anomaly. The angular distance of a planet from that point of its orbit

in which it i', nearest to the sun, or, in the ancient astronomy, to the

earth. Draw two straight Unes ftom the sun, one to the nearest point

of the orbit, or the perihelion, and the other to the planet, and the an-

gle between these lines wiU be the anomaly of the planet.

Anonudirtte. Pertaining to the anomaly. The anomalistic year is the

period between two consecutive returns of the earth to its perihelion.

It is about 4' 15" longer than the sidereal year.

,.«y^- -.s^srtj*va»'>-/*-'»iw««T«^'*^'-''
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I (handlet). The apparent ends of the rings of Satnm, which look

like handles projecting from the planet.

Aperture of a Teleacope. The diameter of the glass or mirror which

admits the rays of light, clear of all obstacles.

Aphelion, The part of the orbit of a planet in which it is farthest fh»m

the sun.

Apogee. The point of an orbit in which the planet is faitbeat from the

earth. In the ancient astronomy the planets were said to be in apogee

when beyond the sun, and therefore at their greatest distance from the

earth ; but the term is now applied only to the most distant point of

the moon's orbit.

Apiie (pL Apiide»). The two points of an orbit which are nearest to, and

farthest from, the centre of motion, called, respectively, the lower and

higher apsis. The line of apsidei is tl»at which joins these two points,

and so forms the major axis of an elliptic orbit. The term is now near-

ly superseded by the more special terms aphelion, perihelion, perigee, etc.

See Elemente.

Armlllary Sphere. A combination of circles nsed before the invention of

the telescope for determining the relative directions or apparent posi-

tibns of the heavenly bodies on the celestial sphere. It is now entirely

out of use. See p. 105.

AetRdabe. A simple form of armlllary sphere used by the ancient as--

tronomera.

Asimaih. The angulaf distance of a point of the horizon from the north

or south. The azimuth of a horizontal line is its deviation from the

tme north and south direction. The azimuth of the east and west

points is 90°.

Biiuuy Glyitein. A double star, in which the two components are fonnd

to revolve round each other.

Btnoonlar (tmheyed). Applied to a telescope or microscope in which both

eyes can be nsed at once, as an opera-glass.

Blaok Drop. A distortion of Mercury or Venus at the time of internal

contact with the limb of the sun. See p. 179.

CeOteaiiiua.' Reckoning by hundreds. Applied to those denominational

systems in which each unit is one hundred times that next below it.

The centesimal division of the angle is one in which the quadrant is

divided into 100 degrees or grades, the grade into 100 minutes, and the

minute into 100 seconds.

diroiiosraph (ltei«-iiiarfc). An instrument for measuring time by mark-

ing on a moving paper (see p. 155). Time is then represented by

space passed over.

Otrole, Oseat A circle which divides the sphere into two equal hemi-

spheres, as the equator and the ecliptic.
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Coliu«& The four priiioipal meridiana of the celeati»l tphero, «11 of which

pus ftom the pole, and one of which paaaea through each equinox, and

one throogb each solatioe. They mark the cirolea of 0*, 6i>, 12^, and 1(^

of right aacenBion, reapeotively.

ConJimetion (a joining). The nearest apparent approach oftwo heavenly

bodiea wbiuh seem to pass each other in their oourae. They are com-

monly conaidered aa in ooujunotion when they have the same longitude.

The term ia applied especially in the case of a planet and the sun. The
nearest approach is called superior conjunction when the planet is be-

yond the sun, inferior vhen it is this side of it. Mercury and Venus

are, of ooiime, the only planets which can be in inferior conjunction.

Coamloal. Relating to creation at large, in contradistinction to terres-

trial, which relates to the earth. By a cosmical phenomenon is meant

one which has its origin outside the earth aud its atmosphere.

Cnlminatloiii The pnaaage of a heavenly body over the meridian of a

place. This passage may be considered as ooonrring twice in a day,

once above the pole, aud again below it, twelve hours later. The for-

mer is called the fip^cr, the latter the tower, culmination. The upper

culmination of the sun occurs at noon, the lower at midnight.

OuMpt (pointt). The pointed ends of the seeming horns of the moon or

of a planet when it presents the appearance of a crescent.

Ojrol* (otro{«). A period of time at the end of which any aspect or rela-

tion of the heavenly bodies recurs, as the Metonic cycle.

DeoHnatlon, The angular distance of a heavenly body tmm the equatAT.

When north of the equator, it is said to be in north decliuation ; other-

wise, in south declination. n

DeCsrant In the ancient astronomy the mean orbit of a planet which

was supposed to carry the epicycle. It is represented by the dotted

oircIoB in Figs. 10 and 11, pp. 38 and 39.

Dloliotomy (a cutting in two). The aspect of a planet when half illumi-

nated, as the moon at first and last quarter.

Digit. The twelfth part of the diameter of the sun or moon, foi-merly

used to express the magnitude of eclipses. See p. W.
Dip of tbe Hbiiaon. At sea, the depression of the apparent' horison be-

low the true level, owing to the height of the observer's eye above the

water.

Disaot MMIoD. A motion from west to east among the stars, like that

of the planets in general.

Booentiia In the ancient astronomy, a circle of whioh the oeatre was
displaced from the centre of motion. See p. 4S, Fig.lS.

Booentiloity. See Elementt.

BoUl^itlo. The apparent path of the sun among the stacs, deaoribed in

Part I., Chap. L, $ 3. See p. 13.
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BgTMW (a going forth). The end of thr apparent transit of one body over

another, when the former seems to leave the latter,

minanta. In general, the data for predicting an astronomical phenome-

non. Especially, the quantities which determine the motion of a plan-

etary body. The independent elemeutb of a planet are six in number,

namely

:

1. The mean dUtance, or half the longer axis, AP, of the ellipse in which

the planet moves round the sun, the latter being in the focos at S,

S. The eeeentrieUjf, the ratio of the distance C8 between the centre

and focus of the ellipse to the mean distance.

These two elements determine the size and form of the elliptic orbit

of the planet.

Vio. 111.—Diagram lllastrating elliptic elements ofa planet

3. The longitude of the ascending node, which gives the direction of

the line in which the plane of tLe orbit intersects that of the ecliptic, or

the angle which this line makes with the vernal equinox.

4. The inclination of the plane of the orbit to that of the ecliptic.

5. The longitude of the perihelion, P, for which is taken the longitude

of the node, plu» the angular distance firom the node to the perihelion,

aa seen from the sun.

These three quantities determine the position of the orbit in space.

^. The mean longitude of the planet at some given epoch, or the time

at which it passed the perihelion, P.

To these six the time of revolution, 6r mean angular motion in a day

or year, is usually added ; but as this can always be determined firom

the mean distance, and vice vena, by Kepler's third law, the two are not

regarded as independent elements.

The quantities we have described are usually represented by algebraic

symbols, as follows

:

a, the mean dlitanes.

«^ the eceentrlelty.

S oro, the longitude oftha node.

< or ^ the Inclination.

a or w, the longitude of the perihelion.

I, the mean longitude at iome epoch,

n, the mean motion.

M, the distance from node to perihelion.

wmm
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mUpttolty. Deviation fhim a truly oiroiilar or spherical furm, so aa to

become an ellipae or Bplieroiil. Au orbit iit aaid to be more elliptic the

more it deviates ttom a circle.

Blongatlon. The apparent angular distance of a body from ita centre of

motion, aa of Mercury or Veuua from the aun, or of a satellite from ita

primary.

Bmaralon (a ooming out). The reappearance of an object after being

eclipsed or otherwise hidden from view.

Bphainarla. A table giving the position of a heavenly body fh>m day to

day, in order that observers may know where to look for it. Applied

also to an astronomical almanac giving a collection of such tables.

Bpioyote. In the ancient atttruuomy, a small circle the centre of which

moves round on the circumference of a larger one, especially the circle

in which the three outer planets seemed to perform an annual revolu-

tion in consequence of the revolution of the earth around the sun.

Bquation of the Centre. The angular distance by which a planet mov-

ing in an ellipse is ahead of or behind the mean position which it

would occupy if it moved uniformly. It arises firom the eccentricity of

the ellipse, vanishes at perihelion and aphelion, and attains its greatest

value nearly half-way between those points.

Equation of Time. See p. 164.

Bquator. The great circle half-way between the two poles in the earth

or heavens. The celestial equator is the line EF in Fig. 3, p. 12. See

also pp. 62, and 146, 147.

BquatoreaL A telescope mounted so as to follow a star in its apparent

diurnal course, as described on p. 119.

Bqntnoar Either of the two points in which the son, in its apparent an-

nual course among the stars, orosses the equator. So called because the

days and nights are, when the sun is at those points, equal.

Bveottoa An inequality in virtue of which the moon oscillates about

li° on each side of her mean poaition in a period of 31 days 19 hours.

Bye-piece^ of a telescope. The small glasses nearest to the eye, which

magnify the image. See pp. 110 and 118.

FaonlaB (small torehet). Groups of small shining spots on the surface of

the sun which are brighter than other parts of the photosphere. They
are generally seen in the neighborhood of the dark spots, and are sup-

posed to be elevated portions of the photosphere.

Filar (nuidt ef Aread). Applied to micrometers made of spider lines.

Foooa (a fir^laoe). A point in which converging rays all meet. The

focus ofa telescope is the point at which the image is formed. See p. 109.

Qeooentiio. Beferred to the centre of the oarth. The geocentric posi-

tion of a heavenly body is its position as seen or measured from the

earth's centre.
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OtoodMy. The art or science of measnrlng the earth without reference

to the heavenly bodies.

Onomoa In the old astronomy, the style of a snndial or any object the

shadow of which is measured in order to learn the position of the sun.

Odden Number. The number of the year in the Metonic cycle, counted

from 1 to 19. See p. 48.

|f^fH»«ft (relating to the $un). Applied in the ancient astronomy to those

risings or settings of bright stars which took place as near to sunrise

or sunset as they could be olMerved.

Beliooantilo. Referred to the sun as a centre. Applied to the positions

of the heavenly bodies as seen from the sun's cuntre.

Hi^lltymtti^T An instrument in which the object-glass is sawed into two

equal parts, each of the parts forming an independent image of a heav-

enly body in the focns. When the two parts are together in their origi-

nal position, these images coincide, but by sliding one part on the other

they may be separated as far as is desired for the purposes of measure-

ment. It is much used in Germany for measuring distances too great

for the application of a filar micrometer.

BaUoatat. An instrument in which a mirror is moved by clock-work in

such a way as to reflect the rays of the sun in a fixed direction, notwith-

standing the diurnal motion.

Heliotrope. An instrument invented by Oanss for throwing a ray of sun-

light in the direction of a distant station. It is much used in geodetic

measurements.

Hoar Angle. The distance of a heavenly body fh>m the meridian, meas-

ured by the angle at the pole. It is commonly expressed in time by the

number of hours, minutes, etc., siuce the body crossed the meridian.

Xnunersion (a plunging in). The disappearance of a body in the shadow

of another, or behind it.

yii/»Hn«*i«in, of an orbit. See Elmwnt:

ZngraH (a going in). The commencement of the transit of one body over

the face of another.

Itatitude. The angular distance of a heavenly body bom the ecliptic, as

declination is distance fW>m the equator.

Utaratioii (a (low nringing, a$o/a balanee). The seeming slight oscillations

of the moon around her axis, by which we sometimes see a little on one

side of her, and sometimes on the other.

Loogitiide. If a perpendicular be dropped from a body to the ecliptic, ite

celestial longitude is the distance of the foot of the perpendicular from

the vernal equinox counted towards the east.

Xionatlon. The period from one change of the moon to the next. It*

duration is S9^ days, or, more exactly, 29.5305879 days.

, of a body. The quantity of matter contained in it, as measnred
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by ita weight at • giren plaoe. Mam diffirtni (Vom weight in that th«

latter ia difl«r(tnt in different plaoea even for the aame body, depending

on the intensity of gravity, wbereaa the mom of a body ia neceaaartly tb«

aame everywhere.

Mwri Dlstano*. 8«e Klemtmtt.

Maridlan. The torreiitriul inttridian of n place ia th'« north and south

vertical plane paaaiug throngh that place, or, the great oirole in whieh

this plane interaeota the oeleatial sphere. It pnnHus Miniiigh the join,

th« zenith, and the north and south pointa of the horison. Celestial

nieridiana are great cirolea paaaing ttom one pole of the heavens to

the other in all direotiona, aa ahown in Fig. 45, p. 147. Every celes-

tial meridian coincides with the terrestrial meridian of aome point on

the earth.

llstoiiio Oyoto. See p. 4a
morooMter (mmII mcommw). Any instrument for the accurate measure-

ment of very small distancea or angles.

Hadlr. The point of the celestial sphere directly beneath oar feet, or the

direction exactly downwards.

Nod*. The point in which an orbit interaeota the ecliptic, or other plane

of reference. See EUmtmU, and p. S3.

Mntatkm. A very small oscillation of the direction of thu earth's axis.

It arises fVom the fact that the forces which produce the precession of

the equinoxes do not act uniformly, and may therefore be considered aa

the ineqaality of precession arising from the inequality of the force

which produces it.

Oblato. Applied to a round body which differs from a sphere in being

flattened at the poles, aa in the case of the earth.

ObUqnity of tli* Bol^ptio. The inclination of the plane of the equator

to that of the ecliptic, which is equal to half the difference between the

greatest meridian altitude of the sun, which occurs about June Slst, and

the least, which oooura about December Slst. At the beginning of 1860

its value was aboat 83° 97^', and it is diminisl ing at the rate of about

47" per century.

Ooooltetlon (a Mdlmg), The disappearanoe of a distant body through the

interposition of a nearer one of greater angular magnitude. Applied

especially to the oaae of the moon passing over a star or planet, and to

that of Jupiter biding one of his satellites.

Oppoattton. The relation of two bodies in opposite direotiona. The
planets are said to be in opposition when their longitude differs 180°

from that of the snn, so that they rise at sunset, and set at sanriae.

Ortiit The path described by a planet around the sun, or by • satellite

around its primary planet.

Pandla& The difference of direction of a heavenly body as seen from

MeiilMiiiiiaa mimmm
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two polntfl, as the centre of the earth and some ftoint on its surfut;**.

See Part II.,C»m|., Ill,* 1

Parallala. linikKlnnry cir(tl«<^ on the earth or In the heavens parallel to

tlin equator, and hnving the pule as their centre. The porallel of 40" N.

U ouf vhich is evti.y *vbere 40° ft-om the equr tor and GO" from the north

pole. .S.0 FIk. 45, p. 147.

Panumbra. A purtiiil shadowing. Applied generally in cases where

light Is partially, but not entirely, out off.

P«l- (nmr). A general preflx to denote the |M»int at which a body revolv-

Ing in orbit comes nearest its centre of motion; as, peH*«/ioN, the |M>lnt

nearest the sun; ptrigte, that nearest the earth; peri-Satumium, that

nearest the planet Saturn, etc.

PwtarlMtlon. A disturbance in the regular elliptic or other motion of a

heavenly body, produced by some force additional to that which causes

its regular motion. The perturbations of the planeU are caused by

their attraction on each other.

PhotooMUr (Hgkt-meaturer). An instrument for estimating the intensity

of light. The number of kinds of photometers is very great.

riBoaaalon of the BquinoxM. A motion of the pole of the equator

aronnd that of the ecliptic in about 96,000 years. See pp. 19, 02, 88.

Prima VwtloaL The vertical circle passing due east and west through

the senith, and therefore intersecting the horison in its east and west

points.

QamBamtxa*. The positions of the moon when she b 90° ttom the sun,

and therefore in her first or last quarter.

Radiant Potnt That point of the heavens from which the meteors all

seem to diverge during a meteoric shower. See p. 390.

Rafraotkm (a hreahing). The bending of a ray of light by passing through

a mediom. AgtrmwmUial rfifiracHtm means the refraction of the light of a

heavenly body cansed by the atmosphere, as described on p. 300.

Retiograda (haeheard). Applied to the motion of a planet ftom east to

west among the stars.

Saroa, A period or cycle of 18 years 11 Jays, in which eclipses nwur.

See p. 30.

(l
|^iB*«ii«»i«n (a M,nkU*g). The twinkling of the stars,

flnrmlar (nUM»g to the aget). Applied to those obangeb in the planetary

orbits which leqnire immense periods for their completion. Seo p. 96.

flalanotraphy. A description of the surface of the moon, as geography is

a description of the earth's surface. We might call it lunar geography

but for the etymological absurdity.

Oawltnalmal Counting by sixties. Applied to those denominate sys-

tems in whieh one nnit is sixty times the next inferior one, as the usual

•abdiviaiou of time and arc.



570 APPENDIX.

Sextant. The sixth part of a circnmference. Also an instmment mnch
used in practical astronomy and navigation, for the ready measurement of

the angular distance of two points, or of the altitude of a heavenly body.

GUdereaL Relating to the stars. SMenal time is time measured by the

diurnal revolution of the stars. Each unit of sidereal time is about

i^th part shorter than the usual one. See p. 150.

Signs of the Zodiac. The twelve equal parts into which the ecliptic or

zodiac was divided by the ancient astronomers. These signs, begin-

ning at the vernal equinox, are

:

Ariel, the Ram.
Tawnu, the BalL
Gtmini, the Twins.

Cancer, the Crab.

Leo, the Lion.

Kii^, the Virgin.

IMrtt, the Balance.

8eorpi%u, the Scorpion.

Sagittaritu, the Archer.

CtepriocmiM, the Ooat
Aquatint, the Water-bearer.

Piaeet, the Fishea.

Scdatioea (^gtanding-poihU of the nm). Those points, of the ecliptic which

are most distant from the equator, and through which the snn passes

about June Slst and December 21st. So called because the sun, having

then attained its greatest declination, stops its motion in declination,

and begins to return towards the equator. The two solstices are desig-

nated as those of summer and winter respectively, the first being in 6

hours and the second in 18 hours of right ascension.

SoUilo Period. That in which the Egjrptian year of 365 days correspond-

ed in succession to all the seasons. The equinoctial year being supposed

to be 365^ days, this period would be 1461 years, but it i^ really longer^

See p. 47.

Speonltun (a mirror). The concave mirror of a reflecting telescope.

Statlonazy. Applied to those aspects of the planets occurring between

the periods of direct and retrograde motion when they appear for a short

time not to move relatively to the stars.

Bjrnodia Applied to moveni>'nt8 or periods relative to the sun. The

synodic movement of a planet is the amount by which its motion ex-

ceeds or falls short of that of the earth round the sun, while its synodic

period is the time which elapses between two consecutive returns to

inferior or superior conjunction, or to opposition.

Sysygy. The points Af the moon's orbit in which it is either new moon or

full moon. The line of the sysygies is that which passes through these

points, crossing the orbit of the moon.

Terminator. The bounding line between light and darkness on the moon
or a planet.

Tranait (a pasHng aerou). The passage of an object across some fixed line,

as the meridian, for example, or between the eye of an observer and an

apparently larger object beyond, so that the nearer object appears on

the fJMse of the more distant one. Applied especially to passages ofMer-

mmmmmm
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cnry and Venns over the disk of the sun, and of the satellites of Jupiter

over the disk of the planet.

Tkvpidatlon. A slow oscillation of the ecliptic, having a period of 70(10

years, imagined by the Arabian astronomers to account for the discord-

ance in the determinations of the precession of the equinotCs. In con-

sequence of this motion the equinox was supposed to oscillate backward

and forward through a space of about twenty degrees. The trepidation

continued to figure in astronomical tables until the end of the sixteenth

century, but it is now known to have no foundation in fact

Umbra (a ikadow). That darkest part of the shadow of an object where

no part of the luminous object can be seen. Also, the interior and dark-

est part of a sun-spot.

Vsrtloa], Angle o£ The small angle by which the real direction of the

earth's centre from any point on its surface differs fh>m that which is

directly downward, as indicated by the plumb-line. It arises from the

elipticity of the earth, vanishes at the equator and poks, and attains its

greatest value of about 12' at the latitude of 45°.

Vortex (a whirlpool) ; pi. Fortioet. The theory of vortices is that which

assumed the heavenly bodies to be carried round in a whirling fluid.

See p. 72.

Zenith. The point of the celestial sphere which is directly overhead, and

from which a plumb-line falls. The geocmtric zenith is the point in which

a straight line rising from the centre of the earth intersects the celestial

sphere. It is a little nearer the celestial equator than the apparent or

astronomical zenith, owing to the ellipticity of the earth. See Vertieal,

Angle of.

Zodiao. A belt encircling the heavens on each side of the ecliptic, within

which the larger planets always remain. Its breadth is generally con-

sidered to be about sixteen degrees—eight degrees on each side the

eoliptio. In the older astronomy it was divided up into twelve parts,

caUioA iign$ qf the zodku.
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EXPLANATION OF THE STAR MAPS.

Thus maps ahow all the atara to the fifth inagDltnde inclnaiye b»>

tweea the north pole and 40° aonth declination, the middle of each map
extending to 60° declination. They therefore include all the atara which

can be readily seen with the naked eye in our latitndea, except the very

malleat. They are, for the most part, founded on Heis'a Atlu Cmlmth

and the catalogue accompanying it.

To reoogniae the conatellations on the mapa, reference may be had to

the desoriptiona on pp. 41&-4SI6. To find what conatellationa are on the

meridian at any hour of any day in the year, it will be neceasary to cal-

culate the sidereal time by the precepts on p. 151 : the corresponding hour

of right ascension is then to be sought around the margin of Map I., and

at the top and bottom of the other maps. Then, if Map I. be held with

thia hour upwards, it will show the exact position of the northern conatel-

lations, while on Maps II.-V. it will show the position of the meridian.

Each of these four last mapa extenda about firom the senith to the aouth

horiaon.

The aeveral dates on the ecliptic show the positions of the sun during

its apparent annual course as described in part i., chap, i., ^ 3, and ex-

plained on pp. 64, 65. The apparent path of tho moon in 1877 is marked

oat, in order to illustrate $ 6, p. SI.

To illustrate precession, the position of the equator 8000 years ago is

shown on Map II., where it can be compared with the present position,

maiked 0° on the sides of Maps II.-Y. For the same object the circle

which the celeetial pole seems to describe around the pole of the ecliptic

in 85,000 years is shown on Map I.

The small circles marked here and there on the mapa ahow the positioBa

of the more remarkable nebnl* and star cluaters, a list of which is given

in No. IIL of the Appendix.
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man Empire. By Edwabd Gibbok. With Notes by Dean Mit-
iiAB, M. Gduot, and Dr. Wiluak Smith. New Edition, from new
Electrotype Plates. 6 »oU., 8ro, Cloth, with Paper Labels, Uncnt
Edges and Gilt Tops, $12 00. Sold only in Sete. Popular Edition,
6 Tols. in a Box, 12roo, Cloth, $8 00 j Sheep, $4 50.

HILDBETHS UNITED STATES. HUtoiy of the United Stateik
Fian Sbribs: From the DiseoTery of the Continent to the Organi-
saUon of the Government under the Federal Constitution. Sboobd
SxBua: From the AdopUon of the Federal Constitntion to the End
of the Sixteenth Congress. By Riohabd IIildrrtr. Popular Edi-
tion, a vols, in a Box, 8vo, Cloth, with Paper Labels, Uncut Bdms
•ad GUt Tope, $12 oa Sold onfy in Seta.
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MOTLEY'S DUTCH REPUBLIC. The Ri«s of the Dutch Repub-

lic. A History. By John Lotubop Motlrt, LL.D., D.C.L. With
m Portrait of William of Orange. Cheap Edition, 8 vols, in a Box,

8vo, Cloth, with Paper Isabels, Uncut Edges and Gilt Tops, $6 00.

Sold only in Sets. Original Library Edition, 8 vols., 8vo, Cloth,

f10 fiO ; Sheep, f12 00 ; Half Calf, $17 2fi.

MOTLEY'S UNITED NETHERLANDS. History of the United

Netherlands : from the Death of William the Silent to. the Twelve

Years' Truce—1684-1609. With a full View of the English-Dutch

Struggle against Spain, and of the Origin and Destruction of the

Spanish Armada. By John Lotbrop Motlbt, LL.D., D.C.L.

Portraits. Cheap Edition, 4 vols, in a Box, 8vo, Cloth, with Paper

Labels, Uncut Edges and Gilt Tops, $8 00. Sold only in Sets.

Original Library Edition, 4 vols., 8vo, Cloth, $14 00 ; Sheep, $16 00

;

Half Calf, $28 00.

MOTLEY'S LIFE AND DEATH OF JOHN OF BARNEVELD.
The Life and Death of John of Bameveld, Advocate of Holland

:

with a View of the Primary Causes and Movements of "The Thir-

ty Years' War." By John Lothrop Motlkt, LL.D., D.C.L. Illus-

trated. Cheap Edition, 2 vols, in a Box, 8vo, Cloth, with Paper La-

bels, Uncut Edges and Gilt Tops, $4 00. Sold only in SeU. Origi-

nal Library Edition, 2 vols., 8vo, Cloth, $7 00; Sheep, $8 00; Half

Calf, $11 60.

GEDDES'S HISTORY OF JOHN DE WITT. History of the Ad-
ministration of John De Witt, Grand Pensionary of Holhind. By
Jakkb Geddbs. Vol. I.— 1628-1664. With a Portrait. 8vo,

Cloth, $2 60.

SKETCHES AND STUDIES IN SOUTHERN EUROPE. By Johh
Addimgton SraoHDS. In Two Volumes. Post 8vo, Cloth, $4 00.

SYMONDS'S GREEK POETS. Stadies of the Greek Poets. By
JoBR Addikoton SmoNos. 2 vols.. Square 16mo, Cloth, $8 60.

BENJAMIN'S CONTEMPORARY ART. Contemporary Art in Eu-

rope. By S. G. W. Bbrmxin. Illustrated. 8vo, Cloth, $3 60.

BENJAMIN'S ART IN AMERICA. Art in America. By S. Q
W. Brnjamih. Hlnstrated. 8vo, Cloth, $4 00.

KINGLAKE'S CRIMEAN WAR. The Invasion of the Crimea: its

Origin, and an Account of its Progress down to the Death of Lord

Raglan. By Albxahdbb William Kimolakb. With Maps and

Flans. Four Volumes now ready. 12mo, Cloth, $2 00 per voL
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TREVELYi^ "8 LIFE OF MACAULAY. The Life and Lettera of

Lord Macanlay. By his Nephew, G. Ono Trbviltar, M.P. With

Portrait on Steel. Complete in S vols., 8vo, Cloth, Uncut Edgei

and Gilt Tops, $6 00; Sheep, $« 00; Half Calf, 90 CO. Popular

Edition, two voU. in one, 12ino, Cloth, $1 75.

TBEVELTAN'S LIFE OF FOX. The Early History of Charles

James Fox. By Gborok Otto Tbktbltan. 8vo, Cloth, Uncut

Edges and Gilt Tops, $2 60 ; 4to, Paper, 20 cen^s.

HUDSON'S HISTORY OF JOURNALISM. Journalism in the

United States, from 1690 to 1872. By Frbdbbic Hddbox. 8vo,

Cloth, $6 00 ; Half Calf, $7 26.

LAMB'S COMPLETE WORKS. The Works of Charles Lamb.

Comprising his Letters, Poems, Essays of Elin, Essays upon Shak-

Bpeare, Hogarth, etc., and a Sketch of his Life, with the Final Memo-

rials, by T. Noon Talfodrd. With Portrait. 2 vols., 12mo, Cloth,

fSOO.

LAWRENCE'S HISTORICAL STUDIES. Historical Studies. By

EuoKNB Lawrencb. Containing the following Essays : The Bish-

ops of Rome.—Leo and Luther..—Loyola and the Jesuits.—Ecu-

menical Councils.—^The Vaudois.—^The Huguenots.—^The Church of

Jerusalem.—Dominic and the Inquisition.—The Conquest of Ireland.

—The Greek Church. 8vo, Cloth, Uncut Edges and Gilt Tops,

$8 00.

LOSSING'S FIELD-BOOK OF THE REVOLUTION. Pictorial

Field-Book of the ReTolution ; or, Illustrations by Pen and Pencil

of the History, Biography, Scenery, Relics, and Traditions of the

War for Independence. By Bbnsoh J. Lobbino. 2 rols., 8ro, Cloth,

$U 00; Sheep or Roan, f 16 00; Half Calf, flS 00.

LOSSING'S FIELD-BOOK OF THE WAR OF 1812. Pictorial

Field-Book of the \^ar of 1812; or. Illustrations by Pen and Pencil

of the History, Biography, Scenety, Relics, and Traditions of the last

War for American Independence. By Bbnbom J. Lobbing. With

several hundred Engravinga on Wood by Lossing and Barritt, chiefly

from Original Sketches by the Author. 1088 pages, 8vo, Cloth,

f700; Sheep, #860; Roan, $9 00; Half Calf, $10 00.

FORSTER'S LIFE OF DEAN SWIFT. The Early Life of Jonathan

Swift (1667-1711). ByJoHRFoRBTBR. With Portrait. 8to, Cloth,

Unont Edges and Gilt Tops, $2 60.

GREEN'S ENGLISH PEOPLE. History of the English People. By

John Richard Grbbn, M.A. Four Volumes. 8vo, Cloth, f2 60

per vclume.
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SHORT'S NORTH AMERICANS OF ANTIQUITT. The Nortk
Aineiicans of Antiquity. Tiieir Origin, Migrations, and Tjrp* of

CiviliMtion Coniiderad. By Jomh T. Shokt. lUuitnted. 8vo,

Cloth, $8 00.

SQUIER'S PERU. Peru : IncidenU of Trarel and Exploration i*

tlie Land of tlie Incas. By £. OBonoit Squikb, M.A., F.S.A., late

U. 8. Commiwioner to Pern. Witli Iliuttrations. 8vo, Clotli, $6 00.

BLAIKIE'S LIFE OF DAVID LIVINGSTONE. Dr. Livingstone:

Memoir of bit Peraonnt Life, from hit Unpublished Journals and
Correspondence. By W. G. Blaikib, D.D., LL.D. With Portrait

and Map. 8vo, Cloth, $2 2S.

MAURY'S PHYSICAL GEOGRAPHY OF THE SEA. The Phyd-
cal Geography of the Sea, and its Meteorology. By M. F. Maokt,
LL.D. 8to, Cloth, %K 00.

SCHWEINFUBTH'S HEART OF AFRICA. The Heart of Africa.

Three Years' Travels and Adventures in the Unexplored Regions of

the Centre of Africa—from 1868 to 1871. By Dr. Obobo Sohwiuii-

FDKTH. Translated by Ellkm E. Fbbwbb. With an Introduction

by W. WmwooD Rbadb. Illustrated. 2 vols., 8vo, Cloth, $8 00.

M'CLINTOCK & STRONG'S CYCLOPAEDIA. Cyclop«dhi of Bib-

lical, Theological, and Ecclesiastical Literature. Prepared by the

Rev. JoHM M'Cliiitook, D.D., and Jambs Stbomo, S.T.D. Com-
plete in 10 vols. Royal 8vo. Price per voL, Cloth, f5 00 ; Sheep,

$6 00 ; Half Morocco, f8 00.

MOHAMMED AND MOHAMMEDANISM : Lectures DeUvered at

the Royal Institution of Great Briuin in February and March, 1874.

By R. BofcwoBTH Smith, M.A. With an Appendix containing

Emanuel DeuUch's Article on " Islam." 12mo, Cloth, #1 60.

MOSHEIM'S ECCLESIASTICAL HISTORY, Ancient and Modern

;

in which the Rise, Progress, and Variation of Church Power are con-

idered in their Connection with the State of Learning and Philos-

ophy, and the Political History of Europe during that Period. Trans-

lated, with Notes, etc., by A. Maolaimb, D.D. Continued to 1826,

by C. Cootb, LL.D. 2 vols., 8vo, Cloth, $4 00 ; Sheep, $5 00.

HARPER'S NEW CLASSICAL LIBRARY. Literal Translations.

The following volumes are now ready. 12mo, Cloth, %\ 00 each.

Cjbsar.—VntoiL.

—

Salldst.— Hobaob.— Ciobbo's Obatiohs.—
CiCBBo's OrnoBB, etc.

—

Cicbb'^ oh Obatort ard Obatobs.—
TAOinrn (2 vols.).

—

Tbbbmob.— Soiphoolbs.—Jutbhal.— Xbbo-
rB«w.—Hombb's Ilud.—Hombb'b Odtssbt.—HaBODonm.

—

Db-
MOnOBMBB (2 vols.).—ThDOTOIOBB.—JESOHTLUS.—EHBIFIDBB (S

vols.).—Lnrr (2 vols.).—Fiato [Select Dialogues].
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INCENT'S LAND OF THS WHITE ELEPHANT. The Land
of the White Elephant : Sighti and Scenes in Southeastern Alia. A
Personal Narrative of Travel and Adventure in Farther India, en*
bracing the Countries of Burma, Sinm, Cambodia, and Cochin-China

(1871-2). By Fbamk Vihoimt, Jr. lilustrated. Crown 8*0,

Cloth, 18 60.

LIVINGSTONE'S SOUTH AFRICA. Missionary Travels and Be-
searches in South Africa: including n Sketch of Sixteen Year*'

Besiden'^ in the Interior of Africa, and a Journey from the Cape of

Good Hope to Loanda on the West Coast ; thence across the Con-
tinent, down the River Zambesi, to the Eastern Ocean. By Datid
LiTiHOSToiiB, LL.D., D.C.L. With Portrait, Maps, and llluBtr»-

tions. 8vo, Cloth, $4 00 ; Sheep, ffi 00 ; Half Calf, #6 76.

LIVINGSTONE'S ZAMBESI. Narrative of an Expedition to the

Zambesi and its Tributaries, and of the Discovery of the Lakes Sbiiw

wa and Nyassa, 1868-1864. By Datid and Charlbs LivinaaTOira.

Map and Illustrations. 8vo, Cloth, f6 00 ; Sheep, 95 60 ; Half CaU^

•7 26.

LIVINGSTONE'S LAST JOURNALS. The Last Jonmals of David
Livingstone, in Central Africa, from 1866 to his Death. Continued

by a Narrative of his Last Moments and Sufferings, obtained from

his Faithful Servants Chnma and Susi. By Horacr WALi.nB,

F.B.G.S., Rector of Twywell, Northampton. With Portrait, Mapa,

and Illustrations. 8vo, Cloth, $6 00 ; Sbwp, $6 60 ; Half Calf,

$7 26. Cheap Fopukr Edition, 8vo, Cloth, with Map and Illustr*-

tions, $2 60.

NORDHOFF'S COMMUNISTIC SOCIETIES OF THE UNITED
STATES. The Communistic Societies of the United Stales, from
Personal Visit and Observation ; including Detailed Accounta of the

Economists, Zoarites, Shakers, the Amana, Oneida, Bethel, Aurora,

learian, and other existing Societies. With Particulars of their Re-
ligious Creeds and Practices, their Social Theories and Life, Num-
bers, Industries, and Present Condition. By Cbableb Nobdhofv.
Illnstrations. 8vo, Cloth, $4 00.

NORDHOFF'S CALIFORNIA. California: for Health, Pleasnr^

and Residence. A Book for Travellers and Settlers. Illustrated.

8to, Cloth, $2 60.

HORDHOFFS NORTHERN CALIFORNIA AND THE SAND-
WICH ISLANDS. Northern California, Oregon, and the Sandwich

lalands. By Chablbb Nobohoff. Illustrated. 8vo, Cloth, fS 60.

OBOTTE'S HISTORY OF GREECE. IS vols., 12mo, Cloth, tl8 00

;

Sheep, $22 80 : Half Calf, |8» 00.
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BECLUS'S EARTH. The Earth: a Deioriptive Hiitory of the Phe-

nomena of the Life of the Globe. By tuBAu Rkclds. With 284

Mapt and Illuttrationi, and 28 Page Maps printed in Colon. 8vO|

Cloth, 96 00.

BBCLUH'S OCEAN. The Ocean, Aimonphero, and Life. Being the

Second Series uf a Deicriptive Hittoiy of the Life of the Globe. By

fiLiSKB KioLDi. Profuiely Illustrated with 260 Mapt or Figures,

and 27 Maps printed in Colors. 8vo, Cloth, f6 00.

SHAK8PEARE. The Dramatic Works ofWilliam Shakspeare. With

Corrections and Notes. Engravings. 6 rols., 12mo, Cloth, #9 00.

2 vols., 8vo, Cloth, $4 00 ; Sheep, $5 00. In one vol., 8vo, Sheep,

t4 00.

BAKER'S ISMAILIA. IsniaiKn : a Narrative of the Expedition to

Central Africa for the Suppression of the Slave-trade, organised by

Ismail, Khedive of Egypt. By Sir Samdkl Wiiitb Bakbb, Pasha,

F.R.S., F.R.G.S. Witli Maps, FortraiM, and Illustrations. 8vo,

Cloth, f6 00 ; Half Calf, f7 26.

GRIFFIS'S JAPAN. The Mikado's Empire : Book I. History of Ja-

pan, from 660 B.C. to 1872 A.D. Book II. Personal Experienceii,

Observation^ and Studies in Japan, 1870-1874. By William El-

liot GurriB, A.M., late of the Imperial University of Tokiii, Japan.

Copiously Illustrated. 8vo, Cloth, $4 00 ; Half Calf, (6 26.

SMILES'S HISTORY OF THE HUGUENOTS. The Huguenott:

their Settlements, Churches, and Industries in England and Ireland.

By Samitbl Smiles. With an Appendix relating to the Huguenota

in America. Crown 8vo, Cloth, f2 00.

SMILES'S HUGUENOTS AFTER THE REVOCATION. The Hu-

guenots in France after the Revocation of the Edict of Nantes ; wHh

a Visit to the Country of the Vaudois. By Samckl Smilsb. Crown

8vo, Cloth, f2 00.

SMILES'S LIFE OF THE STEPHEN80N8. The Life of George

Stephenson, and of his Son, Robert Stephenson ; comprising, also,

a History of the Invention and Introduction of the Railway Loco-

motive. By Samcbl Smilks. With Suel Portraita and numerous

Illustra.-ions. 8vo, Cloth, 93 00.

BAWLINSON'S MANUAL OF ANCIENT HISTORY. A Manual

of Annient History, from the Earliest Times to the Fall of the

We» Empire. Comprising the History of Chaldsea, Assyria. Me-

dia, i tbylonia, Lydia, Fhcenicia, Syria, Judna, Egypt, Carthage,

Fersw, Greece, Macedonia, Parthia, and Rome. By Gborok Raw-

UNSOK, M.ji.., Camden Professor of Ancient History in the Unive^

ity of Oxford. 12mo, Cloth, fl 25.
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8CHUEMANN'S IU08. lUoi, the Ciiy and Country of the Tro>M.

A Narrative of the Moat Kecent DiiCOTerioi and Reiearches made

on the Plain of Troy. With Illuitration* repreientinR nearly 2000

Types of the ObjeeU found In the Excavatlona of the Seven Citiea

on the Site of llioi. By Dr. HKwnT Soiilikmamii. Mapa, Piani,

and Illuitrationi. Imperial 8vo, Illuminated Cloth, $13 00.

ALISON'S HISTORY OP EUROPE. Fimat Sbbiks : From the Com-

nenceroent of the French Revolution, in 1789, to the Reitoration

of the BourboM in 1816. [In addition to the Notes on Chapter

LXXVI., which correct the errora of the original work concerninR

the United Statei, a copious Analytical Index has been apitended to

this American Edition,] Secohd Sbbibb : From the Fall of Napo-

leon, in 1816, to the Accession of Louis Napoleon, in 1862. 8 vols.,

8vo, Ooth, #16 00 ; Sheep, f20 00 ; Half Calf, $84 00.

NORTON'S STUDIES OF CHURCH-BUILDING. Historical Stud-

ies of Church-Building In the Middle Ages. Venice, Siena, Flor-

ence. By Cbarlks Eliot Nokton. 8vo, Cloth, $8 00.

BOSWELL'S JOHNSON. The Life, of Samuel Johnson, LL.D., In-

cluding a Journal of a Tour to the Hebrides. By Jamm Boswell.

Edited by J. W. Crokkb, LL.D., F.B.S. With a Portrait of Bos-

well. 2 vols., 8vo, Cloth, $4 00 ; Sheep, $6 00 j Half Calf, $8 60.

VDDISON'S COMPLETE WORKS, The Works of Joseph Addi-

son, embracing the whole of the Spectator. 8 vols., 8vo, Cloth,

$6 00; Sheep, $7 60; Half Calf, $13 76.

SAMUEL JOHNSON: HIS WORDS AND HIS WAYS; what he

Said, what he Did, and what Men Thought and Spoke concerning

him. Edited by E. T. Masom. 13mo, Cloth, $1 60.

JOHNSON'S COMPLETE WORKS. The Works of Samuel John-

son, LL,D, With an Essay on his Life and Genius, by A, Morpbt.

3 vota,, 8vo, Cloth, $4 00 ; Sheep, $5 00 ; Half Calf, $8 60.

THE VOYAGE OF THE "CHALLENGER." The Atlantic: an

Account of the General Results of the Voyage during 1878, and the

Early Part of 1876. By Sir Wtvillb Thomson, K.CB,, F,R.8.

With numerous Illustrations, Colored Maps, and Charts, and Portndl

of the Author. 3 vols., 8vo, Cloth, $13 00.

BLUNTS BEDOUIN TRIBES OF THE EUPHRATES. Bedouin

Tribes of the Euphrates. By Lady Ahiw Bluht. Edited, with a

Preface and some Account of the Arabs and their Horses, by W. 8. B.

Map and Sketches by the Author. 8vo, Cloth, $3 60.
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BOURNE'S U)CKB. Tha Life of John Locke. By U. & Fox
BooRMB. 2 vols., 8ro, Cloth, Unoul EdgM and Oilt Topi, $8 00.

BROUGHAM'S AUTOBIOGRAPHY. Life and Timet of Henry,

Lord Brougham. Written by Himielf. 8 toIi., 12mo, Cloth, #6 Oa

THOMPSON'S PAPACY AND THE CIVIL POWER. The ?»
paoy and the Civil Power. By the Hon. R W. Thompboii, Seoretaiy

of the U. S. Navy. Crown 8vo, Cloth, $8 00.

BMOLISH CORRESPONDENCE. Four Centuries of English Let-

ters. Selections from the Correspondenoe of One Hundred and Fif-

ty Writers ft-om the Period of the Paston Letters to the Present

Day. Edited hy W. Baitiitb Sooohu. ]9mo, Cioth, $2 00.

THE POETS AND POETRY OF SCOTLAND: From the Earliest

to the Present Time. Comprising Characteristic Selections from

the Works of the more Noteworthy Scottish Poets, with Biographi-

cal and Critical Notices. By Jambs Obant Wilsom. With Portraiu

on Steel. 2 vols., 8vo, Cloth, $10 00; Sheep, $42 00 ; Half Calf,

$14 SO } Full Morocco, $18 00.

THE STUDENT'S SERIES. Maps and Illustrations. 12mo, Cloth.

Fbamob.—Gibbon.—Orkbob.—Romb (by Liookll).—Old Tbs-

TAMBNT History.—Nbw Tbstaiieht Hibtoby.—Strioklard'b

Qdbrns or Enolamd (Abridged).— Amoibnt History of tub

East.— Hallam'b Middlb Aoks.— Hallam'b CoMSTiTnTioiiAL

History of Emolamo.—Ltkll's Elkmknts of Geolooy.—Mbbi-

alb's Ukhbral History of Romb.—Cox's Gbnkral History

CF Grkkob.—Classical Diotiokary. $1 25 per volume.

Lkwis'b Hihtory of Germany.—Eoolbbiabtioal Hibtort.—

Hume's England. $1 60 per volume.

CRUISE OF THE " CHALLENGER." Voynges over many Seas,

Scenes in many Lands. By W. J. J. Spry, R.N. With Map and

IMustrations. Crown 8vo, Cloth, $2 00.

DARWIN'S VOYAGE OF A NATURALIST. Voyage of a Natn-

ralist. Journal of Researches into the Natural History and Geology

of the Countries visited during the Voyage of H.M.S. Btagte round

the World. By Charles Darwin. 2 vols., 12mo, Cloth, $2 00.

CAMERON'S ACROSS AFRICA. Across Africa. ByVRRNXTLoT-
TT Cameron. Map and Illustrations. 8vo, Cloth, $6 00.

EARTH'S NORTH AND CENTRAL AFRICA. Travels and Dis.

eoveries in North and Central Africa: being a Journal of an Expe-

dition undertaken under the Auspices of H.B.M.'s Government, in

the Tears I84»-1855. By Urnry Bartm, Ph.D., D.C.L. Illustra-

ted. 8 vols., 8vo, Cloth, $18 00 ; Sheep, $18 iSO ; Half Calf, $18 75.

^
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THE RKVI8ION OP THE ENGLISH VERSION OF THE NEW
TF«TAMENT. With an Introduction by the Ra». P. Soii*tF, D.D.

6.d pp., Crown 8vo, Cloth, $3 00. Embmoing In ona vol. t

I. ON A FKE8H REVISION OV THE ENGLISH NEW TES-

TAMENT. By J. B. LioHTVooT, D.D., Canon of St. Paul's.

Second Ediuon, R«vited.

U. ON THE AUTHORIZED VERSION OF THE NEW TES-

TAMENT in Connection with some Recent Propotali for ite

Rovivion. By R. C. Tkhnoh, D.D., Archbithop of Dublin.

III. CONSIDERATIONS ON THE REVISION OF THE ENG-

LISH VERSION OF THE NE\/ TESTAMENT. By C. J.

ELLioorr, D.D., Biihop of Gloucester and Bristol.

NICHOLS'S ART EDUCATION. Art Education applied to Indos-

try. By O. W. NiOHOL*. Ill'd. 8to, Cloth, 94 00; Half Calf, $5 9S.

CARLYLE'S FREDERICK THE GREAT. History of Friedrieh

II., called Frederick the Great. By TnoiiAa Cahltlk. Portraits,

Maps, Plans, etc. 6 vols., 12mo, Cloth, %1 60 j Sheep, #0 00 ;
Half

Calf, $18 00.

CARLYLE'S FRENCH REVOLUTION.
A History. By THOMAa Cabltlb. 3

Sheep, $8 80 ; Half Calf, $6 00.

The French ReTolutiont

vols., 12mo, Cloth, |8 SO f

OliTer CroTnwell's Letters

a the First Edition. With

2 vols., I2mo, Cloth, $2 80|

CARLYLE'S OLIVER CROMWELL
and Speeches, including the Snpplemo

Elucidations. By Thomab Carlyi

Sheep, 98 80 ; Half Calf, $6 00.

BULWER'S HORACE. The Odes and EpodM of Horace. A Metri-

cal Translation into English. With Introduction and Commentaries.

By LoKD LTTroK. With Latin Text from the Editions of Orelli, Mac-

leane, and Yonge. 12mo, Cloth, $1 76.

BULWER'S KING ARTHUR. King Arthur. A Poem. By Low>

LrrroN. 12mo, Cloth, fl 7S.

BULWER'S MISCELLANEOUS PROSE WORKS. The MisceUane-

oos Prose Works of Lord Lytton. 2 vols., 12mo, Cloth, $8 60.

Also, in uniform style, Caxtomma. 12mo, Cloth, (1 76.

EATON'S CIVIL SERVICE. Civil Service in Great Britain. A
History of Abuses and Reforms, and their Bearing upon American

Politics. By Dobmak B. Eator. 8vo, Cloth, $2 60.

DAVIS'S CARTHAGE. Carthage and her Remains : being an Ae-

connt ot the Excavations and Researches on the Site of tho Pheeni-

cian Metropolis in Africa and other Adjacent Places. By Dr. N.

Datu. Illustrated. 8vo, Cloth, $4 00 ; Half Calf, fS 25.
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ABBOTTS HISTORY OF THE FRENCH REVOLUTION. The
French Revolution of 1789, as viewed in the Light of Republican

Institutions. By John S. C. Abbott. Illustrated. 8vo, Cloth,

•6 00; Sheep, $5 60 ; Half Calf, $7 25.

ABBOTT'S NAPOLEON. The History of Napoleon Bonaparte. By
John S. C. Abbott. Maps, Illustrations, and Portraits. 2 vols,,

8vo, Cloth, $10 00; Sheep, $11 00; Half Calf, f14 60.

ABBOTT'S NAPOLEON AT ST. HELENA. Napoleon at St. He-

lena ; or, Anecdotes and Conversations of the Emperor during the

Years of his Captivity. Collected from the Memorials of Las Casas,

O'Meara, Montholon, Antomroarchi, and others. By J. S. C. Ab-
bott. lU'd. 8vo, Cloth, $5 00 ; Sheep, $6 50 ; Half Calf, $7 25.

ABBOTT'S FREDERICK THE GREAT. The History of Frederick

the Second, called Frederick the Groat. By John S. C. Abbott.

Illustrated. 8vo, Cioth, $5 00 ; Half Calf, $7 25.

DRAPER'S CIVIL WAR. History of the Americon Civil War. By
John W. Dbapbr, M.D., LL.D. 3 vols., 8vo, Cloth, Bevelled Edges,

$10 50 ; Sheep, $12 00 ; Half Calf, $17 25.

DRAPER'S INTELLECTUAL DEVELOPMENT OF EUROPE.
A History of the Intellectual Development of Europe. By John
W. Draper, M.D., LL.D. New Edition, Revised. 2 vols., 12nio,

Cloth, $3 00; Half Calf, $6 60.

DRAPER'S AMERICAN CIVIL POLICY. Thoughts on the Future

Civil Policy of America. By John W. Draper, M.D., LL.D.

Crown 8vo, Cloth, $2 00 ; Half Morocco, $8 75.

TROLLOPE'S CICERO. Life of Cicero. By Anthony Trollopb.

2 vols., 12mo, Cloth, $8 00.

PERRY'S HISTORY OF THE CHURCH OF ENGLAND. A His-

tory of the English Church, from the Accession of Henry VIII. to

the Silencing of Convocation. By G. G. Fbrrt, M.A. With a

Sketch of the History of the Protestant Episcopal Church in the

United States, by J. A. Spenobb, S.T.D. Crown 8vo, Cloth, $2 50.

MCCARTHY'S HISTORY OF ENGLAND. A History of Our Own
Times, from the Accession of Queen Victoria to the General Election

of 1880. By Justin McCabtht. 2 vols., 12mo, Cloth, $2 60.

ABBOTT'S DICTIONARY OF RELIGIOUS KNOWLEDGE. A
Dictionary of Religious Knowledge, for Popular and Professional

Use ; comprising full Information on Biblical, Theological, and Ec-

clesiastical Subjects. With nearly 1000 Maps and lUnstrationi.

Edited by Lthan Abbott, with the Co-operation of T. J. Conant,

D.D. Royal 8vo, Cloth, $6 00 ; Sheep, $7 00 ; Half Morocco, $8 6a



Valuable Works for Puhlie and Private Librariet. 11

PARTON'8 CARICATURE. Caricature and Other Comic Art, in

All Times and Many Lands. By James Parton. 208 Ill's. 8vo,

Cloth, Uncut Edges and Gilt Tops, $6 00; Half Calf, $7 25.

MAHAFFY'S GREEK LITERATURE. A History of Classical

Greek Literature. By J. P. Mahafft. 2 vols., 12mo, Cloth, $4 00.

DU CHAILLU'S EQUATORIAL AFRICA. Explorations and Ad-
ventures in Equatorial AfKca : with Accounts of the Manners and
Customs of the People, and of the Chase of the GorilU, Crocodile,

Leopard, Elephant, Hippopotamus, and other Animals. By P. B. Do
Chaillu. Ill'd. 8vo, Cloth, ^5 00 ; Sheep, tS 60 ; Half Calf, $7 25.

DU CHAILLU'S ASHANGO LAND. A Journey to Ashango Land,

and Further Penetration into Equatorial Africa. By P. B. Dc Chail-
lu. lU'd. 8ro, Cloth, $5 00 ; Sheep, f5 60 ; Half Calf, $7 25.

DEXTER'S CONGREGATIONALISM. The Congregationalism of

the Last Three Hundred Years, as seen in its Literature : with Spe-

cial Reference to certain Recondite, Neglected, or Disputed Passages.

With a Bibliographical Appendix. By H. M. Dextbr. Large 8vo,

Cloth, $6 00.

BAYNE'S LESSONS FROM MY MASTERS. Lessons from My
Masters : Carlyle, Tennyson, and Ruskin. By Pbteb Batmk, M.A.,
LL.D. 12mo, Cloth, $1 75.

STANLEY'S THROUGH THE DARK CONTINENT. Through
the Dark Continent ; or, The Sources of the Nile, Around the Great
Lakes of Equatorial Africa, and Down the Livingstone River to the

Atlantic Ocean. 149 Ill's and 10 Maps. By H. M. Starlet. 2

vols., 8vo, Cloth, $10 00; Sheep, $12 00; Half Morocco, $15 00.

ENGLISH MEN OF LETTERS. Edited by Johh Moblbt. The
following volumes are now ready. Others will follow.

Johnson. By L. Stephen.

—

Gibbon. By J. C. Morison.

—

Scott.
By R. H. Hutton.— SuBLLET. By J. A. Symonds.— Goldsmith.
By W. Black.—HuMB. By Professor Huxley.—Defob. By W.
Minto.— Burns. By Principal Shairp.— Spbnseb. By B. W.
Church.—Trackbbat. By A. Trollope.

—

Bubkb. By J. Morley.—
Milton. By M. Pattison.

—

Southbt. By E. Dowden.—Chauceb.
By A. W.Ward.—BuNTAH. By J. A. Froude.—Cowpeb. By G.
Smith.—PoPB. Qy L. Stepheu.—Bybon. By J. Nichols.—Locke.
By T. Fowler.—WoBDBWOBTH. By F. W. H. Myers.—Landor.
By S. Colvin. 12mo, Cloth, 75 cents per volume.

Hawthobnb. By Henry James, Jr. 12mo, Cloth, $1 00.

STRICKLAND'S (Miss) QUEENS OF SCOTLAND. Lives of the

Queens of Scotland and English Princesses connected with the Re-

gal Succession of Great Britain. By Aonbs Stbickland. 8 vols.,

12mo, Cloth, $12 00 ; Half Calf, $26 00.
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Valuable Work$ for PiMie and Private LSmtriet.

BARTLErrS FROM EGYPT TO PALESTINE. From Egypt to
Palestine : Through Sinai, the Wilderneiw, and tliO South Country.
Observations of a Journey made with Special Reference to the His-
tory of the Israelites. By S. C. Babtlbtt, D.D., LL.D. With
Maps and Illustrations. 8vo, Clotn, $8 60.

CESNOLA'S CYPRUS. Cyprus: ito Ancient Cities, Tombs, and
Temples. A Narrative of Researches and Excavations during Ten
Years' Residence in that Island. By L. P. di Crsnola. With Poi^
trait, Maps, and 400 Illustrations. 8vo, Cloth, Extra, Gilt Tops and
Uncut Edges, $7 60.

TENNYSON'S COMPLETE POEMS. The Poetical Works of Al-
fred Tennyson. With numerous Illustrations by Eminent Artists, and
Three Characteristic Portraits. 8vo, Paper, $1 00; Cloth, $1 60.

VAN-LENNEP'S BIBLE LANDS. Bible Lands : their Modem Cub-
toms and Manners Illustrative of Scripture. By Hknrt J. Vajt-
LuNMBP, D.D. 860 Engravings and 2 Colored Maps. Svo, Cloth,

$6 00; Sheep, $6 00; Half Morocco or Half Calf, $8 00.

HALLAM'S LITERATURE. Introduction to the Literature of En-
rope durii.? the Fifteenth, Sixteenth, and Seventeenth Centuries. By
Hbnrt Hallaii. 2 vols., Svo, Cloth, $4 00 ; Sheep, $6 00.

HALLAM'S MIDDLE AGES. View of the State of Europe during
the Middle Ages. By H. Hallax. 8vo, Cloth, $2 00 ; Sheep, $2 60.

HALLAM'S CONSTITUTIONAL HISTORY OF ENGLAND. The
Constitutional History of England, from the Accession of Henry VII.
to the Death of George II. By Hsmbt Hallam. Svo, Cloth, f2 00;
Sheep, f2 60.

FLAMMARION'S ATMOSPHERE. The Atmosphere. Transla-
ted from the French of Camillb Flaxhabiok. With 10 Chromo-
Lithographs and 86 Woodcuta. 8ro, Cloth, $6 00; Half Calf, $8 26.

ANNUAL RECORD OF SCIENCE AND INDUSTRY. Edited by
Professor Spbncbr F. Baibd, with the Assistance of Eminent Men
of Science. The Volumes for 1871, 1872, 1878, 1874, 1875, 1876,

1877, 1878 are ready. 12mo, Cloth, $2 00 per vol. ; $16 00 per set.

NEWCOMB'S ASTRONOMY. Popular Astronomy. By Sihor
Nbwcomb, LL.D. With 112 En^'.-.rings, and 6 Maps of the Stars.

Svo, Cloth, $ School Edition, 12mo, Cloth, $1 80.

PRIME'S POTTERY AND PORCELAIN. Pottery and Porcelain

of All Times and Nations. With Tables of Factory and Artistt'

Marks, for the Use of Collectors. By Wiixiam C. Prime, LL.D.
Illustrated. Svo, Cloth, Uncnt Edges and Gilt Tops, #7 00; Half
Calf, $9 26. (In a Box.)
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