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PREFACE TO THE SECOND LONDON EDITION.

In the present edition it has been sought to bring the work

up to date in all important particulars. The principal ad-

ditions relate to Dr. Draper's investigations on the existence

of oxygen in the sun ; Janssen's conclusions from his solar

photographs ; Professor Langley's- inveBtigations on the Solar

Spectrum on Mount Whitney, California; the satellites of

Mars; the supposed intramercurial planets; preliminary

results from the late transit of Venus, and other recent

methods of determining the solar parallax; the transit of

Venus on December 6th, 1882 ; the great telescopes com-

pleted within the last four years, and recent developments in

cometary astronomy.

Should important omissions be noticed, the author can only

point out the difficulty of securing completeness in a volume

limited in size, and even of keeping himself informed of the

progress of research in all departments. It may also be re-

marked that the work i» intended to comprise only permanent

additions to the science, and that current researches not lead-

ing to new general views do not come within its scope.

Washington, July 1882.
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PREFACE.

To prevent a possible misapprehension in scientific qnar-

tere, 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

popular and philosophic interest at the present day, couched

in such language as to be intelligible without mathematical

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

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

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

To diminish the difficulty 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 ])roscnt work, as well as a number of others

which may bo met with elsewhere.

Respecting tlio general scope of the work, it luny be said

that the historic and philosophic sides of the subject have

been t»'tdted with greater fulness tluui is usual in works of

this cbarncter, while the purely technical side has l>een ]m»-

portlonatcly condensed. Of tlio four ])art8 into which it in

divided, the lir»t two treat of the methods bv wlilch tlic luo-



X PREFACE.

tions and the mutual i*elatioii8 of the heavenly bodies have

been investigated, and of the results of such investigation,

^hile 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

lirst 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 xor 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 tliis direction is advancing, it was deemed desirable

to present the latest views of the most distinguished investi-

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

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

;

Professor Young, of Dartmouth College ; and Professor Lang-

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

presented brief expositions of their theories, which will be

found in their own language in the chapter on the sun.

VV
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POPULAR ASTRONOMY.

PART I.—THE SYSTEM OF THE WORLD

mSTORICALLT DEVELOPED.

INTRODUCTION.

AsTBONOMT is the most ancient of the physical sciences, be^

ing distinguished among them by its slow and progressive

development from the earliest ages until the present time.

In no other science has each generation which advanced it

been so much indebted to its predecessors for both the facts

and the ideas necessary to make the advance. The conception

of a globular and moving earth pursuing her course through

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

stars, is one to the entire evolution of which no one mind and

no one age can lay claim. It was the result of a gradual

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

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

ages have built upon foundations laid by their predecessors

;

and when we attempt to search out the first founder, we find

oureelves lost in the mists of antiquity. The theory of uni-

versal gravitation was founded by Newton upon the laws of

Kepler, the observations and measurements of his French con-

temporaries, and the geometry of Apollonius. Kepler used

as his material the observations of Tycho Brahe, and built

upon the theox*y of Copernicus. When we seek the origin of

the instruments used by Tycho, wo soon find oureelves among
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the raedisBval Arabs. TIio dUcovory of the trno syBtom of

the world by Copernlous wai only ponMlblo by a careful Btndy

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

the epicycles of Ptolemy and Ilippai'diits. Indeed, the more

carefully one studies the groat work of Copernicus, the more

surprised he will be to And how completely Ptolemy furniBJied

him both ideas and materia). If wo leok the teachers and

predecessors of Ilipparclms, we fin<l only the shadowy forms

of Egyptian and Babylonian prIoMtH, wlumu names and writings

are all entirely lost. In the ourlloMt hlMtoric ages, men knew
that the earth was round ; that the nun appeared to make an

annual revolution among the KtiirH; and that eclipses were

caused by the moon entering the itliadow of the earth, or the

earth that of the moon.

Indeed, each of the great e{vill/.ttti(m« of the ancient world

seems to have had its own fiyiitein of astronomy strongly

marked by the peculiar charftctor of the ])Oople among whom
it was found. Several events recorded in the annals of China

show that the movements of the sun and the laws of ecli|)8es

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

these events must bo entirely mythical ; an, for instance, the

despatch of astronomers to the foiu' pointM of the compass for

the purpose of determining tho e({iiinoxcM and solstices. But

thero is another event which, oven if wu place it in the same

category, must be regarded aH Indicating n considerable amount

of astronomical knowledge amottg the ancient Chineso. Wo
refer to the tragic fate of III and II<»,aNtronomois royal to one

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

duty of these men to carefully Htudy tito heavenly movements,

and give timely warning of tlic iipproiich of an eclipse or other

remarkable phenomenon. Ihit, neglecting this duty, they gave

themselves up to dninkoniioHH and riotous living. In conHC-

qucnce,an eclipse of the sun occnrntd without any notice being

given ; the religious rites due in nmh a (iaso wore not ])erf(>rmed,

and China was exposed to the anger of the gods. To ap}>eaiH)

their wrath, tho unworthy aMtrononierH were iH!i/.od and sinn-

marily executed by royal connnand. Home historians have
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gone so far as to fix the date of this occurience, which is vari-

ously placed at from 2128 to 2159 years before the Christian

era. If this is con-ect, it is the earliest of which profane his-

tory has left lis any record.

In the Hindoo astronomy 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 measures of the celestial spaces made by mod-

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

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

planets 3102 yeara before the Christian era. Although wo
have every reason for believing that this conjunction was

learned, not from any actual 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 tliey acquired their knowledge. As
a matter of fact, we now know from our modern tables that

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

could 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 bo considered a system of astronomy. But there

are some ideas attributed to Pythagoras which are so frequent-

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

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

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

in H 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 stud the firma-

ment, while each of the seven planets had its own si)horc. Tlio

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
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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 music, 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

lioUow 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 the

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 othere. It is especially difli-

cult to conceive how they could all move around the same

axis. But when they are all set in a solid sphere, eveiy 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 spheiical form by the analogy

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

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 imago of Santa Claus disappears from the mind of

the growing child.

Pythagoras is also said to hove 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 Copernican system which constitutes

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

])ublic avowal of this doctrine, and even presented it to Ins

disciples somewhat in the form of an hypothesis. It must

also bo admitted that the accounta of his fi^stem which have

i'oachcd us are so vague atul so filled with metaphysical specu-



)l

INTRODUCTION.

lation that it is questionable whether the frequent application

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

justifiable.

The Greek astronomere of a later age not only rejected the

vague speculations of their ancestors, but proved themselves

the most careful observers of their time, and first made astron-

omy worthy tlie 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 both their theories

and their system of observation to the plains of 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 oureelves to

men whose names and whose labors have come down to ns,

we must concede to Ilipparchus 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

theeo motions could be calculated. Probably he was the first

propounder of the theory of epicyclic motions of the planets,

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

Commencing with the time of Ilipparchus, 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 fundamental principles. These

are

:

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

belongs to Ilipparchus, or some more ancient astronomer. In

this system the motion of the earth 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 sun

is really the centre of the planetary motions, and that the earth

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

the sun.

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 univerae 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 sufficient care. We imagine the observer

out-of-doori on a starlit night, and show him how the heav-

enly bodies seem to move from hour to hour. Then, we show
him what 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 oscilla-

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 SPHERE.

CHAPTER I.

THE ANCIENT ASTRONOMY, OR THE APPARENT MOTIONS OF THE

HEAVENLY BODIES.

§ 1. The Celestial Sphere.

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

all the heavenly bodies—sun, moon, and stare—seem to be set

in an azure 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, wo
could trace the vault downwards on every side to the point

beneath our feet, and could see sun, moon, and stars in 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 placed. This

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 and motions on this sphere. The fact that it is purely

imaginary does not diminish its value as enabling us to form

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

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

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

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

Hut in the laiiguage and reasoning of exact astronomy it is

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

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

of the heavenly bodies thcmeelvc8,and still be, for all practical

pin'poscs, in the centre of the sphere. In this case, however,

the licavcnly bodies are not considered as attached to the cir-
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cnmference of the infinite sphere, bnt 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,

Fio. 1._'3ecttoj of the Imnginary celestial Bphere. The observer at 0, looklntr at tho

stnrn or other bodies, marked p, 9, r, «, f, w, v, will Imaftino them sltnated at P, Q, li, S,

T, V, V, on the surface of the sphere, where the; will appear projected along the

straight pP, qQ, etc.

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

straight line drawn from the observer's eye through the centre

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

of meeting will represent tlie .in;.;,.dn of the moon as seen by

the observer. Now, suppose tho 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 trans-
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port himself, he >70iild see tlie 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 modern 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 £t the three points

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

% 2. 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 alti nations 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, whicli 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 bodies 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 polo, but there is one which, being situated lit-

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

the unaided eye cannot sec any change of place without mak-
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ing some exact and careful obeervation. This is therefore

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

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

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

called, the Dipper. By referring to the figure, 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.

Fio. S.—Mnp of the priucipal etars of the luiitberu sky, gbowiiiK the c<ln^tullation8 which
never set in latitude 40°, but revolve round the pole star every day iii the directiou

shown by the arrows. The two lower stars of Uraa Major, on the loft of the map,
point to the pole star in the centre.

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

In the Middle States the latitude is generally not far from

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

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

way between these points, while in England and Northern

Europe it is nearer the zenith.
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Now, to see the effect of the diurnal 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, in the north-

east, its motion is vertical. Then 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 tlie upper culmination,

and that below it the lower one. The course around the pole

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

eye follow it all the way round, on account of the intervention

of daylight ; but by continuing our watch 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

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

tlierefore 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 up over the pole, and lower

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

tion, when they will just graze the horizon. Outside this circle

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 modemte 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 the same one that had set the evening before.

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

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

time bolow the horizon. This may be seen in Fig. 3, the por-

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

tial equator and the line LN. When we reach the equator

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

Fm, 3,^Ths celextlnl xphere and dlurnnl motion. S is the eonth horizon, N the north hori<

/on, a thfl Mnlth. The circle tS around the north pole contains the stars shown in

PiK. tl I mill the nbnerver nt 0, In the centre of the sphere, looking to the north, sees the

«titr)* HI* thuy Are depleted In that figure. The arrows show the direction of the diurnal

mutton III the west,

zon. Soutli of the equator the circles described by the stars

bocoino smaller once more, and more than half their couree is

bulow tlio horizon. Near the soutli horizon the stars only show

thomHolvcs above tlie horizon for a short time, while below it

thoi'o Ik ft circle of perpetual disappearance, the stars in which,

This circle is of the same magnitudeto us, iitivor rise nt all. \
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with that of perpetual apparition, and the Bouth pole is situated

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

If we travel southward wo find that the north pole gradually

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

the soutii horizon ; consequently tho circles of perpetual appari-

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

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

zon; the celestial equator passes from cast to west directly

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

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

lialf below the horizon. These circles arc all vertical.

South of the equator only tho soutli pole is visible, the north

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

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

ing from left to right, its courae 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, \5rith tho sun, moon, and stars, seems

to revolve daily around an inclined axis passing through the

point where we may chance to stand.

2. 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.

3. All the fixed stare during this revolution move together,

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

ing celestial sphere were solid, and tho> were set in it.

4. Tlie circle drawn round tho heavens half-way between

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

this equator perform more than half thoir revolution above

the horizon, while south of it loss than half is above it.

§ 3. Motion of the Sun among the Stars.

The most obvious classification of tho heavenly bodies which

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

But there is also this diffoicnco among tho stars, that while tho
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great mass of them preserve the same relative position on the

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

are five which constantly change their positions relatively to

the others. Their names are Mercury, Venus, Mare, 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 Stars, because they have no appar-

ent motion, except the reguiar diui-nal revolution described in

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

moon, and planets among the stai's 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 the 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 hour and minute

at which a star passes any point by its diurnal revolution, we
shall find that passage to occur some four minutes earlier

every evening than it did the evening before. The starry

sphere therefore revolves, not in 24 houre, but in 23 hours

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

same hour night after night, we shall find it to be fai'ther and

farther to the west. Let us take, for example, the brightest

star in the 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 houre west of the meridian. On the same 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

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

in the rays of the sun. This shows that during the montiis in
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question the sun 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 computaticn, we find that on August

21st 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 sun has therefore passed from the west to the east of the

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

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 cor.ree of a year the

sun and star had resumed their fii'st position. But, while the

sun has risen atid set 365 times, the star has risen and set 366

times, the sun having lost an entire revolution by tlie 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 sun among
them could be seen in the couree of a single day. For in-

stance, if we could have seen Regulus rise on the morning of

August 20th, 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 sun,

as from circle No. 2

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 3, 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 annual

revolution is called the ecliptic. It is marked down on Maps
II., III., lY., and V,, and the months in which the sun passes

through each portion of the 6cliptic are also indicated. A
belt of the heavens, extending a few degrees on each side of

WW
TK« o.-.^ ..n^.,1^ Fio, 4.—Motion of the sunThe sun would

pa^t the .tar Regnlus
abont AnguBt 86th of

every year.
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the ecliptic, is called the zodiac. Tho ]K)1os of the ecliptic arci

two opposite points, eacli in the centre of one of the two henii-

epheres into which the ecliptic divides tho celestial sphere.

The determination of tlie solar motion aronnd tlie ecliptic

may be considered the birtli of aHtronuniical science. Tlie

prehistoric astronomers divided the ecliptic and zodiac into

twelve parts, now familiarly kitown as tho signs of the zodiac.

This proceeding was probably suggested by the needs of agri-

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

little observation would show that the changes of the seasons

are due to the variations in tho niei'idlun 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 tho motion of the sun

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

course of the sun were brought about. This study showed

that they were duo to tho fact that tho ecliptic and etpiator

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

of between twenty-three and twenty^fonr degrees. This in-

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

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

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

reference to Maps II.-V. When the (tun is at either of

tliese points, it rises exactly In the eont, and sets exactly in the

west ; one-half its diiu'nal course is above the horizon, and tho

other half below. Tho days and nights are therefore of cqnul

length, from which tho two points In question are called tho

Equinoxes.

The vernal equinox is o^ tho right-hand edge of Map II.

Leaving that equinox about March 2Ut, the sun crosses over

the region represented by the nuip in the courae of the next

three montlis, working northward aw It does so, until June 20th,

when it is on the left-hand edge of the map, 284° north of the

equator. This point of the ecliptic Ih called the Biimtnor ftoltfticc,

being that in whi(;h the sun attains its greatest northern declina-

tion. When near this suUtlce, it Hmun north of east, culmi-

nates at a high altitude (in our lutltuilcH), and sets noith of

west. As explained in duncrlbiug thu diurnul motion of an
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object north of tlie celestial equator, more than half the daily

coiiree of the sun is now above our horizon, so that our days

are longer than our nights, while the great 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 astronomei's into the three signs

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

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

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

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

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

from Juno to Septeml)er, tl»o sun works downwards towards

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

crossing marks the autunnial equinox, found also on the right

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

equal length.

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

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

c(pmtor, its greatest Bouthern declination, or "the eoutliern

solstice," being reached about December 2l8t. More than

lialf its daily course is then below the horizon, so tliat in our

latitudes the nights are longer than the days, and the low

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

Wo have no historic record of this division of the zodiac

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

from collateral circumstances. It has been fancied that the

names wore snnfgestcd by the seasons, the agricultural opera-

tions, and 80 on. Tlins the spring signs (Aries, the T?ani : Tau-

rus, the IJuU; and Gcniini, the Twins) are supiwsed to mark tlio

bringing forth of young by the flocks and herds. Cancer, the

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

est decilination, begins to go back towards tlie equator; aiul the

(!i'ab having been supposed to move batikwards, his luime was
given to this sign. Leo, tlio Lion, symbolizes tlie fierce heat

of sumnjcr; and Virgo, the Virgin, gleaning corn, symbolizes

the luu'vcbt. In Libra, tlio Italance, the day and niu;ht balance

3
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1 _

I

each other, being of equal length. Bcorpius, the Scorpion, is

supposed to have marked the presence of venomous reptiles in

October ; while Sagittarius, the Archer, symbolizes the season

of hunting. The explanation of Capricornus, the Goat, is more
fanciful, if possible, than that of Cancer. It was supposed that

this animal, ascending the hill as ho 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 Pisces, 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 oven thousands of years, before the Christian era ; and in

tliat ctisu the zodiacal constellations would not have correspond-

ed to the reasons wo 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 thoory rests on no better foundation than the other.

The zodiacal constellations occupy quite imequal spaces in

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

the beginning they were simply twelve houses for the sun,

whi<!h that luminary occupied in the conreo of the year. Ilip-

])archu8 found this system entirely insufficient for exact astron-

omy, and therefoi*e divided the ecliptic and zodiac into twelve

oq«ml parts, of 30° each, called signs of the zodiac. Ho gave

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

responding to them. Commencing at the vernal equinox, the

first arc of 30° wm called the sign Aries, the second the sign

TanruM, and so forth. Tiio mode of reckoning positions on

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

is no longer in nse among professional astronomers, owing to

its inconvenience. Tlie whole ecliptic is now divided into

800°, like aiiy other circle, the count commencing at the vernal

equinox, and following the direction of the snn^s motion all the

way round to 300".

%
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§ 4. Precession o/tfie Equinoxes.—The Solar Year.

By comparing his own observations with those o£ preceding

o'^tronc mors, Ilipparchns fonnd that the eqninoxes were slowly

el h. til their places among the stars, the change being at least

a degree in a century towards the west. His suecessoi-s deter-

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

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

shows that it is duo 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 stara varies so slowly that the

(tliango can be seen only by the refined observations of modern

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. This

])oint, the pole of the heavens, is marked on the centre of Map
I., and is also in tho centre of Fig. 2, page 10. It is little more
than a degree distant froni the pole star. Now, precession real-

ly consists in a very slow motion of thi» pole around the pole

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

the way round in about 25,300 years. The exact time has

never been calculated, and would not always be tho same, ow-

ing to some small variations to which tho motion is subject

;

but it will never differ much from this. Tliere is a very slight

motion to tho ecliptic itself, and therefore to its ykAq ; and this

fact renders tho 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 Ilip-

parchus, our present jwlo star was 12° from tho polo. The polo

lias been approaching it steadily ever since, and will continue

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

puss by it at tho distance of less than half a degree. The
(toiji'so of the polo during the next 12,000 yeare is laid down
on the map, and it will be seen that at the end of that time
it will 1)0 near tho constellation Lyra. Since tho equator is

always 90" distant from the polo, there will be a corrcsjiond-

iug motion to it, and hence to tho \n)iut of its crossing tho



20 SYSTEM OF TPE WORLD HISTOBICALLT DEVELOPED.

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 couree, 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 Copernican

system. The diurnal revolution of the celestial sphere is due

to the rotation of the earth on 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

f;he sun among the stai'S does not accurately correspond to the

leturn 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 stare. If the equator did not move,

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

makes tlie 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

tlio 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 resiieotivo years are:

n*ya. Piiyi, llonn. MIn. 8m.

Ridoicnl yeiir ."JC.-i.'JSfi.lC = !«!r. (! 9

Tiopiciil >ojir 305.24220 = 3Cr> fi 48 46

Since the recurrence of the seasons depends on the tropical

year, the latter is the one to bo used in forming tlio calendar,

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

11 minutes 14 seconds loss than 305^ days. Some results of

this dilTcrenco will be sliown in explaining the caleiidur.



THE MOON.

§ 5. The Moon's Motion.

Every one knows that the moon makes a revoUition in the

celestial sphere in about a month, and that during its revolu-

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 observere from the re-

motest antiquity. This may bo illustrated by taking a large

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

resent the half on which the stiu 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 niakcs a revolution around the celestial sphere

in a yearj so the moon makes a similar revolution among the

stara 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 14° east of the star,

and will rise, cross the meridian, and sot from half an hoi^' 'o

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

uuiong the stars in which she was first seen.

If, however, starting from «>ne new moon, wo count forwards

this period, we shall find that the moon, altho\igh she has re-

turned to the sanie position among the stars, has not got back

t*) new mooti again. The reason is that the sun has moved

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

it will rc(iuiro more than two days for the moon to overtake

him. So, although the moon really revolves around the earth
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in 27^ days, the average intei'val 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. 5, let E be the position of an observer on the

earth, Jfthe r^oon, and S the sun, illuminating one half of it.

When the observer sees the moon in her tii-st quarter—that is,

when her disk appears exactly half illuminated—tlie angle at

i?<U^'
Fio. &—Showing the buu to be (iirther than the 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

SEM between the sun and moon, would find it to be 75° ; and

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

measurement 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 Aristarchus, who flourished in the

third century before Christ, preceding both Ilipparchus and

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

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

lie 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 Aristarchus could not determine the difFercnco

with certainty. In principle, the method is <]uite correct, and



THE MOON. m
\ci-y ingenious, but it cannut be applied in practice. Tlie one

insuperable difficulty of the method arises from the impossi-

bility of seeing M'hen the moon is exactly half illuminated,

the uncertainty arising from the inequalities in the limar sur-

face being greater than the Avho'e angle to be measured.

Watching and mapping down tlie path of tlie moon among
tlio stare, it is found not to be the same with that of the sun,

being inclined to it about 5°. The paths cross each other in

two opposite points of the heavens, called the moon's nodes.

The path of the moon in the middle of the year 1877 is

marked on star Maps II.-V. Referring to Map III., it will

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

stellation Leo, very near the star Regulus. Here the moou
passes south of or below the ecliptic, and continues below it

over the whole of Map lY. On Map V., it approaches the

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

Aquarius, and continuing on that side till it reaches Rtigulus

once more.

Such is the moon'ri path in July, 1877.^ But it is con-

stantly changing in consequence of a motion of the nodes

towards the west, amounting to more than a degree in every

revolution. !•' 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 the right at the rate of

about 20° a year, so that a slightly different path will be de-

scribed in every monthly revolution. The path will always

cross the ecliptic at the same angle, but the moon will not

always pass over the same stare. In August, 1877, she will

cross the ecliptic a little farther to the right (west), and will

pass a little below Begulus. The change going on from

month to month and from year to year, in a little less than

ten years the ascending node will be found in I^eo; i nd the

other node, now in Leo, will have gone back to Aquarius.

In a period of eighteen ycare and seven months, the nodes

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

moon win havu resumed the position given on the map.
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§ 6. Eclvpaea of the Stm and Moon.

The early inhabitants of the world were, no doubt, terrified

by the occasional recurrence of eclipses many ages before

there were astronomers to explain their causes. 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 eartli and the

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

followed the same track in the heavens, thei'e would be an

eclipse of 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 about August 25th, 1877, and is

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

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

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

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

north that, as seen from the centre of tho earth, there is no

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

While tho 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

aronnd the region of Cape Horn. Thus, there are two solar

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

are very small. Indeed, every time the sun crosses a nodej

tho moon is sure to cross his path, cither before ho reaches

the node, or before he gets far enough from it to be out of

the way. As he crosses both nodes in tho course of the year,

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

points of the earth's surface.

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

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

'I
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Hot liave been observed, and their times of occurrence record-

ed, without its being noticed that they always occurred at full

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

the earth cast a shadow, and that tlie 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 genei'al 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 echptic ; and unless the moon hap-

pens to be very near the ecliptif , and thei'efore vei-y near one

of her nodes at the time of full moon, she will 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 clear

that if the appai*ent angular diameter of the moon exceed that

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

is called a total eclipse of the sun. It is evident that such an

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

ing the centres of the sun and moon. If, under the same cir-

cumstances, the apparent magnitude of the moon is less than

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

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

l)le. This is called an annular eclipse. 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 bo

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
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partial,' if slio is totally immei'scd in it, so that no direct sun-

light can ronch her, the eclipse is said to be total. An au-

Vtn, 0,—Aiiuultr flcllpse of the bud. Fio. 7,—Partial ecUpse uf iLe euu.

niihu' uclipie of the moon is impossible, because the earth's

ghnduw always exceeds the diameter of die moon in breadth.

Botno points respecting eclipses will bo seen more clearly

by rofuruiico to the accompanying figures, in which S repre-

sents the sun,B the earth, and M the moon. Kefcrring to the

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

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

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

bo no oclipso at all. Within tlie lightly shaded regions, marked

J*I*, the sun will be partially eclipsed, and more so as the ob-

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

Viu. (ti—Kcllpao uf the euu, the ehadow of the moou falltug on the eartb.

VVithin tlio darkest parts between the two lettersP is a region

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

sliuduw, and its form is that of a cone, with its base on the

moon, and its (xiint extending towards the earth. Now, it

happens that the diameters of the sun and moon are very

iiuui'ly proportional to their respective meiin distances, so that

the iK)int of this shadow almost exactly reaches the surface of

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

shadow Homutimc'u reaches the earth, and suiuctiines docs not,
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owing to the small changes in tlio distance of the sun 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 sun during the short time the shadow is passing

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

earth. The shadow, when it roaches the earth, is so near down
to a point that its diameter is not generally 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, Uie shadow comos 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

sun showing itself on all sides of the moon.

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

Fio. 0.—Eclipse of the moon, tbo latter bcliijj lu the tbadow of the earth.

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 that she may bo wholly

iiiitnorsed 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 culled tlio penumbra, an observer on her surfuco would see

a partial eclipse of the buu caubcd by the iiilurvcntiun of the
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earth. The time when this begins is given in the ahnanaes,

being expressed by the words, " Moon enters penumbra."

Some of the siinh'ght 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 entere the shadow, a portion of her sur-

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

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

eclipse, her whole disk is immei-sed in the shadow. When this

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

faintly shines with a lurid copper-colored light. This light 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 partial eclipse 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, cialled 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 astronomere 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 limits,

according to whether it is nearly central or the contrary. The
duration of a solar eclipse depends upon the time required for

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

into apparent contact with the sun's disk, until she sej)arate8

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

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

eclipse, however, the ai)i)arent disk of the moon exceeds that
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of the sun by so small an amovnit, that it takes her bnt a short

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

disk: the time is rarely more than five or six miimtes, and

sometimes only a few seconds. A total eclipse of the moon
may, however, last nearly two houi-s, and the partial eclipses

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

of the eclipse to three or four hours.

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.

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

moon around 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 ecliptic 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 M^p V. that the

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

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

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

, .otal 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 far from the

node that there can be no eclipses until he approaches the

other node in Angnst. Then we have the two eclipses of tlic

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

the moon on August 23d. 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 speal. with greater accuracy, the average season

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

* There is nn extraordinary coincidence between this eclipse and that of Au-

gust 8th of the fsame year, both being visible from nearly the same region in Cen-

tral Siberia.
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euit's passage through tlio nodo, whilo thnt for lunar ccli|)Bcs

extends 11^ days on oouh lido of thu tiodo. Tlio total season

is, thoi-efore, 36 days for solar, and 23 days for lunar eclipses.

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

described, tho season of eoliiMOi will not bo the same from

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

earlier each year. Wo have ieoit that the sun passed the de-

scending node of tho moon marked on Map III. on August

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

moved so far to tho west that tho Nun will again reach it ou

August 5th, 1878. Tho effect of thii constant shifting of tlio

nudes and seasons of ecliiMMH ii that in 1887 the August sea-

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

to Augiist. Tho reader who witthoi U> find tho middle of tho

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

from March 1st and August 24th, 1877, and subtracting 10|

days for each subsequoMt year.

Tliere is a relation between the motions of the sun and

moon which materially assisted tlio early astronomers in tho

prediction of eclipses. Wo liave said tliat tho moon makes

one rovolution among the stars in about 27^ days. Since the

node of tho orbit is constantly moving buck to meet the moon,

as it wcro, she will roturn to her node In a little less than this

l)eriod—namely, as shown by modorn observations, in a mean
interval of 27.21222 days. Tho sun, after passing any node

of the orbit, will roach the same nmlo again in 840.0201 days.

The i-olation between thoso nuinl'^'s is this: 242 returns of

tlto moon to a node tako ^ory nearly the same time with 10

returns of the sun, tho intervals l>elng

242 roturni of tho moon Co har noAt., , (iHnr>M7 diiji{

l\f " " iiin to muuii'ii iiihIo, ,.,.. Or»sr>.7SU '*

Consequently, if at any time tho sun and moon should start

out together from a nudu, they would, at tho end of 058.5

(lays, or 18 years and 11 days, lui again found together very

near the same node. During thu interval, there would have

been 223 new and full inooiiH, but none so near tho no<le as

I
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this. The exact time required for 223 lunations is 6585.3212

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, they aro any given dis-

tance from it, say 3° east or west, then, in the same period,

tliey 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 tho exact time of the middle

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

count forwards 6586 dnys, 7 houra, 42 minutes, and wo shall

find another eclipse oi very nearly the same kind. Keduced
to yeara, the interval will be 18 years and 10 or 11 days, ac-

cording to whether tho 29th of February has intervened four

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

eclipse, if wo 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 houi-s later. Not till the end of three

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

owing to the period not being exact, tho 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

tlio period being 28' farther back relatively to tho 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 found that some eclipse fails, and that some

new one entei'S in. A now 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 bo total. It will bo total for about twenty-

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

once more, but on the opjHJsito side of tho moon from that on
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which it was first seen. Tliere will then be about thirteen par-

tial eclipses, each smaller than the last, until thej fail eiitirely.

The whole interval of time over which the recurrence of a

lunar eclipse thus extends will be about 48 periods, or 865^

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

will last yet longer, namely, from 65 to 70 periods, or over

1200 years.

As a recent example of the S&ros, we may cite some total

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

1842, July 8th, \^ 8 a.m., total eclipse, observed in Europe

;

. 18G0, July 18th, 9^ a.m., total eclipse America and Spain

;

. 1878, July 29th, i^ 2 r.H., one visible in Colorado and on the Pacific Coast.

A yot more remarkable series of total eclipses of the sun

occui-s in the years 1850, 1868, 1886, etc., the dates being

-

1850, August 7th, 4>| 4 F.M., in the Pacific O'leun

;

18G8, August 17th, 12>> r.M., in India

;

188G, August 29th, 8>> a.m., in the Central Atlantic Ocean and Southern Afri^ ,

1904, September 0th, noon, in South America.

This series is remarkable for the long duration of totality,

amounting to some six minutes.

It must bo undei-stood that the various numbcre we have

given in this section are not accurate for all cases, l)ecausc the

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

irregularities which may alter the times of eclipses by an hour

or more. We have given only moan values, which are, how-

over, always quite near the truth.

§ 7. The Ptolemaic System:

TliOTO is still extatit a work which for fourteen centuries

was a sort of astronomical Bible, from wliich nothing was

taken, and to wliich nothing material in pi'inciplo was added.

This is the "Almagest" of I'tolcmy, compo.sed about the nn'd-

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

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

ments of otlier ancient authore have come down to us, and

most of the ancient writers mako occasiojial allnsious to astro-

iioniical plienomeua or theories, from wlii(;li various idcns ro-

A
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epecting the ancient astronomy have been gleaned; but the

work of Ptolemy is the only complete compendium which we
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 accuracy. Defec-

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

ingenuity and research when measured by the standard of the

times.

The immediate object of the present chapter is to explain

the apparent 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 mo-
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 Circles.—Here Ptole-

my refere principally to the diurnal motion, whereby every

heavenly body is apparently carried around the earth, or, rath-

er, around the pole of the lieavens, in a circle every day. But
all the ancient and mediteval astronomers down to the time

of Kepler had a notion that, the circle being the most i^crfcct

plane figure, all the celestial motions must take place in cir-

cles; and as it was foimd that the motions were never uni-

form, they supposed these circles not to be centred on the

earth. Where a single circle did not suffice to account for

the motion, they introduced a combination of circular motions

in a manner to be described presently.

2d. The Earth is a Sphere.— That the earth is roiuided

from oast to west Ptolemy proves by the fact that tiio sun,

moon, and stars do not rise and set at the same nu)nicnt to all

the inhabitants of the earth. The times at which eclipses of
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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 sets later the farther we go to the west.

Again, if the earth were not lonnded 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 direction we
approach elevated objects from the sea, wo see that their bases

are firet 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 earth were displaced from the centre, there would bo

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 tlio east, wo should be nearer the heavenly bodies

when they are rising than when they are setting, and they

would api)car to move more rapidly in the east than in the

west. The forenoons would theieforo bo shorter than the af-

ternoons. Towards whatever side of the turning sphere it

might be moved, the heavenly bodies would seem to mo\0
more rapidly on that side tlian on the other. No such irreg-

ularity being seen, but the diurnal motion taking place with

perfect uniformity, the earth must bo in the centre of mo-

tion. '^

4th. The Earth has 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 tho

stars would cease to bo 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 tho sphere.



THE I'TOLEMATC SYSTEM. 35

ilaced

bodies

tid they

in tlio

the af-

1010 it

mo»'o

I irrcg-

,00 with

of mo-

BccaiiBo

rda Olio

of tho

ho utii-

to year,

splicrc.

It will be interesting to analyze these propositions of Ptole-

my, to see what is true and what is false. The firet 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 hundred years. Most

curious, however, is tho mixture of truth and falsehood in the

third and fourth propositions, that the earth remains quies-

cent. Wo 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 bo said to remain in the

centre of tho sphere. What Ptolemy did not see is that this

sphere is only an ideal one, which the spectator carries with

liim wherever he goes. Ilis 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 tho 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 tho 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. Tho firet is the

vulgar and natural one, that it is paradoxical to suppose that

a body like tho earth could remain supported on nothing, and

still be at rest. These objectors, ho says, reason from what
they see happen to small bodies around thorn, and not from
what is proper to ilie universe at largo. There is neither up
nor down in the celestial spaces, for wo cannot conceive of it

in a sphere. What wo call down is simply the direction of

our feet towards tho centre of tho 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 tho universe,

which is infinitely larger than it, and similar in all its parts.
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This idea is as near an approach to that of nnivereal gravita-

tion as the science of the times would admit of.

He then says there are othere who, admitting this reason-

ing, pretend that nothing hindera 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 cei-tainly

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, and did not consider what was proper to the uni-

verse at large. To those who maintained the earth's rotation,

he says, if we consider only the movements of the stars, there

is nothing to oppose their doctrine, which he admits has the

merit of simplicity ; but in view of what passes around us and

ill the air, their doctrine is ridiculous. He then entere into a

disqtiisition 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 enormous velocity necessary to

carry it round in a day, tlie air would be left beliind. \i they

say that the earth carries round the air with it, he replies that

tliis 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 physics half the

careful observation, research, and reasoning whiclx 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. "Wo have already ex-

plained the motions of the sun and moon among the stars, the

lii-st describing n complete circuit 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, Mare, Jupiter, and Saturn. These move sometimes to the

'^ast and sometimes '' w est, and are sometimes stationary.*

Jn the whole, howe\oi, the easterly movements predominate;

and the planets i-eally 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 stare every

twelve years 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 Ist we find it passing the fictitious planet

towards the west, it will continue its westerly swing about

tln-ee 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 appeare stationary once more.

Tlie 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 Ilipparchns, who lived three centuries

before 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 epicyclic

theory of the planetary motions laid down in the " Almagest."

The movement of the planet on this theory can be seen by

* It mny not be nmiss to remind the roHclor once more thot we here leave the

(liiiinal motion of tlio stars entirely out of siglit, and consider only the motions of

the |>lnnct8 relative to the stars.
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Fig. 10. £! is the earth, around which the fictitious Jupiter

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 bo

constantly turning round the fictitious planet once a year, on

the end of which Jupiter is carried. This arm will then be in

the successive positions, 1 1', 2 2', 3 3', etc., represented by the

light dotted lines. Drawing a line through the successive po-

sitions 1', 2', 3', etc., of the real Jupiter, we shall have a series

of loops representing its apparent orbit.

Fio. 10.—ShowiDK the nppareut orbit of a pliuiot, regarding the earth ns nt rest. /

It will bo seen that althongh it requires only a year for tho

arm carrying the real Jupiter 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

tho motion of tho fictitious planet in its orbit, the arm must

move more than a complete revolution to finish the loop. For

instance, referring again to Fig. 10, comparing the positions

1 1' and 8 8', it will bo seen that the arm, being in the same

direction, has performed a coinplete revolution ; but, owing to

the curvanne of the orbit, it does not reach tho middle of the

second loop until it attains the position 0'.
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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 are shown

in the next figure, taken from Arago. By the radius of the

epicycle we mean the imaginary revolving arm which, turn-

ing round the fictitious planet, carries tlie real planet at its

w—;;— "•

Fio. 11.—Apparent orbits of Jupllor nnd Saturn, 1708-1 T3T, after Cueslut.

end. The law of revolution of this arm is, that whenever the

planet is opposite the sun, tlie arm points towards the earth,

as in the positions 1 1', 9 9', in which cases the sun will bo on

the side of the earth opposite the planet ; while, whenever the

planet is in conjunction with the sun, the arm points from the

earth. This fact was well known to the ancient astronomere,

and their calculations of the motions of the planets were all
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foniulod 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

tlio same with that of the sun from the earth. Had they

done 80, 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.

Tho peculiarity of the planets Mercury and Venus is that

the flctitioufl centres around which they oscillate are always in

tho direction of the sun, or, as we now know, the sun himself

ii* tho centre of their motions. They are never seen more than

ft limited distance from that luminary, Venus oscillating about

46® on each side of the sun, and Mercury from 16° to 29°. It

18 said that the ancient Egyptians really did make the sun the

contro of the motion of these two planets ; and it is difficult to

800 how any one could have failed to do so after learning the

lflW8 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.

Tho arrangement of the planets on the Ptolemaic system is

shown in Fig. 12. Tho nearest planet is the moon, of which

tho ancient astronomers actually succeeded in roughly meas-

uring the distance. The remaining planets are arranged in

tho same order with their real distance from the sun, except

that tho latter takes the place assigned to the earth in the

inodoni system. Thus we have the following order

:

The Moon,

Mercury,

Venus, u

,
The Sun,

Mars,

Jupiter,

Saturn.

Outside of Saturn was the sphere of the fixed stars.

Tills order of the planets must have been a matter of opin-

ion rather than of demonstration, it being correctly judged

by tho ancient astronomers that those which seemed to move

;f I
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Fio. 12.—Arrangement of the seven pliiiicta in the Ptnlemnic system. The orbits, ns

mni'l<ed, are those of the fictitious planets, the real planets beinK supposed to describe

a series of loops.

more slowly were the more dietant. This system made it

quite certain that the moon was the nearest planet, and Mara,

Jupiter, and Saturn, in their order, the most distant ones. But

the relative positions of the Sun, Morciu'y, and Venus were

more in doubt, since they all performed a revolution round

the celestial sphere in a year. So, wliile 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, Mara, Jupiter, Saturn.

Ilipparchus 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 woith while to give a brief
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Buinmary. The former was no doubt an abler astronomer than

Ptolemy ; but as he was, so far as we know, the first accurate

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 stara 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 be the earth, and G 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
Fio. 13.—The eccentric Shows how . ^ ja i i 'i.

the ancients represented the unequal "1 general the angular Velocity

apparent velocities of the planets of a moving body is greater the
when their real motion was snpposed , °

•!. i -i

uniform, by placing the earth away nearer the ODSCrver IS tO it, WlUle
from the centre of motion, at B. ^]je„ passing A it will SCCm tO bo*

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 fi'om 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, Hipparchus 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 amotuit. The point P is called the Peiigce^
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and A the Apogee. The distance CE from the earth to the

centre of motion is the eccentricity. As there was no way of

determining the absolute dimensions of the orbit, it was neces-

sary to take the ratio of C£ to the radius of the orbit CP or

O^ for the eccentricity.*

In determining tlie r otions of the moon, Hipparchns and

Ptolemy depended almost entirely on observations of lunar

eclipses. The first of these, it is said, was observed at Babylon

in the liret year of Mardocempad, between the 2t?th and 30th

days of the Egyptian month Thoth. It ^mmenced a little

more than an hour after the moon rose, .t.\d was total. The

date, in our reckoning, was b.c. 720, March 19th. The series

of eclipses extended from this "tu;; to that of Ptolemy him-

self, who lived between eight an 'v nine centuries 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 calculate 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.

Notwithstanding the extremely imperfect character of the

observations, both Hipparchus and Ptolemy made discoveries

respecting the peculiarities of the moon's motions which show
a most surprising dRi">th of research. By comparing tho inter-

vals between ecliprc:-,t;.3y found that lier 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 eccentvic, like that of the sun; that is, the earth, in-

stead of beirg 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 bod}'. So far the orbit of the moon was like

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 modern theory of the elh'ptic motion, approximately treat-

ed, tlie distance CE is double the eccentricity of the ellipse. One-half the appar-

ent inequality is really caused by tho orbit being at various distances from the

earth or sun, but the other half is real.
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that the perigee and apogoo did not, as in the case of the buii

and planets, remain in tlto sanio puint» of tlio orbit, hut moved

forwards at such a rate as to carry tliotn round tlic heavens in

nine years ; tliat is, supposing Fig. 13 to represent the orbit of

thr moon, the centre of tho cirdo revolved round the earth

in nine years, and the orbit changed Hn position accordingly.

It was also found by Ptolemy, by measuring tho apparent

angle between the moon and sun in various points of tho

orbit of the former, that thoro was yot another inequality in

her motion. This has rocolved tliu name of the evcction. In

consequence of this inequality, the moon oscilltites more than

a degree on each side of her position as calculated from the

eccentric, in a period not diifuring much from her revolution

round the earth. To roprosent tttis motion, Ptolemy had to

introduce a small additional opiftycio, as in the case of tho

planets, only the radius M'as so small that there was no looping

of the orbit. In consoquonco, his theory of tho moon's motion

was quite complicated
;
yot ho ntaiutgo<l to represent this mo-

tion, within tho limits of tho m'vum of his observations, by a

combination of circular motions, and thus saved the favorite

theory of the times, that all tlio celestial motions were circular

and uniform.

§ 8. T/ie Calendar.

One of the earliest pur|NmoR of tho study of the celestial

motions was that of finding a convenient measurement of

time. This application of astronomy, being of great antiqui*:y,

having boon transmitted to us without any fundamental altera*

tion, and depending on tho apparent motions of tho sun and

moon, which wo have studied in this ('liaptcr, is naturally con<

Bidci*ed in connection with the anoiont astronomy.

The astronomical divisions of time are the day, the month,

and the year. Tho week is not suith a division, because it docs

not correB]>ond to any astronomical cycio, although, as wo sliall

presently see, a certain astronomical slgiiitication was said to

liavo been given to it by tlio anttient astrologers. Of these

divisions tho day is the most woll-mnrked and striking through*
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out the habitable portion of the globe. Had a people lived at

or near the poles, it would have been less 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 tiieoretically necessary ; for if mankind had

begun at some early age to number every day by counting

from 1 forwards witliout limit, and had every historical event

been recorded in connection with the number of the day on

which it happened, tV ere would have been far less uncertain-

ty about dates than now exists. But keeping count of such

large numbcra as would have accumulated in the lapse of cen-

turies would have been very inconvenient, and a simple count

of time by days aas never been used for the purposes of civil

life through any greater period than a single month.

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 setisons. All the operations of agricultui-e are

so ititimately dependent on this recurrence, that man must

have begun to nmka 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 bo easily reckoned, the year was found

to answer every purpose of measuring long intervals of time.

T J number of days in the year is, however, too great to

bo conveniently kept count of; an intermediate measure was

therefore ncceesary. 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 attached by the religious rites connected with the

loappcarance of the moon.

The week is a division of time entirely disconnected with

the month and year, the employment of whicli dates from the

Mosaic dispensation. Tho old astrologers divided the sovoii
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days of the week among the seven planets, not in the order of

tlieir 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 lines drawn in the circle

from side to side, we shall have the days of the week in their

order.

C-^

'fe^^

%
Fiu. U.—Showing thd nitrnloglcnl dlvlnlnn nf (he Bevon pInnoU nmonpt lti« clnyi of iho

weok.

If the limar month had boon an exact number of days, say

30, and the year an exact number of montlis, as 12, thoro

would have been no diftlculty in the use of these (ryclcs for

the moasurenuMit of time. Jhit the forujcr is several hours

less than 30 days, while the latter is nearly 12^ lunar months.

In the attempt to combine these measures, the ancient calen-

I

,

, Hoc pngod 40, 41,
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dars were thrown into a confusion which made them very per-

plexing, and which we see to this day in the irregnlar lengths

of onr months. To describe all the devices which we know to

have been used for remedying these difficulties would be very

tedious; we shall therefore confine 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 30 days, alternately. But the period of 29^ days is really

about thiee-qnarters of an hour too short. In the coui*se 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 bo 11

days too short. Nevertheless, such a year was used both by

the Greeks and Eomans, and is still used by the Mahome-
tans; tlie Romans, however, in the calendar of Knma, adding

22 or 23 days to every alternate year by inserting the inter-

calary month Mercedoniua between the 23d and 24th of Feb-

ruary.

The irregularity and inconvenience of reckoning by lunar

months caused them to be very generally abandoned, f o only

reason for their retention being religious obsorvancj due at

tlic time of new moon, which, among the Jews and other ati-

cient nations, were regarded as of the highest importance. Ac-

cordingly, we iiud the Egyptians counting by months of 30

dft^s 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 was known to be about six houre greater

than this, the equinox would occur six hours later every year,

ind a month later alter the lapse of 120 years. After the lapso

of 1460 ycai-s, according to the calculations of tlio time, each
Koason would have made a complete course through the twelve

months, and would then have returned once more at the samo
time of year as in the beginning. This was ternicd the Sothic

Period; but the error of each year being estimated ii little
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too great, as we now know, tlie true length of the period

would have been about 1500 years.

The confusion in the Greek year was partly remedied

through the discovery by Melon of the cycle which has since

borne his name. This cycle consists of 19 solar years, during

which the moon changes 235 times. The error of this cycle

is very small, as may bo seen from the following periods, com-

puted from modern data

:

D>yi. Houn. iiin,

235 lunations require in the mean G939 16 81

19 true solar yeors (tropical) 6939 14 27

19 Julian yeara of 3Gr4 days C939 18

Hence, if wo take 235 lunar months, and divide them np as

nearly evenly as is convenient into 19 years, the mean length

of these years will bo near enough right for all the i)in*po6cs

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 Nun.bor, from its having been ordered to be inscribed on

the monuments in letters of gold.

The Golden Number is still used in our church calendars

fur finding the date of Easter Sunday.

Thit. is the o. ly religious festival which, in Christian conn-

tries, depends directly on the motion of tho moon. The rulo

for determining Easter is that it is tho Sunday following tho

first full moon which occurs on or after the 2l8t of Jlareli.

The dates of the full moon correspond to the Metonic Cycle

;

that is, after the lapse of 19 years they recur on or about tho

same day of the your. Consequently, if wo make a list of tho

dates on which the Paschal full m jon occurs, wo shall find

no two dates to bo tho same for nineteen successive years

;

but tho twentieth will occur on the same day with tho first,

or, at most, only one day difToront, and then the whole series

will bo repeated. Consequently, the Ciroldon Number for tho

year shows, with sufficient exactness for ecclesiastical purposes,

on what day, or how many days after tho ecjuinox, tho Vasc^luil

full moon occurs. The church calculations of Easter Sunday

are, however, founded upon very old tables of tho moon, so
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tliat if we fixed it by the actual moon, we should often find

the calendar feast a week in error.

Tiie basis of the calendars now employed throughout Chris-

tendom was laid by Julius Gsesar. 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 caprice

of the ruler for the time being. It was, however, very well

known that the real length of the solar year was about 365^

days ; and, in order that tlie calendar year might have the same

mean length, it was prescribed 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 Ceesar.

The Julian calendar continued unaltered for about sixteen

centuries ; and if the true length of the tropical year had been

365^ days, it would have been in use still. But, as we have

seen, this period is about 11^ minutes longer than the solar

year, a quantity which, repeated every year, amounts to an en-

tire day in 128 years. 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 tho

time of tho Council of Nice, was the object of the Gregorian

reformation of the jalendar, so called after Pope Gregory
XIIL, 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 tlie 15th, tho count being thus advanced 10
days, and the equinoxes made once more to occur about March
2l8t 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 tiio number of the century was di-

visible by 4. While 1000, 2000, 2400, etc., wore to be leap-

years, as before, 1700, 1800, 1900, 2100, etc., wore to bo re-

duced to 306 days each.

6
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This change in the calendar was soon adopted by all Catho-

lic countries, and, more slowly, by Protestant ones—England,

among the latter, holding out for more tlian a century, but

finally entering into the change in 1752. In Ilussia it was

never adopted at all, the Julian calendar being still continued

in that country. Consequently, the Bussiau reckoning is now
12 days behind oiu-s, the 10 days' difference during the six-

teenth and seventeentli 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 365^ 5> 49™ 12"

;

while that of the tropical year, according to the best astronom-

ical determination, is 365'' 5'' 48™ 46*. The former is, there-

fore, still 2b seconds too long, an error which will not amount

to an entire day for more than 3000 yeare. If there were

any object in having the calendar and the astronomical yeara

in exact coincidence, the Gregorian year would be accurate

enough for all practical purposes during many centuries. In

fact, liowever, it is difficult to show what practical object is to

bo attained by seeking for any such coincidence. It is im-

portant that summer and winter, seed-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

tliey should occur at the same time now that they did 5000

years 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

liave been continued.

The change of calendar met 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 leanied. An additional complication was in-

troduced into the reckoning of time without any other real

object tlmn that of making Easter come at the light time.

As the end of the century approaches, the question of making
1900 a Icap-ycnr, aa usual, will no doubt bo discussed, and it is

possiltld that sonic concerted action may bo taken on the part of

leading nations looking to a return to the old mode of reckoning.
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TIIK COPEUNICAN SYSTEM, OR THE TRUE MOTIONS OF THE HEAV-
ENLY BODIES.

§ 1. Copernicus.

In the first section of the preceding chapter we described

tlie apparent diurnal motion of the heavens, whereby all the

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 snch 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-

possible for men to navigate the ocean without perceiving the

rotundity of its surface, and wo have no record of a time when
it was not known that the earth was round. We have seen

tliat 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 bo only

a point in 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 obscure physical

grounds, as shown in the last chapter, the untenability of which

would have been proved him by a few very simple physical ex-

IKuimcnts. And although it is known that tho doctrine of tl 3

eiuth'H motion was sustained by others in his age, notably by

TiuiochariH, yet tlio weight of his authority was so great as

J
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not only to override all their arguments, but to caiTy his views

through fourteen centuries of the intellectual history of man.

The history of astronomy during these centuries offera hard-

ly anything of interest to the general reader. There was no

telescope to explore the heavei' and no genius arose of suffi-

cient force to unravel the mazv of their mechanism. It was

mainly through the Arabs that any systematic knowledge of

the science was preserved for the use 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 tiret to solve

the great problem. But he did not teach this doctrine public-

ly, and the very vague statements of his private teachings on

this point which have been handed down to us are so mixed

up with the speculations which the Greek philosophers 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 modern would receive tlie credit

of any discovery without giving more convincing proofs of the

correctness of his views tlian wo 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 ho 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 i)laccd them in

such a light as to render their \iltiuuite acceptance inevitable.



COPEBNICVS. 63

Apart from all questions of the truth or falsity of his theory,

the great work in which it was developed, ^ De lievolutionibua

Orbiuin Coelestium" would deservedly rank as the most im-

portant conipendium of astronomy which had appeared since

Ptolemy. Few books have been more completely the labor of

a lifetime than this. Copernicus was born at Thorn, in Prus-

sia, in 1473, twenty years before 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 pureue 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 comnumicated

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 of 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 so. They are as follows

:

1. The diurnal revolution of the heavens is only an appar-

ent motion, caused by a diurnal revolution of the earth on an

axis passing through its centre.

.2. The earth is one of the planets, all of which revolve

round the sun as the centre of motion. The true centre of

the celestial motions is therefore not the earth, but the sun.

For this reason the Copernican system is frequently spoken of

in historical discussions as the " heliocentric theory."

The firet proposition is the one with the proof of which Co-

pernicus begins. He explains how an apparent motion may
result from a real motion of the person seeing, as well as from

a motion of the object seen, and thus shows that the diurnal
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motion may bo accounted for just as well by a revolution of

the oat'th as by one of the heavens. To sailors on a ship sail-

ing on a Binooth sea, the ship, and every thing in it, seems to be

ftt rest and the shore to be in motion. Which, then, is more

likoly to bo in motion, the earth or the whole universe outside

of it? In whatever proportion the heavens are greater than

tho earth, in the same proportion must their motion be more

rapid to cairj them round in t\ven«:y-four hours. Ptolemy

liinmulf dhows that the heavens wen) so immense that the

oarth was but a point in comparison, imd, for any thing that

Ih known, they may extend into infinity. Then we should re-

(jiiiro un intinito velocity of revolution. Thei*efore, it is far

moro likely that it is this comparative point that turns, and

fiuit tho universe is fixed, than the reverse.

Tlic second principle of the Copernican system—(hat tho

apparent animal motion of the sun among the stars, described

in 8 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 laws of relative motion. This movement of the

flartli explains not only this apparent revolution of the sun,

liiit tho ajipareiit cpicyclic motion of the planets described in

trouting of the Ptolemaic system.

In Fig. 15, let S represent the &\m,ABCD the orbit of the

earth around it, and the figures 1,2,3,4,5,6, six successive

positions of the earth. These positions would be about two

weeks apart. Also, let EFGll i-cpresent the apparent sphere

of the fixed stars. Then, an observer at 1, viewing the sun in

tho direction 1/S', will see him as if he were in the celestial

Bpliore at tho point 1', because, having no conception of the

actual distance, the sun will appear to him as if actually among
tlio stars at V which lie in the same straight line witli him.

Wlion tlio earth, witli the observer on it, reaches 2, lie will see

the enn in the direction 2aS'2', tliat is, as if among the stai-s in

2', That is, during tho two weeks' interval, the sun will ap-

]»arontly have moved among the stare by an angle equal to the

actual angular motion of the earth around the sun. So, as the

eurtli pauses through tho successive positions 3, 4, 5, C, the sun
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will appear in tho iwsitions 3', 4', 6', 0', and tlio inotiou of the

earth contiiining all tho way round its orbit, the sun will ap-

pear to move thiough tho entire circle EFOII. Thus we

have, as a result o tho annual motion of tho earth around tho

sun, tho annual motion of tho sun around the celestial sphere

already described in tho third section of tho preceding chapter.

'

Fio. 15.—Appuroiil amiuul niuttuu uf Ibo sun oxplaluod.

Lot us now see how this same motion abolishes the compli-

cated system of epicycles by which tho ancient astronomei-s

represented the planetary motions. A theorem on whicli this

explanation rests is this: If an observer in uncoiuse'tous mo-

tio7i sees an object at rest, that object will seem to him to be

moving in a direction opposite to his ovm, and roith an equal

velocity. A familiar iustanco of this is tho apparent motion
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of objects on shore to passengere on a steamer. In Fig. 16,

let us suppose an observer on the earth carried around the

sun S in the orbit ABGDEF.
p

,,-'' -^^^ but imagining himself at rest

in the centre of motion 8. Sup-

pose that he observes the ap-

parent motion of the planet jP,

which is really at rest. How
M'ill 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 plauet in the direction and

distance AP. But, imagining

himself at its', he thinks he sees

the planet at the point a, the

distance and direction of which

Sa is the same with AP. As

jp he passes unconsciously from A
to B^ the planet seems to him to

move past from « to J in the op-

posite direction ; and,still think-

ing himself at rest in S, he sees

the planet in h, the line Sh be-
F.o. 16.-Showina; how Uie apparent epl- J^g gg^^l and parallel tO BP.

cyclic motiuu of the planets is accoantcd . % ^ c
for by the motion of the earth ronnd the As he rCCCdcS from the plan-
"°°-

et through the arc BCD, the

planet seems to recede from him through had. While he

moves from left to right through DE, the planet seems to

move from right to left through de. Finally, as he approaches

the planet through the arc £FA, the planet will seem to ap-

proach him through efa, and when he gets back to A he

will locate the planet at «, as in the beginning. Thus, in

consequence of the motion of the observer around the circle

ABCDEFy the planet, though really at rest, will seem to him
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to move through a corresponding circle, abcdef. 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 a 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 v/ith a regular motion, while the

real planet revolves around this fictitious one as a centre once

a year. Here, the progressive motion of the fictitious planet

is {in the case of the outer planets Mars, 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 vibrate 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 earth 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 west, though its real motion is east. As the earth
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passes to the oppos'to eldo uf tlio Hun from the planet, it

changes its motion to a dii'uutluii tho opposite of that of the

planet, and thus the woHtoi'ly tnotion of tho latter appears to

be increased by tlio whole motion of tho earth.* Between

these two motions there \f. a pohit at which tlse planet does

not seem to move at all. ThU in called tho stationary ix>int.

If the planet we consider li not nti onter, but an inner one,

Mercury or Venus, und wo view It when between us and the

sun, its motion to us is revor»e(l, bucatise we see it from the

side opposite tho sun, Iloncu It nocms to nsove west to us,

and it is retrograde. Tho earth b indeed moving in the same

real direction; but since tho planet moves faster than the

earth, its retrograde motion luenm to predominate. As tho

planet pacses round in itn orbit, it Hrst appears stationary,

and then, passing to the op|>o«ltti lido of the sun, it seems

direct.

Let us now dwell for u moinont on some considerations

which will enable us to do Justicu to tho Ptolemaic system, as

it is called, by seeing how nectmHttry a stop it was in tho evo-

lution of the true theory of tho unl vorno. The great merit of

that system cousisted in tho unalyHls of tho seemingly compli-

cated motions of the planets into n combination of two circular

motions, the one that of n flctitioUH ]>lanot around the celestial

Bi)hcre, the other that of tho ntal ])1atiot around tho 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 Ijc ex-

plained on mechanical principles. Ihit when, leaving out of

sight the regular forward motion of tlio mean or fictitious

])lanot, tho attention was directed to tlio epicyclie motion

alone, one could not fall to see tlio remarkable correspondence

between this latter motion and tlio aiipatoiit annual motion

of the sun. Seeing this, it look a very stiuill stop to oee that

* It muBt not bo foiKoltuii tliiit (ho iliriH'lli/ii mtt In il.u hcavoii* In a ciirvoil di.

roctiun, nil it were, iiiiJ Ih (i|i|miiIiu on i>|i|iiwliit dlili'M oflliu nun or cclcitiiiil kiiIicic,

Fur inslunco, rlic imiliuiiit of ilio i(uii Kt lliu^ iltu uiiU ua tlii^ nut uui u|i|HNii'.u,

but 'lutli arc cuiihUIuiuiI wukI,
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tlic Biin, and not the earth, was the ccntie of planetary motion.

Then nothing bnt the ilhisions 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

Sim and the epicyclic motion of the planets were not real, but

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 Copcrnican 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 deterniiue 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 rests on the principle that the apparent

circle or epicycle described by the planet in Fig. IC is of the

same magnitude with the actual orbit described by the earth

mound the sun. Hence, the nearer the observer is to this cir-

cle, the lai'gcr it will appear. The apparent epicycle described

by Neptune is rather lees 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 scon from Neptune, subtends an

angle of only two degrees. On the other hand, the planet

Mai's generally swings more than 40° on each side ; sometimes,

indeed, more than 45°. From this a trigonometrical calcula-

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 bo of interest to see how nearly Copernicus was

able to determine the distances of the planets, wo present his

results in the following table, together with what M'o now
know to be the true n\unbers. Tim mnnberK irivon are deci-

nuil fractions, exprcdbiug the Icubl and grcatct^t distuncu of
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each planet from the sun, the distance of the earth being taken

as unity.*

,
Planets.

Least Distanok. QllKATRST DiSTANOE.

Coperulcus. Modern. Coperulcus. Mudorii.

Mercuiy
Venus
Mars
Jupiter

0.826
0.709
1.373
5.453
9.70

0.308
0.718
1.382
5.454
10.07

0.405
0.730
1.666
4.980
8.66

0.467
0.728
1.666
4.952
9.00Satuin

Considering the extremely imperfect means of observation

which the times afforded, these results of Copernicus 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 present day. It is said that Coper'iicus

died without ever seeing this planet.

The eccentricities of the oibits were represented by Coper-

nicus in a way which agrees exactly with the modern forniuloi

when only a rough approximation is sought for. Like Ptole-

my, he supposed the orbits of the i)liuiet8 not to bo centred on

the sun, but to be displaced by a small quantity termed the

eccentricity. But it had long been known that the theory of

uniform motion in an eccentric circle, though it might make
the irregularities in the planet's angular motion come out all

right, would make the changes of diBtance double their true

value. lie 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 every

revolution around the sun, ho represented both irregulari-

ties.!

* I havo iloducoJ ihoso number* from the tahlea given in Hook V. of "Do
Hevoliilionibus Orliium ru'lesiiuni." They nro probiilily the mont ttcourato thnt

CopornicuH wnH alilu to ohtiiin.

t Tito iiiathunialic'ul furni of iliin tlicory of Copornicns Ik n« r(ill')WH : I'ultiiig
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The work of Copernicus was the greatest step ever taken in

astronomy. But he still took little more than the siiigle step

of showing wliat 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-

specting 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 tlie theory of the earth's 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 whi'.h 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 any knowledge of

the laws of motion, it was impossil)lo to frame any dynamical

Ijasis for the moti ; \u of the planets.

§ 2. Oblhjxutu of til t^dipfht } Seasons, etc. ; on the Coper-

i.ican System.

Wo have next l ) explain the relations of tlie ecliptic and

ecpiator on the mow system. Since, on this system, the ce-

lestial sphere Jets not revolve at ;ill, what is the significance

of the pole aud axia around which it seems to revolve? The

f for his eroontriclty, nnil g for the monn nnomnly of the plnnof, he reprcgented ita

roctuiigiihir coordiiiiitos in the focin

* = (I (cos. j; — f" + i'' <'0H. 'itj),

}f
= a (sin. g + ^c sin. 'iij)

;

while the iippruximnto niodorii fonniiliu uf t'> ollipiic moilon mo

—

X = a (cog, y — 5* -h Jc COS. 'iy\

y = (I (gin. g 4 A' An. '2<i),

wiiiih ngrct pxnctly when wo put »• = %«.
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answer is, tliat 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 an 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 stare, called precession, which the an-

cient astronomere discovered by studying observations extend-

Pid. 17.—llflatlon of the Urrcntrlnl niid cclcHllnl poleH nnd oiiimtori.

ing through several centuries, and this fiiiows that on the Co-

jieruican system the direction of the earth's axis is slowly

clianging.

To conceive of the celestial equator on the CopernicaJi sys-

tem, wo must imagine the globular earth to bo divided into

two hcmiKi>h«ros by a plane intorsoctiug the uartli around its

ecpiator, and continued out on all sides till it roaclio'^ the co-

N'stial sphere. This may, perhaps, ito Ix'tfor understood by

roforring t«» Fi^. 17, repre.senliug the earth in the eontn* of tlio
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imaginary celestial sphere. Tlio dotted lines passing from the

poles of the earth to the points P and S mark the poles of that

spliere. It is evident that as the earth turns on this axis, the

celestial spliere, no matter how great it may seem to be, will

appear to turn on the same axis in the opposite direction.

Again, ep being the earth's equator, dividing it into two equal

parts, we have only to imagine it to be extended to JS 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

ecliptic. But the ecliptic and the celestial equator are 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

Flo. 1>S.—OiiiiFegof clmiigos of HCiicotiB on Uic Copenilcflii systi'm.

is iiicliuod 23^° to that perpendicular, as shown in Fig. 18,

which represents the annual course of the earth round the

su!i. It is of necessity drawn on a very incongruous scale,

because the distance of the sim from tlic earth beijig near-

ly 12,000 diameters of the latter and 110 that of the sun, both

bodies would ho almost invisible if they were not greatly mag-
nified in the tiguro. A ditticnlty which may suggest itself is,

t!iat the present livturo represents the earth as moving away
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!

from its position in the centre of the sphere. There are two

ways of avoiding this difficulty. One is to suppose that the

observer carries the imaginary celestial sphere with him as he

is carried aronnd 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. Ho must,

therefore, in the last figure suppose the sphere to exteiid out

to the fixed stars, which are so distant that the whole orbit of

the earth is but a point in comparison ; and the different points

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 everywhere

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 \)ei'-

pendicular to the ecliptic.

Next, we have to see how the changes of the seasons, the

equinoxes, etc., are explained on the Copernican theory. In

the last figure the earth is represented in four different posi-

tions of its annual orbit aronnd the sun. In the positio!i A,

the south pole is inclined 23^° towards the sun, while the

north pole, and the whole region wlthiii the arctic circle, is

enveloped in darkness. Hence, in this position, the sun nei-

ther rises to the inhabitants of the arctic zone, nor sets to

those of the antarctic zone. Outside of these zones, he rises

and sets, and the relative lengths of day and night at any

place can be estimated by studying the circles around which

that i>;.kce is carried by the diurnal turning of the earth on its

axis. To facilitate this, wo present on the following page a

magnified picture of the earth at vl, showing more fully th.o

hemisphere in which it is duy and that in wliich it is night.

The seven ncaily horizontal lines on the globe are exanq^les

of the circles in (question. We irco that u point on the arctic

circle just grazes the dividing-lini' lictwrcn lii;')t iind darkness
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once ill its revolution, or once a day ; that is, the sun 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 days are

about twice as long as the

nights. Tliis circle is near that

around which London is carried

by the diurnal revolution of the

earth on its axis. As wo go

south, we see that the propor-

tion of light on the diurnal cir-

cles constantly increases, while Fio.IO.- Enlarged view of the earth in
•'

J. . . ,
the position jl of the precediug figure,

tliat of darkness diminishes, tin- showing winter in the northern herai-

til we reach the equator, where "p''"*' *»* «"""""' ^ '»"' '"'"""'"'•

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

pame rate that the opposite proportion would increase in going

to the north. Wlien we reach the antarctic circle, the whole

circle is in the liglit hemisphere, the observer just grazing the

dividing-line at midnight. Inside of tliat circle the observer

is in sunlight all the time, so that the sun does not set at all.

We see, then, that at the equator the days and nights are al-

ways of the same length, and that the inequality increases as

wo approach eitlier pole.

We now go on three months to the position B^ which the

earth occiii)ies in March. Hero tlie plane of the terrestrial

equator being continued, passes directly through the sun ; 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 unilluniinated hemisphere, the latter being invisi-

ble in the %nre, through its being behind the earth. The
days and nights are, tiierefore, of equal length all over the

globe, if we call it night whenever the rpu is geometrically

below i\\v horizon. In the j^sition C, which the earth takes
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in June, everything is the same as in position A, except that

effects are reversed in the two hemispheres. The northern

hemisphere now has the longest days, and the southern one

the longest nights. At D, which the earth reaches in Sep-

tember, the days and nights aie equal once more, for the same

reason as in £. Thus, all the seemingly complicated phenom-

ena which we have described in the preceding chapter are

completely explained in the simplest way on the now system.

We have next to see how the details of the system were filled

in by the immediate successors of Copernicus.

§ 3. Tycho Brake.

We have said that no great advance could bo 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

tlie advance was first made. The leader was Tycho Brahe,

who was born in 1546, three yeare after the death of Coperni-

cus. His attention was firet directed to the study of astron-

omy by an eclipse of the sun on August 21st, 1560, which was

total in some parts of Eurojie. Astonished that such a phe-

nomenon could be predicted, he devoted himself to a study of

the methods of observation and calculation by which the pre-

diction was made. In 1576 the King of Denmark founded

the celebrated Observatory of Uraniberg, at which Tycho

spent twenty years, assiduously engaged in observations of the

positions of the heavenly bodies with the best instruments that

could then be made. Tiiis was just before the invention of

the telescope, so that the astronomer could not avail himself

of that powerful instrument. Consequently, his observations

were supereeded 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 un.^ortnnate. He
rejected the Copernican system, for a reason which, in his day,

had sunic furcc, namely, the incredible distance at which it

'3
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3

was necessary to suppose the fixed stars to be situated if that

system were accepted. We have shown how, on the Coperni-

can system, the outer planets seem to describe 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 liis predecessore, had shown any such

motion. To this the friends of Copernicus could only reply

that the distance of the fixed stai-s 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 tliousand

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 heie implied. At the same time, the proofs given by

Copernicus that the sun was the centre of the planetary mo-

tions were too strong to bo 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 rest in the centre of the universe.

Perhaps it is fortunate for the reception of the Copernican

system that the astronomical instruments of Tycho were not

equal to those of the beginning of the present century. Had
he fo'.uu that there was no annual parallax among the stars

amounting to a second of arc, and therefore that, if Coperni-

cus was right, the stars must be at least 200,000 times the dis-

tance of the sun, the astronomical world might have stood

aghast at the idea, and concluded tliat, after all, Ptolemy must
be right, and Copernicus wrong.

Tycho never elaborated his system, and it is hard to say

how he would liavc answered the numerous objections to it.
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llo never had any disciples of eminence, except among the

occleaiaotics ; in fact, the invention of the telescope did away
with the last remaining doubts of the correctness of the Co-

purnicau system before a new one would have had time to

gain a foothold.

"•

§ 4. Kepkr.—His Laws of Planetary Motion.

Kepler was born in 1571, in Wiirtemberg. He was for a

while the assistant of Tycho Brahe 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 Copernicus had adopted the

ancient theory, that all the celestial motions are compounded
of uniform circular motions, and had thus been obliged to in-

trodtico a small epicycle to account for the irregularities of

the motion. The observations of Tycho were so nnich more

accurate than those of his predecessore, that they showed Kep-

ler the insufficiency of this theory to represent the true mo-

tlona of the planets around the sun. The planet most favora-

l>lo 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

reHpocting the orbit in which the planet moved, and its velocity

in vai'iotis points of its orbit, and from these hypotheses to cal-

culate the positions and motions of the planet as seen from
the earth, and then compare with observations, to see whether

tiio observed and calculated positions agreed. As our modern
tobies of logarithms by which such calculations are immensely

abi'idged were not then in existence, each trial of an hypothe-

Mi« cost Kepler an immense amount of labor. Finding that

the form of the orbit was certainly not circular, but elliptical,

ho was led to try the effect of placing the sun in the focus of

tlio ellipse. Then, the motion of tlie planet would be satisfied

If Its velocity were made variable, being greater the nearer

it was to tiie sun. Thus he was at length led to the first two
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of bis three celebrated laws of planetary motion, which are ae

follows

:

1. The orbit of each jalanet ia an ellipae^ having the sun iv.

onefocus.

2. As theplanet moves round the sun, its radius-vecto: (or

the line joiiuj U to the sun) passes over equal areas in

equal times.

To explain i-ose laws, let PA (Fig. 20) be the ellipse in

which the planet moves. Then the Bun will not be in the cen-

nearcr

irst two

Fio. 80,—lUuBtratlug Kepler'ti tUtt two laws of planetary motion.

tre of the ellipse, but 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 the perihelion. 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, wo 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, b, c, d be the first four of tlicso positions between each of

which the planet has required 80 days to move. Draw lines

from each of the five positions of the planet, beginning at P,
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to the sun at 8. We shall thus have four triangnlar spaces,

over each of which the radius-vector of the planet has swept

in 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 d^ 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 actr.:*lly requires between 29 and 80

years. It does not, therefore, move one-third so fast as the

earth, although it has nine times as far to go. Oopernicus,

however, never detected any relation between tlie distances

and the periods of revolution. Kepler found it to be as fol-

lows:

Third law ofplanetary motion. The square of the time

of revolution of each planet is proportional to the cube of
its mean distancefrom the sun.

This law is shown in the following tablo, which gives (1)

the mean distance of each planet known to Kepler, expressed

in astronomical units, each unit being the mean distance of

Planeto.

0)

niitance.

0)
CnbeofDIi-

tnnca.

(8)

Period
(Ywrt).

(4)

flgnareoT
F«ri»d.

Marcnrv 0.887
0.728
1.000
1.(124

B.20»
0.r>80

0.0A8
0.878
1.000
8.540

140.8

808.0

0.341
0.615
1.000
1.H81

11.80

2U.46

0.058
0.878
1.001

8.588
140.06
807.0

Venui ••

Earth
Man
Jupitor

Saturn
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the earth from the sun
; (2) the cube of this qnantity

; (3) the

time of revolntion in yeai's ; and (4) the square of this time.

The remarkable agi'eement between the second and fourth

columns will be noticed.

§ 5. From Keller to Newton.

So far as the detei*mination of the laws of planetary motion

from observation was concerned, we might almost say tliat

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 was found at any

date, and it became possibliB 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 liis laws could

not be made to perfectly represent the motion of the planetcu^

Not only would the elliptic orbit have been found to vary its

position from century to century, but tlie planets would have

been found to deviate from it, first in one direction and then

in the other, while the areas described by the radius-vector

would have been sometimes lai^r and sometimes smaller.

Why should a plar^et 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 revolutions I 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

\yhioh it was impossible to answer until the general laws of

motion, unknown in Kepler's time, were 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 scientific point of

view, as inventor of the telescope, founder of the science of

dynamics, teacher and upholder of the Copernican system, and
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sufferer at the 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 any serious doubt could remain

of the correctness of the Copemican system, it was 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 by Coperni-

cus, was repeated on a small scale with a fidelity which could

not fail to strike the thinking observer. There was no longer

any opposition to the new doctrines from any source entitled

to respect. The Inquisition forbade their promulgation as

absolute truths, but were perfectly willing that they should be

used as hypotheaea, 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

Copemican 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 \\» original form, and ordered its revi-

sion.* Probably the decree of the Inquisition was entirely

without effect in stopping the reception of the Copemican

system outside 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 with

Newton's theory of gravitation. This philosopher supposed

the sun to be immersed in a vast mass of fiuid, extending in-

definitely in every direction. The sun, by its rotation, set the

* Tho order for this rovision was mado at tho time of condemning Galileo's

work, but I am not awnro that it was ever executed. An edition of CopernicuB,

revi»cd to Batisfy tho InquiRition, would certainly be an intereiting work to the

iitiironomical bibliopole at the present time.
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parts of the fluid next to it in rotation ; these communicated

their motions to the parts still farther out, and bo on, until

the whole mass was set in rotation li'ke a whirlpool. The
planets were carried around in this ethereal whirlpool. The
more distant planets moved more slowly because the ether

was less affected by the rotation of the sun the more distant

it was from him. In the great vortex of the solar system

were smaller ones, each planet being the centre of one ; and

thus the satellites, floating in the ether, were carried round

their primaries. Had Descartes been able to show that the

parts of his vortex must move in ellipses having the sun in

one focus, that they must describe equal areas in equal times,

and that the velocity must diminish as we recede from tlie

suit, according to Kepler's third law, his theory would so far

have been satisfactory. Failing in this, it cannot be regarded

as an advance in science, but rather as a step backwards. Yet,

the great eminence of the philosopher and the number of his

disciples secured a wide currency for his theory, and we find

it supported by no less an authority than John Bernoulli.

/iter Galileo, the man who, perhaps, did most to prepara

the way for gravitation was Huyghens. As a mathematician,

a mechanician, and an observer, he stood in the first rank.

Ho discovered the laws of centrifugal force, and if he had

simply applied these 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 squara of their distance from

the sun. Having found tliis, the road to the theory of gravita-

tion could hardly have been missed. But the gi-cat discovery

seemed to require a mind freshly formed for the occasion.



74 SYSTEM OF THE WORLD HISTORICALLY DEVELOPED.

CHAPTER III.

UNIVEBSAL OBAVITATION.

§ 1. Newtxm.—Discovery of Gravitation.

The real significance of Newton's great discovery of univerr

sal gravitation is fully appreciated by but few. Gravitation

is generally thought of as a mysterious force, acting only be-

tween the heavenly bodies, and first discovei-ed by Newton.

Had gravitation itself been discovered by Newton as some

new 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 which 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

bo heavy, knew of the existence of gravitation. 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 be planets in circles or ellipses

was something so completely unlike any motion seen on the

surface of the eai-th, 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. Wo have seen that oven Ptolemy had an idea of a

force which, always directed towards the centre of the earth,
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or, which was to him the same thing, towards the centre of

the universe, not only caused heavy bodies to fall, but bound

the whole universe together. Kepler also maintained that the

force which moved the planets resided in, and emanated from,

the sun. But neither Ptolemy nor Kepler could give any ade-

quate explanation of the force on the basis of laws seen in ac-

tion around us; nor was it possible to form any conception of its

true nature without a knowledge of the general laws of motion

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 Kepler himself was fully possessed of

this notion is shown by the fact that he conceived a force act-

'ig only in the direction of the sun to be iusnfficient for keep-

ing up the planetary motions, and to require to be supplement-

ed by some force which should 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 entirely

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

Galileo'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 first who clearly laid

down this law in connection with the correlated laws which

cluster around it. The basis of Newton's discovery were those

three laws of motion

:

First law. A body once set in motion and acted on by no force

will move forwards in a straight line anc? wi^ a uniform velocity

forevet\

Second law. ^a moving body be acted on by any force, its de-

viationfrom the motion defined in the first law will be in the direc-

tion of theforce, and proportional to it.
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Third law. Action and reaction are equal, and in opposite di-

rections; that is, whenever any one body exerts a farce on a second

one, the latter exerts a similarfarce on the first, only in 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 eai*th—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 different kind from what the prede-

cessors of Galileo had given to physical pi'oblems to show that,

but for these forces, the body would move in a straight line

without hiudcrance.

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 whica 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 9 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 firat law of motion ? 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 tlie moon
was sixty semidiameters of the earth. Newton at first sup-

posed the earth to bo less than 7000 miles in diameter, and
consequently his calculations failed to lead him to the right
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result. This was iu 1665, when he was only twenty - three

years of age. He laid aside his calculations for nearly twenty

years, 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 line 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 stonefall, 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 to\«ards 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, tlree times that distance

the next, five times the third, and so o: Tf, in place of falling,

the body be projected horizontally, like - 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 A, or the line along which an observer at A would
sight if he set a small telescope in a horizontal position.

Then, owing to the curvature of tlie earth, the surface will

fall away from this line of sight at the rate of about eight

inches in the first mile, twenty-four inches more in the second

mile, and so on. In five miles the fall will amount to sixteen
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feet. In ten miles, in addition to this sixteen feet, three times

that amount will be added, and so on, the law being the same

c

Fie. 21.—IlluBtratiDg the foil of the moou towards the earth.

with that of a falling body. Now, let AC h& 9, high steep

mountain, 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 I'eaches

the ground. Suppose, at length, that we should fire it with

a velocity of five miles a second, and that it should meet with

no resistance from the air. Suppose e to foe the point on the

line five miles from C. Since it would reach this point 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 away 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 o£P, 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,

so 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 rotind the earth, and oome 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.

Our next step is to extend gravitation to other bodies than

the earth. The planets move around the sun as the moon
does around the earth, and must, therefore, be acted on by a

force directed towards the sun. This force can be no other

than the gravitation of tlie sun itself. A veiy 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 i 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 would 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 snn in one of its foci, which, in the case of the

ellipse, was Kepler's first law. Thus, all mystery disappeared

from the cdestial motions, and the planets were shown to be

simply heavy bodies moving according to the same laws we
see acting all around us, only under entirely different circum-

stances. All three of Kepler's laws were expressed in the sin-

gle law of gravitation towards the sun, with a forco acting in*

versely as the square of the distance.
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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 squara 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, cubing 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 be the same as for the planets.

This quotient, in fact, is proportional to the mass or weight of

the central body. In the case of the planets it is 1050 times

as 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 as

have satellites, by measuring the orbits of the satellites, and

deteiTnining 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 sui^ 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 the planets

do not move in exact accordance with Kepler's laws. The
final 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 mathematics. 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 a&

those observed, but he could not calculate their exact amount.

Still, the general correspondence of his theory with 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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celebrated mathematician, for a paper in which the motions

of the planets were explained on the theory of vortices. It

should not be inferred from this that that justly celebrated

body still considered that theory to be correct; but we may
infer that they still considered it an open question whether

the theory of gravitation was correct.

To express Newton's theory with completeness, it is not suf-

ficient to say simply that the sun, earth, and planets attract

each other. 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.

Ileiice 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 eai*th 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 follows

:

Every particle of matter in the universe attracts every otha- par-

ticle with a force directly as their masses, and invei'sely as the

square of the distance tvhich 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 expei'iment has been

7
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made in various ways with entire 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 sliown, 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

tliat of the other. The larger will have eight times the bulk,

and therefore eight times the mass, of the smaller. I>ut

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

that the smaller sphere will ; tliat 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 i'oot in diameter, will be

"Tnnr pa>'t the attraction of the earth ; that is, TTnTw-rnnr40 oou

the 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 coo 003 that of the weight of the body attracted,

we would conclude that the moan density of the earth was

equal to that of load. 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-

tor composing the earth. Such a determination of the density

of the earth is known as the Cavendish experiment, from the

name of tlie 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 coni?ist8 primarily of a toi-sion balance

;
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that is, a very light rod, e, with a weight at each end, suspend-

ed liorizontally 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

Fia. SS.—Biilly'i apparataa for determlntiig tho density of the eartb by the CavendUh ex-

periment The left-hnnd ball b is hidden behind the weight W.

of the arm KFhy the fine fibi-o of silk, FE. The weights to

be attracted are at the two ends, hh. 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, WW, as large as tho

experimenter can procure and manage, which are supported

on the turn-table, T. In Fig. 23, a view of tho apparatus fI'om

above is given, showing tho relative positions of the leaden

balls, and the suspended weights which they are to attract.

It will be seen that in the position in M-hich tho weights are

rcpi'csontcd in the figure their attraction tends to nii\ko the

torsion balance turn in the direction opposite that of tho hands

of a watch. The effect of j)lacing the leaden balls in this posi-

tion is, that the balance begins to turn as described, and, being

caiTied by its momentum beyond the |K)siti()n of equilibrium,

at length con)cs to i-est by the twisting of the silk thread by

which it is mispcndod, and then is carried part of the way
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back to its original position. It makes Bovoral vibrations,

each requiring some minutes, and at length comes to rest in a

position different from its original one. The attracting balls

are then placed iu the reverse position, corresponding to the

IC*

'••, /' *•••.

/ V
••.. ' /;

Fio. S8.—View of Buily'i nppnratiit from abore.

dotted lines, so that thoy tend to make the balance swing in

the opposite direction, and the motions of the balance are

again dctcnnincd. These motions are noted by a small mi-

croscope, viewed througli the enclosure 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 1838, and again by Francis JJaily, Esq.,

of London. Tiie latter repetition forms one of the most elab-

orate and exhaustive series of experiments over made; we
have therefore chosen Daily's apparatus for the purpose of

illustration. The results for the mean density of the earth

obtained by these several experiments are:

Cavontlittli (liU own iokiiIi) R.48

" (lliitton's roviitioii) n.S3

Reich ft.44

Bail/ r>M*

* Mcinniri of the Uo^'iil ANtioiiomlcal Mocioiv, vol, xix.
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nco swing m

The same problem lias been attacked by attempting to de-

termine the attraction of mountains, or portions of the crnst

of the earth. In fact, tlie first attempt

of the sort ever made was by Maske-

lyne. Astronomer Royal of England

from 1766 to 1811, who determined

tlie attraction of the mountain Schc-

liallien, 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 cai'.se 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 CG. The density of the

earth thus obtained was 4.71, a quantity much smaller than

that afterwards given by the leaden 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 centre.

Ilonee, as wo rise above the surface of the earth, thus reced-

ing i'v 11 the centre, the force of gravity diminishes. If this

force all resided in the centre of the earth, it would increase

as we went below the surface, varying as the inverse square

of our distance from the centre. But, inside the earth, we
have matter around and above us, the attraction of which

h^sHons the gravity towards the centre. At the centre the

attraction is nothing, because a point is there equally attracted

in every directicm. If the density of the earth were uniform,

gravity would diminish with perfect uniformity from the

Kurlacc to the e'-ntre. ]hit in fa(^t the density of the interior

is so much greater than that of the surface, that at Huch
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depths as we are able to reach, the force is found to increase

as we descend* 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 pen-

dulum at the bottom of the mine went faster than at the top

by about 2.3 seconds per day. From this he concluded that

the mean density of the earth was 0.50.

% Z. Figure of the EartJi.

If the earth did not i*evolve, the mutual attraction of all its

parts would tend to 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 1

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 generated towards

the equatorial regions, which will cause the ocean to niovo

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 -^ the force of gravity itself. Conse-

quently, the oblatcness ought to bo easily measurable in geo-

detic operations. Yet another i-esuit, 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 genoral law wliicli regulator tlio force of gravity within tlie earth ii« tliia

:

The total attraction of the nhcll of cnrth, which is oiitfiide tho attracted point cx-

tendinf{ all around tho glolte, is nntiiing, wliilo the remainder of tlio globe, being

a sphere witli the point on its surfncc, attracts as if it were all concentrated nt

tho centre. But this preHuppogos tliat the whole earth is com]io8ud of sphoricul

lasers, each of uniform density, which Ih nut strictly tlio case.
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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 tiian 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 errore of the measures, yet it long delayed the en-

tire acceptance of the Newtonian theory 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 Peru, 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 iinder 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 diffei*ent 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 its turn, leads

to a dilTcrcnt 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 bo an ellipsoid.

The figure of the earth is, however, not an exact ellipsoid,

tlioro 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
caufio of deviation is that the density of the earth increases

as we approach its centre. The other cause is that there are

great irregularities in the density of its superficial portions.
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In consequence of this, the real figure of the water-line is full

of small deviations, whicli are rendered very evident by the

refined determinations of modern times, and which are very

troublesome to all who are engaged in exact geodetic opera-

tions.

§ 4. Precession of the Equinoxes.

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 sphere 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 Coiiernican 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 yeare. This effect was traced by

Newton to the attraction of the sun and moon on <^he protu-

berance produced, as just described, by the centrifugal force

at the earth's equator. In the present case 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, 25 let

:s---'€i«

Fio. lift.

Ali represent this ring revolving around the sun, S; the cen-

trifugal force of tho (sarth, duo to its motion around the sun,

will then balaiu't' the mean uttracti(tn of tltc sun upon it. lint

the point A l)cinf; near the sun, tho attraction (»f tlic latter upon
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it will be more powerful than upon c, and consequently greater

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 than the mean, so that there is a surplus force tend-

ing to drawB 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

Biin. 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 <^owards 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 towards the sun, a very slow motion, at

riglit 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. 17, where the north pole of the earth is rep-

i-esented as constantly inclined to the right of the observer as

the earth moves round the snn, so that the solstices are at A
and (7, and the equinoxes at B and D. The effect of the at-

traction of the snn and moon on the protuberance at the

equator is, that in 6500 years the axis of the earth will incline

towards the observer of tlie picture, with nearly the inclina-

tion of 23° ; 60 that the solstices will be at B and D, and the

equinoxes at A and C. In 6500 years more the north polo

will be pointed towards the left instead of the right, <is 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 more

near its present position.

The effects we have described would not occur if the piano

of the ring, AB, passed through the sun, because then the

forces which diaw A towards the sun and B from it, would act

directly against each other, and so destroy each other's effect.

Now, this is the case twice a year, namely, when the sun is on

the equator. Therefore, the motion of precession is not uni-

form, but is much greater than the avernge in June and De-

cember, whtMi the sun's declination is greatest; and is less in

March and Soptcnilicr, when the eun is on the plane of the
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equator. Moreover, in December the earth is nearer the sun

than in June, and the force greater, so that we have still an-

other inequality from this cause.

Precession is not produced by the sun alone. The moon is

a yet more poweifnl 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 the sun vaiiable

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 tliis same period in the pre-

cession. The several inequalities in the precession which we
have described are known as nutation of the eartJi's axis, and

arc 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.

Caesar'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

seta about ufty 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 when the moon is near the same point of her apparent

diurnal course.

• This may need some explnimtion, as the attractive force of tlio sun upon tlio

earth is more tlian a hundred times that of tlie moon. The force which produces)

precession is proportional to the difference of tlie attractions on the two sides of

the enrth, or on A and B in Fig. *J'>, ami this diiVcrenco is greater in the case of

the moon's attraction. In fact, it varies inversely as tlie cuho of the distance of

tlie attracting hody.
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always

)pare»t

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 t!ie case of the moon's revolution around the earth.

Let J/ be the moon, if the earth, and EMthe line joining their

centres. Now, strictly speaking, the earth does not revolve

around the moon, any more than tlie moon around the earth

;

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 G in the

Fio. 26.—Attraction of the moon tending to produce tides.

figure. The body of the earth itself being solid, every part of

it, in consequence of the moon's attraction, may be considered

as describing a circle once in a month, having ft radius 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 would be everywhere an exact balance between it and

the centrifugal force. But as we pass from £ to 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 G the attraction of the moon in-

creases, and therefore exceeds the centrifugal force. Conse-

quently, at C there is a tendency to draw the water towards

the moon, but still away from the centre E. At A and B the

attraction of the moon increases the gravity of the water, ow-
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ing to the convergence of tlie lines BM and AM, along which

it acta ; hence the action of the moon tends to make the waters

rise at D and C, and to fall at ^ and J? ; 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 or setting, and high-water again when she was in the

middle of that portion of her course wliich 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

the motion of the water were unimpeded, it would not be

high-water until some houra 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 flom its course in such a way that

it may, in some cases, be many houre 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 liave 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 Fnndy 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

liydraiilic ram.

The snn produces a tide ns 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 -fV of that of the moon. At new and full moon the two

bodies unite their forces, and the result is that the ebb and

flow are greater than the average, and we have the " spring-

tides." When the moon is in iier first or third quarter, the
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t^o forces act against each other ; the tide-producing force is

the difference of the two, the ebb and flow are less than the

average, and we have the " neap-tides."

§ 6. Inequalities in the Motions of the Planets produced by their

Mutual Attraction.

The profoundest question growing out of tlio theory of

gravitation is whether all the inequalities in the motion of the

uioon 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

tlie 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 011101*8

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 positions, 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 formulae 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 tiie 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, tho

problem could bo perfectly solved, because they would then

all move in ellipses, in exact accordance with Kepler's laws.

Supposing them to move in ellipses, their positions and dis-

tances at any time could be expressed in algebraic forinuloD,
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and their attractions on each other could be expressed in the

same way. But, owing to these very attractions, they do not

move in elhpses, and therefore the formuleB 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 attractions 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.

Tliey 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 of 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 : Clairaut,

D'Alembert, Eulei", Lagrange, and Laplace, all, except Euler,
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French by birth or adoption. Tlie groat works which closed

it were the "Mdcaniquo Celeste" of Laplace, and the "Md-
canique Analytique" of Lagrange, which embody the sub-

stance of all that was then known of the subject, and form the

basis of nearly everything that has since been achieved. We
shall briefly mention some of the results of these works, and

those of their successors which may interest the uon- 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 ox'bits were subject to a slow change from cen-

tury to century. The immediate successore of Newton were

able to trace this 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-

vereion of the solar system, and the destruction of all life on

our globe. The orbit of the earth, as well as of the other 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, howevei*,

was enabled to show by a mathematical demonstration that

tliese changes were due to a regular system of oscillations ex-

tending throughout the whole planetary system, the periods of

which were bo immensely long that only a progressive motion

could 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

50,000 years all the way up to 2,000,000—"Great clocks of

eternity, which beat ages as ours beat seconds." In conse-

quence of these oscillations, the perihelia of the planets will

turn in every direction, and the orbits 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 lias been diminishing ever

since, and will continue to diminish for 25,000 j^eare to come,
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when it will be more nearly a circle than any orbit of our sys-

tem now is.

Some of the questions growing out of the moon's motion

aie not completely settled yet. Early in the last century it

was found by Ilalley, 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 Hipparchus and

Ptolemy. The existence of this acceleration was fully estab-

lished in tlie time of Lagrange and Laplace, and was to them

a source of great perplexity, because they 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 attemjits 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

such a manner as to accelerate its motion. Computing the

amount of the acceleration, ho found it to be about 10 sec-

onds in a century, and its action on the mocn 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 moon
would be 10 seconds ahead, in two ceutuiies she would bo 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 mod-

ern data, that no one doubted its correctness till long after the

time of Lapluco. Hut, in 1053, Mr. J. C Adams, of England,

celebrated as one of the two uuitheinaticians who had calcu-

lated the position of Neptime from the motions of Uranus, un-

dertofik to recompute the effect of the variation of the earth's

eccentricity on the mean motion of the moon. He Mas sur-

prised to Hud that, carrying his process farther than Laplaco

luid done, the effect in question was reduced from 10 "econds,
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the result of Laplace, to 6 seconds. On the other hand, tho

further examination of ancient and modern observations

seemed to show 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 result by Mr. Adams was at firet

received with surprise and incredulity, and led to one of the

most remarkable of scientific discussions. Three of the great

astronomical mathematicians of the day—Hansen, Plana, and

Do Pontecoulant— disputed the correctness of Mr. Adams's

result, and maintained that that of Laplace was not affected

>yith any such error as Mr. Adams had found. In fact, Hansen,

by a method entirely different from that of his predecessoi-s,

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. Thus, 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. Tho majority had on their side not only the facts of

observation, so far as they went, but tho authority of Laplaco

;

and, if the question could have been settled either by observa-

tion or by authority, they must havo carried the day. But tho

problem was altogether one of pure mathematics, depending

on the computation of the effect which the gravitation of tho

sun ought to produce on tho motion of tho moon. Both par-

ties wore agreed as to tho data, and but one correct result was

possible, so that an ultimate decision could bo reached only by

calculation.

Tho decision of such a question could not long bo delayed.

There was really no agreement among tho majority as to what

tho Btqii^osed orrer of Mr. Adams consisted in, or what tho ox-

act mathematical oxproBsion for tho moon's acceleration was.

On the other hand, Mr. Adajns showed cojicliisivoly that the

methods of Do Pontocoulant and IMaiui were fallacious; and tho

more profoundly tho question was examined, tho more evident

8



5B5

98 SYSTEM OF THE WORLD HISTOBICALLT DEVELOPED.

it became that lie was right. Mr. Gayley 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

antagonists never formally surrendered, they tacitly abandon-

ed the field, leaving Delaunay and Adams in its undisturbed

possession.*

Now, however, there was a discrepancy between the theo-

retical and observed acceleration, the cause of which was to

be investigated. A possible cause happened to bo 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 how much this retardation may 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, appear to be going faster, when really it was

only the earth which was moving more slowly. So 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 discrepancy, it afforded the most plausible expla-

nation. The amount of retardation necessary to account fur

the excess of the apparent acceleration over that computed is

about ten seconds in a century ; that ie, we must su])po8e that

the diurnal rotation of the earth, at the end of one hundred

years, is ten seconds behind what it would have been if it had

rotated uniformly at the rate it had at the beginning of the

century. This change is so minute that there is no way of de-

tecting it except by celestial observations ; aiid we are not yet

in a position to pronounce upon it with certainty.

The secular acceleration is not the only variation in the

moon's mean motion which has i)crploxcd the matlionmticians.

About the close of the lost century, it was found by Laplace

that the moon had, for a number of years, been fulling behind

* The writor hnn rcAKon to believe it nn liJNtorinnl fnct timt Ilnnnon, on revlHing

Ilia own rulciiliitionfi, and including tomiM lie »t (li'Ht Kii|i|i(mc<l to liu iiiHonsiltlo,

foiinil llmt lio would lio led Nuliatiintlidly lo tlio ruNult of AdaniK, nItliuiiKli lie

nowr inndu any t'unnal publication of thiM fait.
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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.

He 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 Venus
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
discusbion 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 agi-ee with observations before 1700.

In consequence, there are still slow changes in the motion of

our satellite which gravitation has not yet accounted for. Wo
are, apparently, forced to the conclusion either that the motion

of tl moon is influenced by some other cause than tho gravi-

tation of the other heavenly bodies, or that these inequalities

are only apparent, being really duo to small changes in tho

earth's axial rotation, and in the consequent length of tho day.

If wo admit the latter explanation, it will follow that tho

earth's rotation is influenced by some other cause than tho

tidtil friction ; and that, instead of decreasing uniformly, it va-

ries from time to time in an irregular manner. Tho observed

inequalities in tho motion of the moon may he fully accounted

for hy changes in tho carth'n rotation, amoimtiiig in tho as;-

grogato 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

yeara. But, as it takes many yeara for these changes to occur,

no clock yet made will detect them.

i^ot 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 the observed transits of this planet

across the disk of the sun, Levei'rier 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

of small planets between Mercury and the sun. In this form,

however, the explanation is not entirely satisfactory. In the

first 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 tlieory. 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 that 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 tlie orbit of

the earth, where it gradually fades away. The nature 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 tlie observed motion of the perihelion of

Mercury. The evidence on this subject will bo considered

more fully in treating of Mercury.

With the exceptions just described, all the motions in the

solar system, so far as known, agree perfectly with the results

of the theory of gravitation. The little imperfections which

still exist in the astronomical tables seem to proceed mainly



RELATION OF THE PLANETS AND STARS. 101

from errors in the data from which the mathematician must

start in compntiug the motion of any planet. Tiie 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 attaining 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. Illation of the Planets to the Stars.

In Chapter I., § 3, it was stated that the heavenly bodies

belong to two classes, the one comprising a vast nmlritude of

stars, which always preserved their relative positions, as if they

were sot in a sphere of nrystal, while the othere moved, eacli

in its own orbit, according to laws which have been described.

Wo now know that these moving bodies, or planets, form a

sort 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

tlie telescope but 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 swann of smaller ones between the or-

bits of Mai's and Jupiter, have been discovered; while the

fo>u' outer planets— Jupiter, Saturn, Uranus, 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 ho shines l)y

his own light, while the planets and satellites are dark bodies,

shining only by reflecting the light of the sun.
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A remarkable eymmetry of etrnctnre 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 stare wliich 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 houi-s. 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 the confines of our system, crossing the orbit of Neptune.

But, though he passed eight planets the first day, ho would

pass none the next, for he would have to journey eighteen or

twenty yeare, without diminution of speed, before he would

reach the nearest star, and would then have to continue his

journey as far a'^ain before ho could reach another. All the

planets of our system would have vanished in the distance, in

the course of the iirst three days, and the eim would bo but an

insignificant star in the firmament. The conclusion is, that

our sun is one of an enormous number of self-luminous bodies

scattered at such distances that yeare would be required to

traverse the space between them, even wl>*»''. the voyager went

at tlio rate wo have supposed. The s(;"..'- ;\iid the stellar sys-

tems thus offer us two distinct fields of inquiry, into which wc

shall enter after describing the instruments and methoda by

which they are investigated.



PART II.^PRACTICAL ASTRONOMY.

INTRODUCTORY REMARKS.

Should the reader ask what Practical Astronomy is, the

best answer might be given hitn by a statement of 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 books and tables, and in a single clear night he can

tell his position witiiiu a hundred yards by observations of the

stars." Tliis, from a utilitarian point of view, is one of the

most important operations of Practical Astronomy. When we
travel into retjions little known, whether on the ocean or on

the Western plains, or when wo wish to make a map of a

country, we have no way of finding our position by rofcrencj

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 Eomo 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 ot exploring and menburiug the heavens, and of
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determining poeitions on the earth by observations of the heav-

enly bodies. The general construction 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 are the gnomon and the astrolabe, or armillary sphere.

The former was little more than a large sundial of the s^'m-

plest construction, by which the altitude and position of the

sun were determined from the length and direction of the

shadow of an upright pillar. If the sun were a point to the

sight, this method would admit of considerable accuracy, be-

cause the shadow would then be shaiply defined. In fact,

however, owing to the appai'ent 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 univereally employed by the ancients

for the determination of the times when the sun reached

the equinoxes and solstices. The day when the shadow was

shortest 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 3un. The
day when the shadow was longest marked the wint jr 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 the purposes

of daily life. But so immensely superior are our modern
methods in accuracy, that the astronomer can to-day compute

the position of the sun at any hour of any day 2000 years ago

with far greater accuracy than it could have been observed

with a gnomon.
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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 Hipparchns and Ptolemy were

able to determine the larger inequalities in the motions of the

sun, moon, and planets.

Pm. ST.—ArmlllHry iphero, jij described by Ptolemy, nnd need by him and by nipparchim.

The circle EI is »ct In the plimo of the ecliptic, the Hue PP being directed townrdg its

polo. The circle \jMp pngf<c8 throiifrh the poles of both the ecliptic and the cqiintor.

The Inner pair of circles turn on the axis PP, nnd are furnished wiih Bights which may
be directed on the object to be observed. The latitude and longitude of the object are

tbeu read off by the positloa of the circles.
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CHAPTER I.

''
"^ THE TELESCOPE.

§1. The First Telescopes.

The telescope is so essential a part of every instrnraent in-

tended for astronomical measarement, 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 first 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 Galileo 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 othcra the idea tliat 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 instrument of such extraordinary powere, 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 Metius,



THE FIRST TELESCOPES. 107

Lipperhey, and Janseu ; the last two being spectacle-makers

in the town of Middleburg, and the fii-st 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 held 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 yeai*s after the occurrence

of the events, when Jansen had long been dead, and has there-

fore never been considered as fully proved.

About 1830, documentary evidence was discovered which

showed that Hans Lipperhey, whom Borelli claims to have

been a second inventor of the telescope, made application to

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 Government refused a patent lo Lipperhey, on the

ground that the invention was already known elsewhere, but

ordered several instruments fiom him, and enjoined him to

keep their construction a secret.

It will be seen from this that the historic question, Who
made the first telescope? docs not admit of being easily an-

swered; but that the powers of the 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 Mctius, Galileo

* "Do Veio Tclescopii luvcntorc,'' Tlie Hague, 1G56,

jJ
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was in Venice on a visit, and there received a letter from

Paris, in which the invention was mentioned. He at once set

himself to the reinvention of the instrument, and was so snc-

cessfnl that in a few days he exhibited a telescope magnify-

ing three times, to the astonished authorities of the city. Re-

turning to his home in Florence, he made other and larger

ones, which revealed to him the spots 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 laigest of these instru-

ments magnified only about thirty times, and was so imper-

fect in construction as to be far from showing as much as

could be seen with a modem telescope of that power. The
Galilean telescope 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 figure

:

o

1>

Fia. 28.—The Gnlilean teleECopc. The dotted lines show the coarse of the rnys through

the leutses.

The distance of the lenses was such that the rays of light

from a star passing through the large convex lens, or object-

glass, OB, met the concave lens, B, 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-

ago of any distant object in its focus. This is done in the
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case of the lens by refracting the light which passes tlu'ough

it, and in the case of the mirror by reflecting back the rays

which strike it. In order to form an image of 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

s

I

' Fio. 29.—Formation of an image 1)y a lens.

nearly parallel rays emanating from a distant point in the di-

rection from which the arrow is coming strike the lens, L,

and as they pass through it are bent out of tlicir course, and

made to converge to a point, F. Continuing their couree,

they diverge from F exactly as ifF itself were a luminous point,

a cone of light being formed with its apex at F. An observer

placing his eye within this cone of rays, and looking at F,

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 tJie real point. The dis-

tance, OF, is called thefocal length of the lens.

If, instead of a simple point, we have an object of some

apparent magnitude, as the moon, a house, or a tree, then the

light 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 focuSi Each point of the object will then have its own
point in the image. These points, or images, will be spread

out over the surface, EFE, which is called the focal plane, and

will make uy^ a representation, or image, of the entire object

on a small 6u;:ile, but in a revereed position, exactly us 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 revereed in the

focal plane. The image tlms formed may be viewed by the
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oye as if it were a real object; and as a minute object may be

viewed by a magnifying lens, so such a lens may be used to

view and magnify the image formed in the focal plane. In

the large lens of long focus to form the image in the focal

plane, and the small lens to view and magnify this image, 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 upon the rel-

ative focal lengths of the objective and ocular. The greater

the fo(!al 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-

tive by that of the eye-lens. For instance, if the focal length

of an objective were 36 inches, and that of the eye-lens wei-o

three-quarters of an inch, the quotient of these numbers would

be 48, which would be the magnifying power. If tlio 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 sanio 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 sufficiently small oye -lens. If, for instance, we
wish our telescope of 30 inches focal length to magnify 3000

times, we have only to apply to it an eye-Ions of -j^^ of an inch

focal length. But, in attempting to do this, a dilliciilty arises

with which astronomers have always had to contend, and
which has its origin in the iniporfecti(m of the imago ft>riued

by the object-glass. No lens will bring all the rays of light

to absolutely the same focns. When light passes through n

prism, the varions coloi-s are refnuitcd iine(]ually, red being

refracted the least, and violet tlio nioHt. It is the same

when light is refracted by a lens, and the cojisccpienco 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

focus, it is iinpossiblo to get any accurate image of a star or

other object at which the telescope is pointed, the eye seeing

only a con i .aed mixture of images of various colora. When
a sufficiently low magnifying power is used, the coufvision will

be slight, the edges of tlio 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 tenned chromatic aberration.

Such was the difficulty which the successors of Galileo 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,

thoy 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-

ago in the focus of the first was ten times as largo as in the

second, and thus using the same eye-lens would give ten times

the magnifying power. IIuyghens,Cassini, Ilovelins, and oth-

er astronomers of the latter part of the seventeenth century,

made telescopes a hundred feet or upwards in length. Some
uptronomers then had to dispense with a tube entirely ; the ob-

jective being mounted by Cassini on the top of a long jwlo,

while the ocular was moved along near the ground. Ilevelius

kept his objective and ocular connected by a long rod which

replaced the tube. Very complicated and ingenious arrange-

n)cnt« wore sometimes used in nuviiaging these huge instru-

ments, of which we give one specimen, taken from the work

of i{lancliini,"//'Ny<t'/7" d P/ioyihori Nova P/uruomcna" in whiiih

that ustroTiomer describes his celebrated observations on the

rotation of Venus.
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§ 2. The Achromatic Telescope.

A century and a half elapsed from the time when Galileo

showed his first telescope 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 firet 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

shall 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 hero termed dispersion. Suppose,

now, that we take two prisms of glass, ABC and A CD, (Fig.

31), and join them in the manner shown in the figure. If a

j^-

s

Fiu. 81.—Reft'octlott thronKb n uompound prism.

ray, US, pass through the two, their actions on it will tend

to counteract each other, owing to the opposite directions in

wliich their angles are turned, and the ray will bo refracted

only by the difference of the refmctive powem, and dispersed

by the difference of the dispereivo powers. If tlio dispersive

powers are equal, there will bo no dispersion at all, the ray

l)as8ing through without any separation of its colors. If the

two prisms are nuxdo of the same kind of glass, their dispersive

jiowcre can l)o made equal only by making them of the same

oiiglc, and then their refractive powcre will bo cqtml also, and

the ray will puss tlirougli without any refraction. As oiir ob-

i
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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 Dollond answered this

question in the affirmative by showing that the dispereivo

power of dense flint-glass is double that of crown-glass, while

its refractive power is nearly the same. Consequently, if we
make the prism ABC of crown glass, and the prism ACD of

flint, the angle of the flint at (J being lialf that of the crown

at A, the two opposite dispereions 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 more powerful refractive power than the flint

;

so that, by combim'ng 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 fliiit of about half the cur-

vature. No exact rule respecting the ratio of the two curva-

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 powerfully

than the flint, the rays will bo brought to a focus at a dis-

tance a little i^lorc tluui double the focal distance of the former.

A combination of this sort is called an achromatic chjeclive.

Some of the earlier achromatic objectives were made of three

lenses, a double concave lens of flint glass being fltted bc'

twceu two double convex ones of crown. At present, how-
ever, but two lenses are used, the forms of

which, as used in the snuiller Enrojican tclo-

pcopcs,and in all the telescopes of Mr. Alvati

(^Inrk, are shown in Fig. 32. The crown-

glass is here a double convex lens, aiul the mhroiimtie otuociiv

Flint



^

116 PRACTICAL ASTRONOMY.

curvatures of the two faces are equal. The curvature of the

inside 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 h"' z exactly the same refractive and disper-

sive powere, the optician, in making a telescope, must find the

ratios of dispereion 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 bulsaui, in order to diminish tiie loss of light in passing

througli the glass. AVhenever 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. Consequently,

about seven per cent, of the light is lost in passing througli

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 perliaps 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 flint glass, as compared with crown, disperses the blue

end of the spectrum more than the red end. If wo make

* Wlicn (liero U no bulsnin, nnother inconvenience sometimos nrisos from n

(lou)ilc reflection of IIkIu from tlio inner finrfiicu.s of the rIiiss. Of the llg)it re-

flected Imck from tlie first siirfnco of the crown, four per cent. i» ngain reflected

from tlio socoiul smfiico of ilio flint, nnd Hcnt down to tiio focus of tlie telescope

with the direct riiys. If there bo the slightest misplnccincnt of one of the lonses,

thn reflected rnvs will come to a difluroiit focus from tlio direct ones, nnd every

bright star will seem to liuro a Bmnll comjmnion star along-side of 't.
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lenses of flint and crown having equal dispei-sive power, wo
shall find that the red end is longest in the crown-glass spec-

trum, and the blue end iu 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 dispereions cannot be

made to destroy each other entirely. Instead of the refracted

light being all joined in one wliite 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 tlie eye-piece

is p\ished in, so thai the star is seen, not as a point, but as a

small disk, the centre of this disk will be green or yellow,

while the bordei-will be reddish purple. But, in the immense
refractoi's of two-feet aperture or upwards, of which a number
have been produced of late years, the secondary aberration

constitutes the most serious optical defect ; and it is a defect

M-hich, arising from the properties of glass itself, no art can

diminish, ^ho difliculty may be lessened in the same way
that the chromatic aberration M'as lessened in tlio older tele-

scopes, namely, by increasing the length of the instrument.

In doing this, however, with glasses of such largo size, engi-

neering diflicultios arc encountered which soon l)ccomo insur-

mountable. Wo nuist, therefore, consider that, in the 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-

sists 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

the edges. An additional lens, term-

ed the field -lens, is therefore placed

very near the image, for the purpose

of refracting the outer rays into the

proper direction to form a distinct

imago with the aid of the eye -lens.
"'"•

'"TrTSUr-'''''" In Fig. 33 such _ an eye-piece is rep-

resented, in which the field- lens is

between the image and the ej'e. This is called a positive

eye-piece. In the negative eye-piece the rays pass throngli

the field-lens jv.st 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-})ieccs, by

changing which the magnifying 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. Tliis

causes no inconvenience in celestial observations. 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 tlio

eye -piece formed of the second pair. This combination is

called an erecting or terrestrial eye-piece.

§ 3. The Mounting of the Telescope,

If the earth did not revolve, so that each heavenly body

would be seen hour after hour and day after day in Jicarly

the same direction, the problem of using great telescopes

would be much simplified. The objective and the eye-plcco

could be fixed so as to point at the object, and the observer

could scrutinize it at Iiis leisure. But actually, when we use
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a telescope, the diurnal revolution of the earth is apparently

increased in proportion to the magnifying power of the in-

strument ; and if the latter is fixed, and a high power is used,

the object 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 more, 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 this is the case with a bnght star, how much harder

must it be to point at the planet Neptune, an object invisible

to the naked eye, which is not in the same direction two min-

utes in succession ! 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, the means of mov-

ing the telescope so tliat

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
eye-piece is fitted into a

projection at the lower

end of the tube, E. The
\ '

t. £ i.\ 1 I • 1. '''"'• S'i.—Miidu of tnotiiittiif? a, tcloncope 80 ae to fol<
Object Ot the tube is to low^iBtur in Itedlurunl motion.
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keep the glasses in their proper relative positions, aud to pro-

tect the eye of the observer from stray light.

The tube has an axis, AB, lirmly fastened to it at A near its

middle, which axis passes through a cylindrical case, 0, 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, aud from him, or vice versa. This axis is called the

declination axis. The case, C, is firmly fastened to a second

axis, BE, supported at D and E called the polar axis. This

axis points to the pole of the heavens, and, by turning it, the

whole telescope, with the ])B,rt, AC, of the case, may be brought

towards the observer, while the end B will recede from him,

or vice versa. In order that the weight of th^ telescope may
not make it turn on the polar axis, it is balanced by a >veight

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

[)ole, and one at right angles to it, and turning with it. In

the arrangement of these axes there are great differences 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 tlio

declination axis, AB, through an arc of 90°, the eye-piece, -fc'

being brought towards the spectator ; the object end will then

point towards the east horizon, and therefoie towards the celes-

tial equator, 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

star, 90° from the pole. And at whatever distance from the
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pole we set it by tuniing 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 its 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 the 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 fiel

of view, when it is also in the field of view of the lai'ge one.

§ 4. The Rejkcting Telescope. -^ -

Two radically different kinds of telescopes are made: m^
one just described, known as the refracting telescope, because

dependent on the refraction of light through glass lenses; and
the other, the reflecting 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 the difficulty growing out of the chromatio
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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 focus, F^ half-

way between the centre of curvature, (?, and the surface of

—>E-.JT.

Via. 35.—Speculum bringing rayB to a eiugle fucns by reflection.

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 difficulty arises. The image 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 eye-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 this difficulty, which are

due, respectively, to Gregory, Newton, and Ilerschel.

The Herschelian Telescope.— In this form of telescope the

mirror is slightly tijjped, 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 look into it,

his back being turned towards the object. From his looking
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directly into the mirror, it was also called the " front-view "

telescope. The great disadvantage of this arrangement is that

Fio. 86.—nerschellan telescope.

the rays cannot be bronght to an exact focus when they are

thrown so far to one side of the axis, and the injury to the

definition is so great that the front-view plan is now 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 i;o thi'ow

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 ofiP some of the light, but

not enough to bo a serious defect. An improvement which

lessens this defect has been made by Professor Henry Draper.

Fio. 8T Horizontal scctlou of n Newtonian tefeBCOpe. Tliis section shows liow the lumi-

nnuB rnys reflected from tlie pnriibolic mirror M meet a smnll rcctnnj;ii1nr prism tti n,

wliicti replaces tbo inclined plane mirror used in the old form of Newtonian telescope.

After undergoing a total reflcrtiou from m n, the rays form at a & a very small image
of the heavenly body.

The inclined mirror is replaced by a small rectangular prism,

by reflection from whicli the imago 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 second image is formed at the opening

in the side of the tube, and this second image is viewed by
an ordinary eye -piece. The four lenses together form an

erecting eye-piece.

The Gregorian Tekscope.—This is a form proposed by James
Gregory, who probably preceded Newton as an inventor of the

reflecting telescope. Behind the focus, F, a small concave

mirror, E, is placed, by wliich the light is reflected back again

Flo. 3S.—Section of the Grcgorinn telescope.

down the tube. The larger mirror, M, has au opening through

its centre, and the small mirror, B, is so adjusted as to form a

second imago of the objec;. in this opening. Tliis image is

then viewed by an eye-piece which is screwed into the opening.

llie Casspgrainian llkscope—In principle the same with the

Gregorian, differe from it only in tluit the small mirror, li, 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.

Tiiis form has an advantage over the Gregorian in that the

telescope may be made shorter, and the small mirror can bo

more easily shaped to the required tigm-n. It has therefore

entirely superseded the original Gregorian form.

Oj)tically, these forms of telescope are inferior to the New-
tonian. But the latter is subject to the inconvenience that the

observer must be stationed at the upper end of the telescope,

where ho looks into an eye-piece screwed into the side of the

tnl)C. If the telescope is a small one, this inconvenience is

nut felt; but with large tel'jopes, twenty feet long or up-

wards, the case is entirely different. Means nnist then be pro-

vided by which the observer nuiy bo carried in the air at a

height etpuil to the length of the iiiHtrument, and this recpiiros

considerable mechanism, the maiiugemeut of which is often
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very troublesome. On the other Imud, the Cassegraiiiian tele-

Bcope is pointed directly at the object to be viewed, like a re-

fractor, and the observer stands at the lower end, and looks in

at the opening through 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 wih be distorted.

Another is the great size of the image, 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 compared with the great advantage of convenient use.

§ 5. The Principal Great Reflecting Telescopes of Modern Times.

The reflecting telescopes 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 refractore of Iluyghens, they do not seem to

have exceeded them in effectiveness. We might, therefore,

have expected the achromatic telescope to eupei-sede the re-

flector entirely, if it could be made of largo size. 13ut in the

time of DoUond it was imjx)8sible to produce disks of flint-glass

of sufMcient uniformity for a telescope more than a very few

inches in diameter. An acliiomatic of four inches ajKirturo

was then considered of extraordinary size, and good ones of

more than two or three inches were rare. Consequently, for

the purpose of seeing the most faint and diflicult objects, the

earlier achromaticd were little, if any, better than the long

telescopes of Iltiyghens and Cassini. As there were no sucli

obstacles to the polishing of large miirors, it was dear that it

was to the reflecting toloscopo that recourse must bo had for

any great increase in optical power. IJeforo the middio of

the last century the reflectors were little larger than the re-

fractors, and had not exceeded them in their optical perform-

ance. Hut a genius now arose who was to make a wonderful

improvement in their construction.

• Till" Mcltujiirno tcIcMcojio !iit« nn oyo-lcnn »i\ Ini-hos in dinmctor.
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William Ilerscliel, in 1766, was a chtirch-organiet and teach-

er of music of very high repute in Bath, who Bi)ent what little

leisure ho had in tlie study of mathematics, astronomy, and

optics. By accident a Gregorian reflector two feet long fell

into his hands, and, turning it to the heavens, ho 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, iio resolved to mako
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 wore telescopes of constantly incronHJnj^ size,

until he attained the hitherto unthought-of aperture of two feet,

with a length of twenty feet, Witli one of those he discov-

ered the planet Uranus. The fame of the musician-astrono-

mer reaching the eai*8 of King George III., that monarch gave

him a pension of £200 {)er annum, to enable him to devote

his life to a career of astronomical discovery. He now made
the greatest stride of all by completing a reflector four feet

in diameter and forty feet long, with which he discovered two

new satellites of Saturn.

1161*801)01 now found tliat bo had attained tlio limit of man-

agoablo size. The observer had to bo HUHpendcMl porliapH thir-

ty or forty feet in the air, in a room largo enough to hold, not

only himself, but all the moans necessary for recording his

olmorvations ; and \]\\n room had to follow the telescope as it

moved, to koej) a star in the flold. To tliis was added the

ditlicnlty of keeping the mirror in proper figure, tlie mere

eliaiigo of temperature in the night oporuting injm'iously in

tliis respect. We need not, theroforo, ito surprised to Icaru

m
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iiiilir r

Fio. 39 IlerscherH gront tclencopc.

that Ilorschol mndo very littlo use of this instrnmont, and pre-

ferred tho twenty-foot oven in scrutinizing the most difficult

objects.*

• Ilerschol's grciit iiiBtrumtnt wiw pri'sorvcd until a quite n ouut time, but

hns fit length kouo to di'cny. In 18!t0, Sir Jolin IIorHi-liol (liHiiinuntiMl it,

laid it in iv linri/oiitiil pofiltion, nnd oluHitl it up iiftor u family eolebriktion insiile

tlio tube, at wliirh (ho following Hong wiih uung ;

TUK OLD TELKSCOPK.

[To be $una on Sew-year't^vc, lsa!)-'4n, hy IVyw, Mammn, Mailime (krtaoh, aiut iiK the lAUU
DoiUeit in the Tube t/iere(\f anHembM.)

In tho old Tuloicopo'B ttiho wo »U,

And tbo i>lind»8 or the pnst nrouiid iir nit;

Illn rc<(|iilLMii hImi; wo with nlioiit and din,

Whilo tho old joiir rdoh ont, nnd tho now come* In,

CAon««,—Merrily, merrily lot nii nil kIdk,

And iiiuki" tho old toIuKcope rnltio nnd ring I
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The only immediate Buccessor of Sir William Ilerecliel in

the construction of great telescopes was his son, Sir John Iler-

Bchel. But the latter made none to equal the largest of his

fathei*'B in size, and it is doubtful whether they exceeded them

in optical power.

The first decided advance on the great telescope was the

celebrated reflector of the Earl of Rosse,* at Parsonstown, Ire-

Fnll dfty years did he liingh at the Btnrm,

And the blast could nut shake his mivjestic Torm

;

Now prone ho Iie8, where he once stood high,

And searched the deep heaven with his bruad, bright eye.

C/iortM,—Merrily, merrily, etc., etc.

,

There ure wonders no Itvhif; sight has seen,

Which 'vlthiu this hollow have pictarud been

;

Which mortal record can never recall,

And ure Icuuwu to Him only who raiido them alL

CAoriM.—Merrily, merrily, etc., etc.

Here watched our father the wintry night,

And his giize has been fed with preadiimito light.

Ills labors were lightened by sisterly love.

And, united, they strained their vision above.

.. CAoru*,—Merrily, merrily, etc., etc

lie has stretched him quietly down, at length,

To bnsk in the starlight his ginnt strength

;

And Time shall hero a tough morrel And
For his stcol-dcvouring teeth t>< grind.

C/iortM.—Merrily, merrily, etc., ei".

Ho will grind It at last, as grind it he must,

And its bntsB and its iron shiiil bo clay and rutt i

liul scathlcss ages shall roll away.

And nurture its Oaino, and its form's decay.
'

ChoruH Merrily, merrily, etc., etc. '

A new year dawns, nnd tho old year's past t

God send It, a happy nnc II Ue the last

(A little more sun and a littlo Iohs rain

I To saw lis rroni cough and rlieumatic pain).

CVionw.—Merrily, merrily, etc., ptc, \

(liid grnnt that Its end thii' group m.iy flud

III love iind In harmony fondly Joined

!

'

And that some of us, tirty years honco, unco more .

May nijiko the old Tolcscnpv'N ochoes rour.

CAor«».— Merrily, raorrlly, etc., etc.

• Williatn I'lirKons, tliird Knrl nf Uossc, tlio nriginnl conslniclor of thin (olo-

seopo, Uiod in IH<i7. Tlio work uf tlio iiistriitnunt is vuiitiiitiuU liy Ills son, ilio inus-

011 1 eiirl, .
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land. The speculum 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 Rosse

wf" he introduction of steam machinery for grinding and

po- 'ng the great miiT. . .. inijtruraentality of which Iler-

Bchei ^iould not avail himsen. The mounting of this telescope

18 decidedly different f-rr. ;,'.iat adopted by Ilerschel. 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
nsed 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 platfornas is suspended south of

the piere ; it extends cast and west by the distance between

the walls, and may bo 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 ho mounts one of several sliding stages, by which ho

can bo carried to the mouth of the telescope, in uuy [wsition

of the latter. This instrument has been employed principal-

ly in making drawings of lunar scenery and of the planets

and nebulae. Its great light-gathering power peculiarly lits it

for the latter object.

Other Reflecting Telescopes,—Although no other reflector ap-

proaching the.great one of the Earl of lloaso in size has ever

been nuido, sonic 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 duo to

the great reflectors of Mr. William Lassiill, of England. This

gentleman made a reflector of two feet aperture about the
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same time that Rosso 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, Herschel and Struve

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 nebulae. ...

1
I

Fio. 41.—Mr. LasBeU'H great fuur-ruut rcQucior, us muiiutod nt Malta.

In 1870, a reflecting telescope four feet in diameter, on the

Cassegralnian plan, was made by Thomas Gnibb & Son, of

D\iblin, for the 01)scrvatory of Melbourne, Austrulia. This

instrument is rciiiarkablc, not only for its perfection of figure,

but as being probably the most easily managed large reflector

over made.
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Fni, 42. -Till' new I'aiis I'vUuclur,
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The only American who has ever snccesefully \indertaken

the construction of lai'ge reflecting telescopes is Professor Hen-

ry Draper, of New York, who has one of twenty-eight inches

aperture, the work of his own hands. Tin's instrument was

mounted about 1872 in the owner'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 English feet.

It was figured, polished, and silvered at the Paris Observa-

tory by M. Martin, using the methods devised by Foucault.

It >vas mounted in 1875 ; but, unfortunately, the proper meas-

ures were not taken to prevent the glass from bending under

its own weight, and thus destroying the perfection of the

parabolic figiire which M. Martin had succeeded in obtain-

ing. It was therefore taken from its tube to have this defect

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 Telescopes.

We have already remarked that, in the early days of the

achromatic telescope, its progress was hindered by the diffi-

culty of making large disks of flint-glass. About the begin-

ning of the present century, Gninand, a Swiss mechanic, after

a long series of experiments, discovered a method by which

lie could produce disks of flint-glass of a size before unheard

of. The celebrated Fraunhofer 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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Fio. 43.—The great Melbourne reflector. T, the tube contniulug the great mirror near its

lower end. Y, the eraull mirror throwing the light bnck to the eye-piece, y. O N, tlie

polar axie. U, the connterpoise at the end of the declination axis. Z, the clock-worli

which moves the telescope by the Jointed rods zee's, and the clamp F.

high order, and made a more careful and exhaustive study of

the optical qualities of glass, and the conditions for making

the best telescope, than any one before him had ever attempted.

With the aid of the large disks fnmislied by Guinand, 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 inclies aperture, whlcli were

then considered most extraordinary. One of these belongs

i '.-
.
iff
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to the Pulkowa Observatory, in Russia ; and the other was

purchased by a subscription of citizens of Eoston for the ob-

servatory of Harvard Univereity.

No rival of the house of Fraunhofer in the construction of

great refractors arose until he had been dead thirty years, and

then it arose where least expected. In 1840, Mr. Alvan Clark

was a citizen of Cambridreport, Massachusetts, unknown to

fame, who made a modeo.; 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 educiion, he bad a perfect

knowledge of optical principles to just the «; v'-ent necessary

to enable him to make and judge a telescope. Having been

led by accident to attempt the grinc^'.^iw of lenses, he p' on pro-

duced objectives equal in quality .o any ever made, and, if

he had been a citizen of any other civilized country, would

have found no difficulty in establishing a reputation. But

he had to struggle ten years witli that neglect and incre-

dulity which is the common lot of native genius in this coun-

try ; and, extraordinary as it may s em, it was by a foreigner

that his name and powers were first brought to the notice

of tlio astronomical world. Rev. AV. R. Dawes, one of the

leading amateur astronomers of England, andean active mem-
ber of the Royal Astronomical Society, purchased an object-

glass from Mr. Clark in 1853. He found it so excellent that

in the course of the nu :c fvo or three years he ordered sevei'al

others, and, finally, an jD-ire telescope. He also made several

communications to the Astronomical Society, giving lists of

difficult double stnrs detected by Mr. Clark with telescopes of

his own construt'tion, and showing that Mr. Clark's objectives

were almost pi^rfect in definition.

The result of this was that the American artist began to be

ajipreciated in his own country ; and in 1S60 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 rjCBidont of Columbia (.'i)lltgc, Now York City.
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inches aperture, which was three inches greater than the hirg-

cst that had then been made. Before the glass was finished,

it was made famous by the discovery of the companion of

Sirius, a success for which the Lalande medal was awarded

by the French Academy of Sciences. The University of

Mississippi was prevented from taking this telescope 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 instrument did not long retain its supremacy. The
firm of Thomas Cooke & Sons, of York, England, in 1870,

mounted a refractor of twenty-five 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 large 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.

Newall 's telescope by only one inch. The rough disks were

ordered from Messrs. Chance & Co., of Birmingham, Eng-
land ; but so groat was the difficulty of making largo masses

of glass of the necessary purity, that they did not arrive until

December, 1871. The work of figuring and polishing them
w»i8 commenced immediately. Tho glasses were completed

in October, 1872, and tho remainder of the instrument <luring

the year following. It was finally mounted and ready for ob-

servation in November, 1873. This telescope has since be-

come famous by tho discovery of tho satellites of l^Iars.

When this tclescopo was ordoied from the Messrs. Clark

they were negotiating with Mr. L. 1*. McCormick, of Chicago,

for a telescope of cqiuil si/o. Tiiis instrument has sino been

ctunplcted, and presented by its owner to tJie University of

Virginia. Tims iW two greatest tehwopcH yet nmdo in
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America are 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 successful refractor in the world.

But during this year an instrument of one inch greater aper-

ture was completed hy Mr. Howard Grubb, of Dublin, for

the Austrian Government. It has just been mounted in tlio

Imperial Observatory at Vienna, but up to the time of send-

ing these pages to press no actual observations made with it

have been published.

§ 7. Tlie Magnifyiiig Powers of the Two Classes of Teksco^pes.

Questions which now very naturally arise arc, Wliich of the

two classes of telescopes wo have described is the more power-

ful, the reflector or the refractor? and is there any limit to the

magnifying power of either "i To these questions it is difficult

to return a decided answer, because each class has its peculiar

advantages, and in each class many difHculties lie in the way
of obtaining the highest magnifying power. The fact is, that

very exaggerated ideas of the magnifying power of great tele-

scoiies are entertained by the public. It will, therefore, bo

instructive to state what the circumstances are which prevent

these ideas from being realized, and what the conditions are

on which the seeing power of telescopes depends.

We note, flrat, that when we look at a luminous \w\\\i—a star,

for instar ^ —without a telescope, we see it by the aid of the

cone of ligiit which entere 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 suili-

ciont to be jxircoptible, tlie star will not bo seen. Now, we
may liken the telescope to a "Cyclojwan 03*0," of which tlio

object 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,

jtrovidcd that a sufllciontly small eyc-i>iece is used. Of course,

we must except tliat portion of the light which is loHt in pass-

ing through the glasses. 8ince the <piantity of light whiuh
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falls on a surface is proportional to tho oxicnt of the surface,

aud therefore to the square of its diameter, it follows that,

because a telescope of one-inch clear aperture has live times

the diameter of the pupil, it will admit 25 times the light; a

six-inch will admit 900 times tho light which the pupil will

;

aud 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 tho in-

strument. But the star will not ])0 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 tho telescope some-

times appears to have a perceptible disk ; but this is owing to

various imperfections of tho imago, having their origin in the

air, the instrument, and the eye, all of which have tho effect of

slightly scattering a portion of tho light which comes from tho

star. Ilouce, with perfect vision tho ai)paront brilliancy of a

star will be proportional to tho square of tho aperture of the

telescope. It is said that Sir William Ilerschel, at a time when
by accident his telescope was so jtointcd that Sirius was about

to enter its field of view, was first apprised of what was com-

ing by the appearance of a dawn lilvo the morning. The light

increased rapidly, until the star itHclf appeared with a dazzling

splendor which reminded him of the rising t*un. Indeed, in

any good telesco])e of two foot apertine <n' ui)wards, Sirius is

an almost dazzling object to an oyc which has rested for some

time in darkness.

l]u<, in order that all the light which falU on the object-

gl»Ws>, or mirror, t>f a telescope may enter the pupil of tho oyo,

it is nei'OHsary that the nuignifying power be ut least ccpial to

the ratio which the aperture of the telcM-opo bears to that of

tlio \n\\n\. The latter is genorully about one-lifth of an inch.

AVe must, therefore, employ a nmgiiifyiiig power of at least

five for every inch of aperture, or we will not get the full ad-

vantage (»f oJU" object-glartH. The reHnon of this will bo appar-

ent by studying Kig. 25», p. iHii, fntm which it will be seen that

a pencil of parallel riiyn I'lillim; on the object-glass, and pass-

ing through the eye-[»icce, will ijc rcdiK-ed 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-four-inch telescope we attached an eye-

piece BO 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 the 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 tliat 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 wo consider its apparent superficial

brilliancy, the case will bo in part revcreed. 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 entore tho pupil by an increase of magnifying

jjower just compensates for tlio greater surface over which it

is spread, so that tho brilliancy is constant. Above tho ^* nit

of five to the inch, the surface over which the light is e^trcad,

or the apparent magnitude of tho object, still increases with

the magnifying power, but there is no increase of light ; hence,

the object looks fainter. What may at fii-st sight seem para-

doxical is, that tho degree of illumination to which wo now
refer can never bo increased by tho use of the toloscopo, but,

at the best, will bo tlie same as to the naked eye. Indeed,

as some light is necessarily lost in passing through any tolo-

scopo, the illumination is always lees with the telescope. With
the host reflectors of speculum metal, tho illumination will be

rednccd to onp-lmlf, or 1ch«, if the polish is not perfect; and

with rofrnctors it will bo roducod to kovcu or t!i«>]it tenths. Ah
oxnmplort of these conclurtions, tho ^ky can never be nuidc to

appear as bright through a toloscope <n« to tho naked eye; tho
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moon or a large nebula will appear more brightly illnminated

through a refmcfing telescope than through a reflector. If

the object is a very brilliant one, like the sun or Venus, the

loss of brilliancy by magnifying, which we ha\e described, will

not cause any inconvenience ; but the outer planets and many
of the nebuloB 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

telesco|)e3 is diffraction. When the "emergent pencil" is

reduced below -^ of an inch in diameter—that is, when the

magnifying power is gi-eater than 50 for every inch of aper-

ture of the object-glass—the outlines of oveiy object observed

become confused and indistinct, no matter how bright the il-

lumination or how perfect the glass may be. The effect is the

st^me 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 rf the light at the edge of the object-glass or

mirror, and it increases so rapidly with the magnifying j^ower

that when we carry the latter above 100 to the inch, the in-

crease of indistinctness neutralizes the increase of iwwer. If,

then, wo multii>ly the t'Mjrture of the telescope in inches by

100, wo shall have a limit beyond which there is no use in

magnifying. Indeed, it is doubtful if any real advantage is

gained beyond 00 to the inch. In a telescope of two feet (24

inches) aperture this limit would be 2400. Such a limit can-

not be sot with entire exactness ; but, even under the most fa-

vorable circumstances, the advantage in attempting to surpass

a i>ower of 70 to the inch will be very slight.

The foregoing remarks apply to the most perfect telescopes,

used under the most favorable circumstances. ]3ut the best

telescope has imperfections wliich would nearly always pre-

vent the use of the highest magnifying powers in aKtronomi(^at

(•bservations. In the refracting telescope the principal defect

arises from the secondary aberration already explained, which,

arising from an inherent quality of the glass iinclf, cannot bo

ol)viate<I by jwrfcction of workmanship. In the v.wo of the re
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flector, the corresponding difficulty is to keep the mirror in per-

fect figure in every position. As the telescope is moved about,

the mirror is liable to bend, through its own weight and elas-

ticity, to such an extent as greatly to injure or destroy the im-

ago in the focus ; and, though this liability is greatly dimin-

ished by the plan now adopted, of supporting the mirror on a

system of levei-s 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 ai-e 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 bo

somewhere between 30 and 36 inches. On the otlier hand,

when wo consider mere bceing-power, calculation at least gives

the proferonce to the reflector. It is easy to compute that

Lord Rosse'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, wo inquire

what diflicult ol)ject8 have actually been seen witli the two

classes of instruuicnts, the result seems to indicate that the

greatest refractor is ecjual in oj>tical power to the great reflect-

No known object seen with the latter is too faint to booi-s.

Been with the former. Why this discrepancy between the

calculated powers of the great reflectors and their actual per-

formance If The ojjly causes we can And for it are iniperfec-
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tions in the figure and polish of the great mirrore. The great

refi'actors are Bnbstantially perfect in tlieir 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 bo as

perfect as an object-glass. If he is right— and theie 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

bo so difiicult to manipulate, that we must still look to the re-

fractor as the working instrument of tlie future as well as of

tlie 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 groat 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 wavinoss of

outline, accompanied by a slight trembling. If we look with

a telescope, we sliall find this waving and trembling magnified

as much as the object is, so thiit we can see little better with

tiie 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 observations i-cquiring high magnifying power can

very larely 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 satno oft'ects in a small de-

gree. To such ciirronts is due the twinkling of the stars:

and we may lay it down as a rule, that when u 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 bi ight,

well-defined point, it will look like a blaze of light flaring

about 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 amoun jt 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 are quite rare, at least

in this climate.

It has sometimes been said that Sir William Ilerschel 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 of 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 ttt of an inch in diam-

eter, and through several yards of running 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 nn extraordinary degree ; and if this sup-

position is entirely correct, a great gain to astronomy might
result from establishing an observatory in that region.

11
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CHAPTER II.

AFPLIOATION OF THE TELESCOPE TO CELESTIAL MEASUREMENTS.

§ 1. Circles of the Celestial Sphere, and their Relations to Positions

on the Earth.

In the opening chapter of this work it was shown that all

the heavenly bodies seem to lie and move on the surface of a

sphere, in the interior of which the earth and the observei' are

placed. The operations of Practical Astronomy 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 terrestrial 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 cast, though we necessarily see the actual sphere from the

centre. P is the north pole,AB the horizon, Q the south polo

(invisible in northern latitudes because below the horizon), EF
the equator, Z the zenith. The meridian lines radiate from

the north pole in every direction, cross the equator at right

angles, and meet again at the south pole, just like meridians

on the earth. The 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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stars near which this meridian now passes may be seen during

tlie autumn : they are a Andromedae and y Fegusi, on Maps
II. and Y., 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 hours, minutes, and seconds of time.

Fio. 44i—Circles of the celeetini i>phera.

IJ is the ecliptic, crossing the equator at its point of inter-

section with the first meridian, and making an angle of 23^°

with it. The declination of a star is its distance from the

celestial equator, 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,

iast 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 tlie heavenly
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bodies are, in a certain sense, referred to the earth. In as-

tronomy the equator is regarded as a plane passing through

the centre of the earth, at right angles to its axis, and dividing

it into two hemispheres. The line where this plane intereects

the surface of the eai'th is our terrestrial, or geographical, 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 diroction without limit

till it cuts the iniinite celestial sphere as in Fig. 17, page 62.

The circle in which it intersects this sphere vpill be the celes-

tial equator. It will pass directly over the head of the ob-

server at tlie equator.

There is a genemi 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 celes-

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 standing under some

other parallel, say that of 45° N. (Being in this latitude means

that the plumb-line where he stands makes an angle of 45°

with the plane of the equator.) The point over his head will

then be 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 zenith,

and if, as the earth performs its dinrnal 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 is equal to the declination of the observer's zenith.

2. It is also equal to the altitude of the pole above his horizon.

Hence, if the astronomer at any unknown station wishes to

determine his latitude, lo has only to find what parallel of

declination passes througli 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 zenith, and knows its declination, he has

his latitude at once, because it is the same as the star's 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.

Wlierever on the earth's surface an observer may stand, his

meridian, both terrestrial and celi3Siial,ia represented 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 tlie earth into two hemispheres, and is

perpendicular to the equator. In Fig. 17, the celestial and ter-

restrial spheres are supiiosed 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, passes through the pole and the zenith, and disappeara at

the south horizon. Two observers north and south of each

other have the same meridian ; but in different longitudes they

have different meridians, which, however, all pass 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 56 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. 45) is

fixed among the stars, and is in constant apparent motion

fi'om east to west with the stars, while the other set is fixed

by the earth, 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 for this 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, wlien 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 liour sidereal time, tho meridians have moved 15°, and
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objects now on the meridian are in IS*' of right ascension.

Throughout its wiiole diurnal course the right ascension of the

meridian constantly increases at the rate of 15° per hour, so

that the riglit ascension is always found by multiplying the

sidereal time by 15. To avoid this constant multiplication, it

is customary in astronomy to express both right ascensions and

terrestrial longitudes by hours. Thus the Pleiades are said to

be in 3 hours 40 minutes right ascension, meaning that they are

on the meridian of any place at 3 hours 40 minutes sidereal

time. The longitude of the Washington Observatory from

Greenwich is 77° 3'; but in astronomical language the longi-

tude is said to be 5 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 hours 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 about 3 min-

utes 56 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.

January 18 45

February 20 47

March 22 37

April 40

May 2 38

June 4 40

Hn. MIn.

July 6 38

August 8 40

September 10 43

October 12 41

November 14 43

December 16 42

The sidereal time at any hour of the year may be found

from the preceding table by the following process within a

very few minutes: To the number of the preceding table

corresponding to the month add 4 minutes for each day of

the month, and tlio hour past noon. The sum of these num-

u
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bers, subtracting 24 hours if the sum exceeds that quantity,

will give the sidereal time. As an example, let it bo required

to fiud the sidereal time corresponding to November 13th at

3 A.M. This is 15 hours past noon. So we have

Hn. Mln.

November, from table 14 43

13dttysX4 62

Past noon 15

Sum 30 35

Subtract 24

Sidereal time required G 36

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 stara which ai*e 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. llie Meridian Circle, and its Use.

As a complete description of 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 wliich may
be called the fundamental instrument of modern astronomy,

tiie application of which has direct and immediate reference

to the circles of the celestial sphere described in the preceding

Hoction. This one is termed the Meridian Circle, or Transit Cir-

ri': Its essential parts are a moderate-sized telescope balanced

on an axis passing through its centre, 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 l)etwocn the lines so cut. It is abso-

hitoly necessary that every ]nu't of the instrinnent shall be of

the most perfect workmanship, and that the nuvsonry piei*s on
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which it is mounted shall be as stable as it is possible to make

them.

There are many differences of detail in the construction

and mounting of different meridian circles, but they all turn

on an east and west horizontal axis, and therefore the telescope

moves only in the plane of the meridian. Fig. 45 shows the

Flu, 40.—The Wui>lilii);tou trnmilt clnle.

construction of the great circle in the Naval Observatory,

Washington. The marble piore, PP, are supported on a mass

of masonry under the floor, the bottom of which is twelve feet

below the surface of the ground. The middle of the telescope

is formed of a largo cube, about fifteen inches on each side.

From the east and west side of this cube extend the trunn-

ions, which are so large next the cube as to bo nearly conical

in sha|)o. The outer ends firniinntu in iiiiely ground steel

]uvots two and n half inches in diameter, which rest on brass

V's lirmly tixed to heavy luvstiiigs set into the piore with hy-
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di'aulic 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. Each pier carries four arms,

and each of these arms carries a mici'oscopc, marked m, hav-

ing in its focus the face of the circle on which the lines are

cut. These lines divide the circle into 300°, and each degree

into thirty spaces of two minutes each, so that there arc 10,800

lines cut on the circle. They are cut in a silver band, and are

so 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 whicli throw

i

light into the telescope so as to iUinniiiato the field of vic»v.

Ilcflecting prisms inside of the pier throw 8(»ine of the light

upon those points of the circle which are viewed by the mi-

croscopes, so as to illuminate the fine divisions on the circle,

lieing thus limited in its movements, an object can be seen

with the telescope only when on, or very near, the incridian.

The solo use of the instrument is to obsorvo the exact times

at which stars cross the meridian, and tlioir altitudes above

the horizon, or distances from the zenith, at the time of cross-

ing. To give precision to these observations, the eye-piece of

the instriunent is su])plied with a system of fine black lines,

umially made of spider's web, as

shown in Fig. 40. These lines

are sot in the focus, so that the

imago 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 trnnsit of a star

it is only neccHsary to note tlio

moment of passage of its imago

, ,, „ , „ ,, r , f
over this line. Hut, to irive great-

.<|ilili'r Iliu'H 111 liiild iif vUnv 111 ' '^ Pi ~* "

a luuriuiouiiicio. cr prc'iMBJon and certainty to IiIh

l''lu, 10.
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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-

tliree seconds was heard, but crossed before the twenty-fourth

second was ticked, he would know that the time was twenty-

thi'ce 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 ev^cond, 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 aj>paratu8 in

such a way that whentvc. a signal is sent tc '.; • pen it makes

a mark on the moving ^;iji<i". This pen moves lengthwise of

the cylinder at tW /ate <> about an inch in ton minutes, so

that, in consequonco of i).) firning of the cylinder on its axis,

the marks of the pen vviH lie along a spiral, the folds ot which

arc onc-tonth of an hicIj apart. T!<e galvanic circuit which

works tiie pen is cuniic.itcd wifh the sidircal clock, so that the

latter causes tlio pen to make a 8igt\al overy second. The
eauio pen may be worked by a tclcgrapiiic key in the liund

of tlie observer. Tii-j latter, looking into his telescope, and

watching the apjiroach oi the image of the star to each wire,

nmkes a signal at the moment at which the star crosses. This

sigiuvl is recorded »in the chroiHigranh in its proper place

among the (;lock gignuiw, from vliich it may be diHtiiiguishcd

by its grci.tor Btrciigtb. Tho rcco'-ii is permanent, and the

blieet nmy be taken oil and read ut uioure, the exact tenth of
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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 couree 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 v/hat number of seconds the nearest line is from

tlie proper point in the field of the microscope. The mean of

the results from the four microscopes is called the circle-reading,

and can be determined within two or three tenths of a second

of arc, or oven nearer, if all the apparatus is in the best order.

The minutenet" 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 accurately ss a prac-

ti»icd observer can bisect it with the spider line is a much moro

ci)nii)licatcd matter, owing to the unavoidable erroi-s and im-

perfections of his instrument. It is impossible to set the hit-

ter in the meridian with mathematical ))reci8ion, and, if it were

done, it would not remain bo a single day. When tlio astron-

omer comes to tenths of seconds, he has diflicultics to contend

with at oxory stop. The effects of changes of temperature

and motioiiK of the solid earth on the foundaticms of his in-

hfrumcnt arc sucli as to keep it constantly changing; ills clock

is HO far from gciing right tluvt ho never uttouipts to set it per-

fectly right, but only determines its error from his ol)8erva-
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tions. Every observation must, tlierefore, be corrected for a

number of instrumental errore before the result is accurate,

an operation many times more laborious than merely making

the observation.

§ 3. 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 ha\e 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 star is 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

Transit 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 bo at any distance

to which the electric current can carry his signal. It may,

therefore, be in a distant city. There is no difficulty ia a

Washington observer recording his observations in Cincinnati.

On this system, the mode of operation is about as follows

:

the Washington and Cincinnati stations each has its transit in-

strument, its observer, and its chronograph ; but the chrono-

graphs are connected by telegraph, so that any signal made
by oithor observer is recorded on both chronographs. As
the Washington observer sees a star previously agreed on pass

over the linos in the focus of his instrument, he makes sig-

nals with his t('l(>gra|)hi(' key, which are recorded both on his

own chronogruiiii and on that of Cincinnati. When the star

n^ncihes the niciidinn of (he latter city, the observer there sig-

nals the transit of the star ii\ like manner, and the moment
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of passage over each line in the focus of his instrument is

recorded, botli in Cincinnati and Washington. The elapsed

time is then found by 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 chrouogi-aph will bo a little too great. The mean
of the results on the two chronographs will be the correct

longitude, ''vliile their difference will be twice tlie time it takes

the electric current to pass between the two cities. The re-

sults thus obtained for the velocity of electricity 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 COOO feet, or a mile and a

sixth at the eqnator, but diminishes whether wo go north or

south, owing to the approach of the meridians on the globular

earth, as can bo seen on o. 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 second. At the latitude of

Greet '^"ich it is 3800 feet, so that the motion is 950 feet per

t jcond. Two ekllful astronomers, by making a great num-
ber of observativ iS, can determine the time it takes the stars

io pass from one meridian to another within one or two hun-

dredths of a second of time, and can therefore make sure of

th'» difference of longitude l)etween two distant cities witliiii

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 principles. 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. Each 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 yeara

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.

Gould 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

tlio Royal Observatory, Greenwich, and the Naval Observato-

ry, Washiagton

:

lln, Mill. Bee.

Dr. Gould, 18C7 6 8 12.11

Mr. Dcnn, 1870 5 8 12.10

Mr. Hilgard, 1872 5 8 12.09

The oxtiomc difference, it will be seen, is less than a tenth of

n sceoiul, and would probably have been smnllcr but for the

nuiuoroiiB ditlicnltics attendant on a determination tlu'ough a

long ocean cable, which are much greater than through a land

line.

The use of the telegraph for the determination of loiigitiuk'

is noeoBsarily liinitecl, and other inothods niUBt therefore gen-

erally bo iisi'd. Till' j:;ononii proi>lem of determining a longi-

tude, whother that of a ship upon the ocean or of a station
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upon the land, depends on two requirements : (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 the object is on the meridian, but when it is as nearly as

practicable east or west. 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 diflBcult 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- Royal was established, which was in 1675, the duty

of the incumbent 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 mucli desired Longi-

tude at Sea for the perfecting the Art of Navigation." The
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 watcli-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
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world he may find himself. This he does by observing her po-

sitions among the stars. The Nautical Almanac gives the pre-

dicted distance of the moon from certain other bodies—sun,

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 7^^

miles of longitude. Even this degree of exactness can be ob-

tained only by having the moon's place relatively to the stars

predicted with great accuracy ; and here we meet witli one of

the most complex problems of astronomy, the efforts to solve

which have already been mentioned.

In addition to tlie nncertaiuty of which we have spoken,

this method is open to the objection of being difficult, owing

to the long calculation necessary to free the measured distance

from the effects of the refraction of both bodies by tlie atmos-

phere, and of the parallax of the moon. On ordinary voyages

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 or 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 seconds

from its calcr'i ted rate, so that it answers all the purposes of

navigation.

Still anotlier observation by which Greenwich time may bo

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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iiigton times at which the eclipses are to occur are given in

the Nautical Almanac, so that if the traveller can succeed in

observing one, he has his Greenwich time at once, without any

calculation whatever. But the error of liis 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 observatorj"^, the

observation of the moon affurds him a much more accurate

longitude than it does the navigator, because he can v.se 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 Nautkal

Almanac,\\Q 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 erroi*3 of the moon's tables, it is necessary for the astron-

omer to wait for corresponding observations of the inoon 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, which 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 pni'poses of civil life, and even in astron-

omy its use is generally confined to the dotcrnn'nation of right

ascensions. Solar time, regulated by the diurnal motion of the

sun, is almost universally used in astronomical observatioTis as

well as in civil life. Formerly, solar time was made to con-

form abi-olutely to the motion of the sun ; that is, it was noon

when the sun was on the meridian, and tiic 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 adiiercd to. I'lit tlicic are two

Bources of variation in the motion of the sun in riirht ascen-

sion, the effect of which is to make these intervals unec^nal

:
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1. The eccentricity of the earth's orbit. In consequence

of tliis, as akeady 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, wlien it is farthest. The aver-

age, or mean, motion is such that the sun is 3 minutes 56 sec-

onds longer in returning to the meridian than a star is. Buf:,

owing to the ecfo' M-icity, this motion is actually one-thirtioth

greater in Decern i and the same amount less in June; so

that it varies fro? . linutes 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 3 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 23^°

nearer the pole than before, the diurnal motion is slower, and

it takes the sun 20 seconds longer than the regular interval of

3 minutes 56 seconds for that motion to carry the sun over

the space which separates him from the star which culminat-

ed with him the day befoi-e. 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 began to keep time better than tlie sun, it be-

came necessary either to keep putting them ahead when the

sun went too fast, and l)ehind when he went too slow, or to

give up the 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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sometimes behind it. The irregular time depending on thd

motion of the true sun, or that given by a sundial, ii oalled

Apparent Time, wliile that given by the mean nun, or by a
cloclc going at a uniforni rate, is called Mean Time. Tha two
measures coincide four times in a year; during two intortrio-

diate seasons the mean time is ahead, and during two it il

behind. The following are the dates of coinoidonoo, and of

maximum deviation, which vary but slightly Uom year to

year:

February lOtli True 8un 15 miiiutet* tthw,

April 16th " '* correct,

May 14th " " 4 minute* frtdt,

June 14th " " correct,

July 26th " " 6 roinuten slow,
|

August 3lBt " " correct,

November 2d " " 10 minuten ftwt,

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 verm, Thyi«0

wide deviations are the result of the gradual aocumulatloiti oi

the deviations of a few seconds from day to day, tl»© Qmm ol

which has just been explained. Thus, during the interval be-

tween November 2d and February 12th, the sun is consjaiitly

falling behind the clock at an average rate of 18 or 10 souoiid*

a day, which, continued through 100 days, brings it from 10

minutes fast to 15 minutes slow.

This difference between the real and the moan sun Is fialled

the Equation of Time. One of its effects, which is froquoutly

misunderstood, is that the interval from sunrise until noon, ai

given in the almanacs, is not the same as that botwoon noon

and sunset. This often leads to the inquiry whethur tlio foro*

noons can bo longer or shorter than the afternoorjs, If by
" noon " wo meant the passage of the real sun across tliu ino-

ridian, they could not; but the noon of our clooks bolng soma*

times 16 minutes before or after noon by the sun, tlio fornuir

may bo half an hour nearer to sunrise than to sm;^«»t, or virti

versa.
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CHAPTER III.

MEA8UBIN0 DISTANCES IK THE HEAVENS.

§ 1. Parallax in General.

Thr dotormination of the distances of the heavenly bodies

from us is a much more complex problem than merely deter-

mining thoir apparent positions on the celestial sphere. The
latter depend entirely on the direction of the bodies from the

observer ; and two bodies which lie in the same direction will

seem to occupy the same position, no matter how much farther

one may bo than the other. Notwithstanding the enormous

differences between the distances of different heavenly bodies,

there is no way of tolling even which is farthest and which

nearest by more inspection, much less can the absolute dis-

tance bo determined in this way.

The distances of the heavenly bodies are generally deter-

mined from their Parallax. Parallax may be defined, in the

most general way, as the difference between the

dirccliona of a body as seen from two different

points. Other conditions being equal, tho

more distant tho body, the less this differ-

ence, or tho less the parallax. To show, in

the n)OBt elementary way, how difference of

direction depends on distance, suppose an
observer at to see two lights, A and B, at /''

niglit. I!" cannot tell by mere inspection A>

which is tho more distant. But suppose ho Fio.4T.-Di»Rramiiiu«-

walks over to tho point P. Uoth lights will trating parhiiiix.

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 tho light /?, for, being to the right of li when tho

p\
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observer was at 0, it is now to the loft of it. The observer

can thou say with entire certainty that A is nearer than li.

As a steamship 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 aeen to

change at all. If, however, the moon did not move, the pas-

senger would see her to have changed her apparent position

about one and a half times her diameter in consequence of

the journey. If, when the moon is near the meridian, an ob-

server could in a moment jump from New York to Liverpool,

keeping his eye fixed upon her, ho would see her apparently

jump in tho opposite direction about this amount.

Astronomically, the direction of an object from an observer

is determined by its position on the celestial sphere; that is,

by its right ascension and declination. In consequence of

parallax, the declination of a body is not the same when seen

from different parts of tho earth. As the moon passes the

meridian of the Cape of Good Hope, her measured declina-

tion may be a degree or more fartlier north than it is when
she passes the meridian of Greenwich. The determination of

tho parallax of tho moon was one of tho objects of tho British

Government in establishing an observatory at the Capo, and

BO well has this object been attained that tho best determina-

tions of tho parallax havo been made by comparing tho Green-

wich and Cape observations of tho moon's declination.

The determination of tho distance of a celestial object from

tho parallax depends on tho solution of a triangle. If, in Fig.

48, we suppose the circle to represent the earth, and imagine

an observer at A to view a celes-

tial object, J/, he will see it pro-

jected on tho infinite celestial

sphere in the direction -4J/ con-

tinued. Another observer at A'

will SCO it in tho direction A'M.

The difference of these directions

is the angle at M. Knowing all

Fio. 4H.-DUKrain iiiiitttraUiiK tmruiiai. the aiiglcs of tho quadrilateral
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ACA'M, and tlio length of the eaith'a radius, CA, tlio dis-

tanco uf the object from the three points, yl, J.', and C, can

be found by solving a simple problem of trigonometry.

The term parallax is fiequently used in a more limited

sense tliau that in which we have just defined and chicidatcd

it. Instead of the difference of directions of a celestial body

Koeu from any two points, the astronomer gcnerully means 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. 41),

an observer at the centre of the

earth, G, would sec the object M'
in the direction CJ/', while one

on the surface at P will see it in

the direction PM'. The differ-

cuce of these directions is the Fiu. 40.—varintion or pnrniiux wuh uio

angle PJ/'C. If the observer
"'"""'"•

should be .it the point where the line M'C intereects the sur-

face of the earth, there would bo 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 the

line PM" is tangent to the surface of the earth, the angle

CM"Ph called the horizontal parallax. The hovizonUd j^arul-

Uix is equal to tlie aiujle which the radius of the earth suhlends us

even from the ohject When wo eay that the horizontal ])arallax

of the moon is 57", and that of the sun 8".85, it is the same

thing 113 saying that the diameter of the earth subtends twice

those angles as seen from the moon and sun respectively.

Owing to the ellipticity of the earth, all its diameters will

not subtend the same angle; the polar diameter being the

hhortest of all, and the e([uatorial the longest. The c<|uatorial

diameter in, therefore, adopted by astronomers as the standard

for parallax. The corre8i)oiuling parallax, that is, the ecjuato-

riiil radiuB of tlio earth us seen from a celestial body, is called

the JCinatorial Uorixoidal Paralliu of that bodv.
' i/
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To measure directly the distance of the moon or any other

heavenly body, the line PC must be replaced by the line join-

ing the positions 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 observere 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 eartli. lie 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 docs not help us t ) determine this base-

line. To find it, we must fii-st know tlu distance of the earth

from the sun, aiid hero wo have no base-line but the diameter

of the earth itself. Nor can the annual motion of the earth

round the sun enable us to determine the distance of the

moon, because the latter is carried round by the same motion.

The result of the doily revolution of the observer round the

eartii'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, wo have the means

of observing its distance with the earth's diameter as a base-
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line, and this diameter is well known. Unfortunately, how-

ever, the earth is so small compared with the distances of the

planets, that the parallax in question almost eludes measure-

ment, except in the case of those planets which are nearest

tlie earth, and even then it is so minute that its accurate de-

termination is one of the most difficult prohlems of modern

astronomy.

The piincipal 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, atid recourse 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 eartli with the accuracy required in measurements of par-

allax has not hitherto been found practicable, because the ob-

servation must be made in the daytime, when the atmosphere

is much disturbed by the rays of the sun, and also because

only a small part of the planet can then be seen. But if the

planet is actually between us and the sun, so as to be seen pro-

jected on the sun'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 bo

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 Venus projected on different parts of

the sun's face. But the change thus observed will bo only

that due to the difference of the parallaxes of the two bodies;

while both change their directions, that nearest the observer
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changes the more, and thus seems to move past the other, ex-

actly as in the diagram of the h'ghts.

It may be asked how the paiallax of the sud can be found

from observations of the transit of Venus, if such observations

show only the difference between the parallax of Yenus and

that of the sun. 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 produced by the revolu-

tion of the earth round the sun. It is thus known that at the

time of the transit of Venus, in 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. Consequently, the parallax

of Venus was then 3.783 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. Consequently, wo
have only to divide the relative parallax found from the ob-

servations by 2.783 to have the parallax of the sun itself.

Still another parallax, seldom applied except to the fixed

stare, is the Annual Parallax. This is the parallax already ex-

plained as due to the annual revolution of the earth in its or-

bit. It is equal to the angle subtended by the line joining the

earth and sun, as seen from the star or othei" body. When wo
say that the annual 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 would subtend an apparent angle of one sec-

ond, or tliat the diameter of the earth's orbit would appear un-

der an angle of two seconds.

It will be seen that the measurement of the heavens involves

two separate operation?. The one consists in the determina-

tion of the distance between the earth and the sun, which is

made to depend on the solar parallax, or the angle which the

t^cniidiameter of the earth subtends as seen from the sun, and

which is the unit of distance in celestial measurements. The

other consists in tiiu determination of the distances of the stare

und planets in terms of this unit, which gives what wo may
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call the proportions of the univei'se. 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 this 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 modern 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 Aristarchus attempted to determine the distance

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 fi'om 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, wh'n in the other

three-fourths of her diameter was north of the iiait; that is,

one fourth of the moon's disk was eclipsed. It was thus found

that the moon's apparent diameter was 31^', and the appar-

ent diameter of the shadow 40f'. The former number was
certainly remarkably near the truth. From this it was con-

cluded that the sun's parallax was 3' 11", and his distance 1210

radii of the earth. This result was an entire mistake, arising

from the uncertainty of any measure of oo small an angle.

Keally, the parallax is so minute as to elude all measurement

with any instrument in which the vision is not assisted by the

use of a telescope. Yet this result continued to figure in as-

tronomy tlirough the fourteen centuries during which the"yl/-

magesC^ of Ptolemy was the supreme authority, without, appar-
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ently, any astronomer being bold enough to serionsly under-

take its revision.

Kepler and his contemporaries saw clearly that this distance

must be far too small ; but all their estimates fell short 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 sun is, as al-

ready explained, the apparent semidiameter of the earth as

seen from the sun. If, then, we can find what size the eaith

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 already 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 Huyghens 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 Mara. So, taking the mean of the diametere of

Venus and Mare, 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 which had be-

fore been applied, for the reason that, in supposing the mag-

nitude of the earth to be between those of Venus and Mara,

he was likely to be nearer the truth 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 first observer of a transit
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lebrated

transit

of Venus, 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 sun, so that

their angular diameter as seen from the sun would be the

same for them all. This angular diameter he estimated at

28". The solar parallax being equal to the semi-diameter of

the earth, as seen from the sun, it would 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 couie to the modern methods of measuring the

parallax of the sun. These consist, not in measuring this par-

allax directly, because this cannot even now be done with any

accuracy, but in measuring the parallax of one of the planets

Venus and Mars wlien 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 whicli can easily

be measured. Having the parallax of the planet, that of the

sun is determined from the known proportion between their

respective distances.

The first application of this method was made by the French

astronomers to tlie 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 of

Mare. From a discussion of these observations, Cassini con-

, eluded the parallax of the sun to be 9".5, corresponding to a

distance of the sun equal to 21,600 semidiametere of the earth.

This distance was as much too small as Huyghens's was too

gre.at, so that, as we now know, no real improvement was

made. Still, the data were much more certain than those on

which 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 Mars is still, in some of its
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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 the earth as Venus

does at the times of her transits, the favorable times being

those when Mars at opposition 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 is nearly twice as great. At the nearest op-

positions, his parallax is over 23", an angle which can be meas-

ured 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 Captain James M.

Gilliss, late of the United States Navy, who went out to Chili in

1849, and remained till 1852, for the purpose of observing the

parallaxes of both Venus and Mars. The most recent expe-

dition was that made to the Island of Ascension, in the year

1877, by Mr. David Gill, now Astronomer Koyal at the Cape

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 .-ithin the

last thirty years. Mr. Gill took advantage of this circum-

stance to determine the parallax by the aid of the heliometer.

Ho did not, however, depend upon corresponding observations

in other regions of the earth, but planned out his work so as

to measure the change in the direction of Venus as the ob-

server was carried around by the rotation of the earth. In

consequence of this, when Mars was near either horizon ho

would appear lower down than if he were viewed from the

centre of the eartii. The Island of Ascension being near the

equator, tlie direction doivn when Mars was in the east would

be nearly opposite tlie corresponding direction when Slavs

was in the west. Consequently, the motion of Mars would

not bo perfectly uniform and regular, but there would be a

daily oscillation duo to parallax which Mr. Gill undertook to

measure. The final result of his observations gave 8".78 for

tlio solar parallax.

i
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§ 3. Solar Parallaxfrom Transits of Vemts.

The most celebrated method of determining the solar paral-

lax has been by transits of Venus over the face of the sun, by

which the difference between the parallax of the planet and

that of the sun can be found, as explained in § 1. We know
from our astronomical tables that this phenomenon has recur-

red in a certain regular cycle four times every 243 years for

many centuries past. This cycle is made up of four intervals,

the lengths of which are, in regular order, 105^ years, 8 yeare,

121^ yeai"S, 8 years, after which the inter\als repeat thetn-

selves. The dates of occurrence for eight centuries are as

follows

:

1518 June 2d.

1626 June Ist.

1631 December 7tli.

1639 December 4th.

1761 June 5th.

1769 June 3d.

1874 December 9th.

1882 December Cth.

2004 June 8th.

2012 June 0th.

2117 December 11th.

2125 December 8th.

2247 June llth.

2255 June 9th.

It has been only in comparatively recent times that this j)he-

nomenon could be predicted and obficrved. In the yeare 1518

and 1626 the idea of looking for such a thing does not seem

to have occurred to any one. The following centiu-y gave

birth to Kepler, who so far improved the planetary tables

as to predict that a transit would occur on December 6th,

1631. But it did not commence until after snnset in Eu-

rope, and was over before snnrise next morning, so that it

passed entirely unobserved. Unfortunately, the tables were

so far from accur.ate that they failed to indicate the transit

which occurred eight years later, and led Kepler to announce

that the phenomenon would not recur till 1761. The transit

of 1639 would, therefore, like all former ones, have passed

entirely unobserved, had it not been for the talent and enthu-

siasm of a young Englishman. Jeremiah Ilorrox was then a

young curate of eighteen, residing in the N'irth of England,

who, even at that early age, was a master of the astronomy of
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his times. Comparing different tables with his own observa-

tions of Venns, he fonnd that a transit might be expected to

occur on December 4tli, and prepared to observe it, aftijr 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 ho

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 made very rapid progress,

through the discovery 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. 60. 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

Fi.>.tio.-AinmrPntpfttimofVonnR«croM of determining the distance be-

iiiti onn, UK Kpcii from difforeiit ntntions twccn thcso ai>iiarent jiatlis. An
dnrlnR the transit of 1874, The upper . . r i /» -n i

pnlh Ih thnt seen from n i-nnthorii (.tn- mspcction of tho ftgnre Will sllOW
tlon: the lower !• that .eon fmn. a

^1,^^ ^^^^ pj^j], fjirthcst from the
iiorthrrn xtiitlDii, but tho diatnnce he- » ^

iweeii the pathB Ik uxaKKcrntcd. Huu s ccntre Is shorter than the
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otlier, so that Venus will pass over the sun more quickly when

watched from a southern station than when watched from a

northern one. Halley therefore proposed that the different ob-

servers should, with a telescope 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 mtio between the distances of

the planet and the sun is known with great exactness by Kep-

ler's third law, from which, knowing the differences of paral-

laxes, the distance of each body can be determined.

By this plan of Halley the observer must note with great

exactness the times both of beginning and end of the transit.

There are two phases 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

the 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 called ^rs< 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 c. This is called second internal contact.

The fourth contact is that in which the planet finally disap-

pears from the face of the sun, as at d. This is called second

external contact.

Now, it was the opinion of Halley, and a very plausible one,

too, that the internal contacts could be observed with far great-

er accuracy than the external ones. He founded 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 horus of light on each side of it approach eacli

other, and that the moment of internal contact is marked by

these horns meeting each other, and forming a thread of light

all the way across the dark space, as in Fig. 62. This thread

18

/ i
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of light is indeed simply the extreme edge of the Itm'l dlik

coming into view behind the planet. In observing tho tran*

sit of Mercury, Ilalloy felt

snre that he could flx th0

moment at which the Itortii

met, and the cJgo of the

snn's disk ap]^)care4 tin-

broken, withUi ft nhiglo ioo*

oud; and ho hencii «on-

eluded that ob«orvor» of

the transit of Voiiu* «ould

observe the tlmo re(]uli'ad

Pio. M—VenoB nppronchlHR Intcriinl contact on for VeUUS to pOii OMVm*
the face of the snn. The plauet Is snppoecd

j]jq gjj,, ^rjthlu 0110 Of two
to be muviug upward.

seconds. 1 lioso timuM would

differ in different parts of the earth by fifteen or twenty itihi'

iitcs, in consequence of pamllax. llenco it followed, tliui if

Ilalley's estimate of the de-

gree of accuracy attainable

were correct, the parallax of

Venus and the sun would be

determined by the proposed

system of observations within

tlie six hundredth of its whole

amount.

When the long-expected 5th

of June, 17C1, at length ap-

proached, which was a gener-

ation after Ilalley's death, ex-

peditions wore sent to distant

parts of the world by the principal Enrn|)can natioiiH to nmko
the i-oquired observations. The Freiu-h sent out from among
their astronomers, Lo Gentil to Pondicherry ; IMngr/i to \{t»\-

riguez Island, in the neighborhood of the MaurltliiN; mid (lio

Abb6 Chap|>e to Tobolsk, in Siberia. The war with Knglnnd,

unfortunately, prevented the first two fron> reaching th«lr mIh-

tions in time, but Cliappo was successfid. Krom Knglaiidi Mii*

Fiu. 68.—Iiiicrniil contact of llie timh «(f Va*

mil with tbnt of tli« mn,
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son—ho 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 Ilussia also sent out expeditions to various points

in Europe and Asia.

With those observers who were favored by line weather, the

entry of the dark body of Venus 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, the elongated portion

being connected with the limb of the sun. We give two fig-

ures, 62 and 53, 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 sucli an appearance as in

Fig. 63, would be unable to

say whether internal contact

had or had not taken place.

The round part of the planet

is entirely within the sun, so

that if ho judged from this

alone, ho would say that in-

ternal contact is passed. But

the horns are still separated

by this datk elongation, or

" black drop,' as it is general-

ly callec!, so that, judging from this, internal contact has not

taken place. The result was an uncertainty sometimes amount-

ing to nearly a minute in observations which were expected to

be correct within a single second.

When the parties returned homo, and their observations

were computed by various astronomers, the resulting values

of the solar parallax were found to range from 8".5, found by

Short of Knglund, to 10".6, found by Pingr(5, of France, so

that there was nearly as nnich uncertainty as ever in the value

of the olomont sought. Nothing daunted, however, propa'a-

Kiu. 6U.—The black drup, or llgiimeut.
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tions yet more extensive were made to observe the transit of

1769. Among the observere was one whose patience and

whose fortune must excite our 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

tlie first port he attempted to reach in the possession of the

Engh'sh, his commander attempted to make another, and,

meeting with unfavorable winds, was still at sea on the day of

tlie 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 yeara.

Tite 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 Pans the

story of his disappointment.

In this transit the ingress of Venus on the limb of the sun

occurred just before the sun was sotting in Wostem Euro{>e,

which allowed numbere of observations of the first two phases

to be made in England and Franco. The commencement was

also visilHe in this country—which was then these colonies

—

under very favorable circumstances, and it was well observed

by the few astronomei-s wo then had. The leader among
these was the talented and enthusmstic Rittenhouso, who was

already well known for his industry as an observer. The ob-

servations wore organized imdcr the nuspicee of the American

Philosophical Society, then in the vigor of its youth, and par-

ties of observers wore stationed at Norristown, Philadelphia,

and Cai)e llcnlopcn. These observations have every apiicar-

anco of being among the most accurate made on the transit;

f

i
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but they have not received the consideration to which tliey are

entitled, partly, we suppose, because the altitude of the sun

was too great to admit of their being of much value for the

determination of parallax, and partly because they were not

very accordant with 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 iii'st pointed

out by Lalande, 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 telcscoi)e when an instrument is used, and

the softening effect of the atmosphere when wo 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, me edge becoming naiTower and

darker wheie the bright object is reduced to a very narrow

line. Thus, by painting around the borders of the light por-

tions of Fig. 51, wo have formed Fig. 53, and produced an ap-

pearance quite similar to that described by the observere of

the tiansit. The better the telescope and the steadier the at-

mosphere, the narrower this border will bo, and the more the

])lanct 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 present time, very few of the moro

experienced observers noticed any distortion at all.

The results of the observations of 1769 wore much more

accordant than those of 17G1, and seemed to indicate a paral-

lax of about 8".5. Curious as it may seem, more than half a

century elapsed after the transit before its results wore com-

pletely worked up from all the observations in an entirely

satisfactory manner. This was at length done by Enoke, in
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1824, for both transits, the resnit givkg 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 1835, having examined the original records of the observa-

tions in question, he corrected his work, and found the follow-

ing separate results from the two transits

:

Parallax from the observations of 1761 8".63

Parallax from the observations of 1769 8".69

Most probable result from both transits 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.

Tliis resnit 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 the 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 than 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 tlie limb of the sun has never been

made with any thing like the accuracy wliich Halley himself

thought he attained in his observation of the transit of Mer-

cury two centuries ago.
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The knowledge of this error in the fundamental astronom-

ical unit gave increased interest to the transit of Yenus which

was to occur on December 8th, 1874. The rarity of the phe-

nomenon was an 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 very far in advance. In 1857, Professor

Airy sketched a general plan of operations for the observation

of the transits, and indicated the regions 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 huts

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 the

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 Com-
mission to whom the matter was infi'usted may not be devoid

of interest. The observations of the older transits having

failed in giving results of the accuracy now required, it be-

cajne necessary to improve upon the system then adopted.

In this system, the parallax depended entirely on observations

of contacts, the uncertainty of which we have already shown.

Besides this uncertainty, Ilalley's method was open to the ob-

jection that, unless both contacts were observed at each sta-

tion, the path of Yenus could not be determined, and no re-

sult could be deduced. It was therefore proposed by De
I'Islo early in the last century, that the observers should de-

termine the longitudes of their stations, iu order that, by
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means of it, they could find the actual intervals between 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. Still, it de-

pended entirely upon making an accurate observation of the

mr iient of contact, and was liable to fail from any accident

which might interfere with such an observation— a passing

cloud, or a disarrangement of some of the instruments of ob-

servation. Besides, it was not yet certain whether the obser-

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 photographs of the sun with Yenus on his 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. Rntherfurd

and others, and has been found to give results exceeding in

iaccuracy any yet attained by ordinary eye observations. The
advantages of the photographic method are so obvious that

there could be no hesitation about employing it, and, so far

as is known, it was ap'^lied by every European nation which

sent out parties of observation. But there is a great and

essential difference between the methods of photographing

adopted by the Americans and by most of the Europeans.

The latter 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

bo no farther difficulty. 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

wo desire to know the exact distance of two places, wo must

first know the exact scale on which the map is laid down,
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with a degree of accuracy corresponding to that of our meas-

ures. Just so with our photographs taken at various pails of

the globe. We must know the scale on which the images are

photographed before we can derive any conclusions from our

measures. While the determination of this scale with sufii-

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 tlierefore fixed in a hor-

izontal position, the rays of the sun being thrown 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 supplied 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 centre 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 grpund, and

firmly embedded in concrete. The mirror is in a frame at

the end of an inclined cast-iron axis, which is tunied with a

veiy slow motion by a simple and ingenious piece of clock-

work. The inclination of the axis and the rate of motion are

BO adjusted that, notwithstanding the diurnal motion of the

sun— or, to speak moi-e accurately, of the earth— the sun's

rays will always be reflected in 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 silverinr^ whatever.
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It only reflects about a twentieth of the sun's light ; but so in-

tense are his rays that a photograph can be taken in less than

the tenth of a second. The polishing of this mirror was the

most delicate and diflScult operation in the construction of

the apparatus, as the slightest deviation from perfect flatness

would be fatal. For instance, if a straight 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

be 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 mirrora 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

BSTAHCI
ir' *iiB K ntcniM.

Fia.M—Method of photogrophine the transit of Venus nscd by the French and Ameri-
can observers, and by Lord Lindsay.
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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 tlie

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 consists of a

brass frame seven inches square on the inside, revolving on a

veitical rod, which passes through the iron plate on top of the

pier. Into this frame is cemented a squai-e 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-hundredth

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

the plate. 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 to 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 plumb-line is also photographed, and
this marks a truly vertical line on the plate very near the mid-

dle 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 photographic object-glass and plate-holder are on the

same level, and in the meridian of the transit instrument with
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which tho time is determined. The central ruled line on the

plate-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
Venus makes with the meridian to be determined with the

groatest precision by means of the image of the plumb-line

which Ib photographed across the picture of the sun.*

Although the contact observations were not wholly relied

on, they were by no means neglected. On tlie contrary, the

greatest pains were taken to avoid the sources of error which

caused so much trouble in 17C9. To learn what these errors

probably were, and to practise the observers in making their

observations so as to avoid them, an 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 tho top of a building about 3300 feet distant, in order to

give the effect of atmospheric undulations and softening of

the edges of the planet. Tlie 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 sci'een behind

the artificial Venus, tho

portions of the edge of
Fio.BB.-Artwciai transit of Venn..

^lio disk where Venus

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 exteraal to

* The method of photographing the sun by a flxed horizontal telescope with a

reflector in front of it is believed to have been first proposed in France by Captain

Laiissedat. It was independently invented by the late Professor Winlock, who
pnt it into actual operation at tlie Harvard College Observatory in 1869, and, so

fur fls the author is aware, was the first one to do so. It was employed not only

by the American observers, but by the French, and by Lord Lindsay, M.P., of

Scotland. The latter gentleman fitted out a finely equipped expedition at his uwu

expense to observe the transit of Venus at the Mauritius.
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internal contact, and the angle its motion mado with the edges

of the triangle, were the same as they would be in the 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 scientific corps consisted of

a chief of party, an assistant 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 entire failure from bad weather ; and,

second, to have all the observations strictly comparable. Much
pains and trouble were 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 multitudinous 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 secure 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 Venus from the 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 actually

reached the solar disk. The sun was then shining on the

whole Pacific Ocean, except that portion nearest the Ameri-
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Fio. 66.—Hap of the earth, ahowing the areas of visibility of the transit of 1874.

can coast, and on Eastern Asia, Australia, and the Indian and
Antarctic oceans to the south pole. Venus was about four

and a half hoiirs 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 chiefs of party, are as follows :

NouTiiBRN Hemisphere.

Wlodiwostok, Siboria Pmfeiwor Asaph Hai.l, U. R. N.

Pukin);, Gliina Profcasor J. (J. Watson.

Nagasaki, Japan Profussur Georoe Davihsox, U. B. Ouast Survey.

BocTHBRN Stations.

Korsuelon Island Gommnndur (}. P. Rvan, II. R. V.

Hnbart-town, Ta8iiiania ProfoHsor W. Hakknsss, IT. H. N.

Ciiinpholltown, Taamaiiin'*' . . . .CxptaiuO. W. Raymond, Enginuor Cr)rp8, U.S.A.
QuiumHtowii, Now Zealand. . . .Profissor C, H. F. Pbteiis.

Glmthani Islanil Kdwin Smith, Esq., U. S. Coast Survuy.

The southern parties were all carried to their respective sta-

tions by the U. 8. steamer 8ivatara, Captain Ralph Chandler,

U. S. N., commanding.

* C/iiptiiin Riiymond'H purty whs dcsigiiiHl for thu Gmzut Islandi^, but the Sirn-

(ctra fiiiltxl to effW't u litndiujj tiiiiio.
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The only thing which seriously interfered with the observa-

tions was the weather. Some photographs were obtained at

every station, but the full number at none. Altogether, there

were only about half the expected number obtained. No
contacts at all were observed at Hobart-town, or Chatham Isl-

and, but one or more were observed at each of the remaininsr

six stations. Peking was, however, the only one at which all

four were observed. Among the parties sent out by other

nations, the most fortunate, as regards weather, were the Ger-

mans, who were successful at all six of their stations. The
English, French, and Kussians were, on the average, about as

successful as the Americans.

The work of reducing the observations of a transit of Venus

with all the precision required by modern 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 shall bo

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-

ceive that these results will not have any scientific interest

;

and at a meeting of the International Astronomical Society

(tho Astronomische Gesellachaft), held at Leyden, it was voted

tliat their publication should be discouraged as injurious to

B(;ience. This view has not, however, been universjiUy ac-

cepted, and several values of the solar parallax from the obser-

vations of tho transit of 1874 have already appeared, some from

tho French, and some from the English observations.

Tho French observations hero referred to were those made
at two stations, Peking and St. Paul's Island. They were cal-

culated by jr. Puiseux, a member of the French Academy of

Sciences, in 1870, and led to 8".88 as the value of the solar

parallax.

The British observations of contacts were worked up, undoi
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the direction of Sir George Airy, in 1877, and wore fmnil to

lead to the surprisingly small result, 8".76, But Mr. U, J.

Stone took the very same observations, and, by treating itnd

interpreting them in a different way, obtained tbo result 8".88.

Captain G. L. Tupman, R.M.I., found a valuo between tho»o

extremes. That results so different could bo obttuiied from

the same observations must raise <|uc8tions whieh etiti bo
decided only by the combination of all tho obsorvatbni.

Transit of December Gth, 1882.— Tho region of vin'blHty

of this transit will be quite different from that of tho lost otio,

as it will include the whole American continent, except tlioMo

portions lying in the Arctic zone where tho sun will not ri«o

during the winter season. The beginning will aUo be viMitilo

over a large part of Africa, and the end over most of the Pa-

cific Ocean. As almost every reader will bo able t<J doo eitlier

tho whole or some part of this transit, we present a map nliovi-

ing the region of visibility of tho different plianeii.

Within the shaded region marked ** whole tramit imini'

lie" the entire transit will take place witii tho iun btlow tlio

horizon. It will be noticed that this region ineliKleN tho

Avholo continent of Asia, but scarcely any other land exifopt

tho western half of Australia and tho Islands uf the KaMt In-

dies. This region is bounded on tho west by a lino iitarktMl

" tramit hegim at sunaet." Observers immediately wext of

this line will see tho transit begin a few niinutcii before the

Hun sets ; and tho farther west they are tho greati«r tlie tinin

during which they may see Venus on tho suirn dlNk. It will

bo seen that tho British Islands and tho woHtorn half of lOu*

ropo ore in this region, tho transit beginning at iiincH vary-

ing from sunset to two hours before siuiM't. But in all tlii«

region the sun will set beforo tho trauHit is over.

Now, crossing the Atlantic towards tlio wcHt, we eonui to ilio

lino marked "transit ends at sunaet." An ol«i»rvor iininedi-

atcly to tho east of this lino will see tho sun Mitttiiig jnHt bo-

fore V(>nn.s h passing off his limb, while inuneiliali*ly to flin

weHt the ])hinet will leave the limb beforo the huu Met**, no that

he will see tho whole transit. The m^xt line to the went in
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" transit begins at sunrise." Observers east of this line, but

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 each

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 sunset, so that Venus 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 Arctic 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 " transit ends at sunrise " and " tran-

sit begins at sunset." Within this region an observer would

see the transit just before sunset. After a night of only a few

hours the sun would rise with Venus still on his disk and
about 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 the lino

"transit begins at sunrise " the sun will rise with Venus just

having entered on its disk ; all the rest of the transit will be

seen. The farther west we go the longer Venus will have

been on the sun before sunrise, until, when we reach the line

" transit ends at sunrise," Venus will be passing off. There-

forj, in the Sandwich Islands and over all the Southern Pa-

cific Ocean, the end of the transit, but no other phase, is

visible.

Amateur observers in Greot Britain may know when to

look for the appearance of Venus on tho sun's limb by noting

tiittt tho first impression of the planet will occur over the
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whole kingdom at nearly the same moment of absolute time

—namely, about one minute after two o'clock on the afternoon

of December 6th, Greenwich mean time. To this time apply

the longitude of the observer from Greenwich, 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 be-

ginning. It may occur at any moment between two o'clock

and three minutes after, and is likely to be a little later than

the prediction. The ending will not occur until after sunset.

The apparent diameter of Venus 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. It will

first enter upon the sun at a point about 151° from the north

point of the sun's limb toward the east, or about half-way

between the sun's lower and left-hand limbs.

§ 4. Other Methods of determining the Sun's Distance, and their

Residts.

The methods of determining the astronomical unit which

we have described rest entirely upon measures 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 miglit despair of being sure of it with-

in 200,000 miles. But the refined investigations of modern

science Jiave 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 otlier upon the velocity of light.

Parallactic Equation of the Moon,—The motion of the moon
around the cartli is largely affected by the 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 uj. ti tl.o proportion

between the respective distances of the moon and the sun, so

that when tins force is known, the proportion can l)e deter-
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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

thus obtained to get the distance of the sun. The force iu

question shows itself by producing a certain inequality in the

moon's motion, by which she falls 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 ; 80 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 wo require for the purpose in ques-

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 use them. The worst of the

matter is, that one limb is observed at the first quarter, and

another at the third quarter, so that we cannot tell with abso-

lute certainty how much of the observed inequality 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 1854, it was

supposed that the inequality in question was about 122",

agreeing with the theorotical inequality from Encke's errone-

ous value of the solar parallax. Hansen then found that it

was really about 4" greater, and thus was led to the conclusion

that the parallax of the sun must bo 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 tlie sun's distance can bo more

accurately 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 observations,

the result being 125".5. The entire seconds may here bo re-

lied on, but the decimal is quite uncertain. Wo can only say
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that we are pretty surely within three or four tenths of a sec-

ond of the truth. From this value the parallax uf the sun is

found to be 8".83, with an uncertainty of two or three hun-

dredths of a second.

Sun!8 Distance from the Velocity of Light.— There is an ex-

traordinary beauty in this method of measuring the sun's dis-

tance, arising from the contrast between the simplicity of the

principle and the 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

pmcticable 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;

liero we shall stop only to give results.

In 1862 Foucault found by experiment that light travelled

about 298,000 kilometres, or 185,200 miles per second.

In 1874 Cornu found by a diflferent series of experiments

a velocity of 300,400 kilometres per second.

In 1879 Ensign A. A. Michelson, U. S. Navy, found the vc'

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, concluded the most probable value of the ve-

locity to be 299,920 kilometres, or 186,360 miles per second.

Now, wo know from the phenomena of aberration, hereafter

to be described, that light passes from the sun to the earth in

about 498 seconds. The product of those two numbers gives

the (listuuco of tiiu »\u\ iu miles, Making uU necessary cor-
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rections, and using Struve'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 thi-ee 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 3000 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 sun must be placed to make this amount

correspond to, say 3000 miles. Leverrier found the oscilla-

tions in arc to be 6".50. From this he concluded the solar

parallax to be 8".95. But Mr. Stone,* of Greenwich, found

two errors in Leverrier's computation,! and, when these are

corrected, the result is reduced to 8".85.

Another recondite method has been employed by Leverrier.

It is founded on the principle that when the relative masses

of the sun and earth are known, their distance can be found

by comparing the distance which a heavy body will fall in

one second at the surface of the earth with the fall of the lat-

ter to\yards the sun in the same time. The mass of the earth

was found by its disturbing action on the planets Venus and

Mill's, as explained in the chapter on Gravitation. Leverrier

* Mr. E. J. Stdtiu was tlieii lirst a:<bi8tuiit at tlic Royal Observatory, Grcon-

wirli, but in nnw thu lCiulcli£fu Ubacrvcr iit Oxford.

t " Monthly Notices of tlio Koyal Astroti'jiaicitl Socirty," vol. xxvii., p. 241,

and vol. xxviti..
i'|>. 22, 23.
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concluded that this method gave the value of the solar paral-

lax as S".86. But one of his numbers requires a small correc-

tion, which reduces it to 8".83. Another determination of the

mass of the earth relative to that of the sun has recently been

made by Von Asten, of Pulkowa, from the action of the earth

upon Encke'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. Galle.* It

consists in measuring the parallax of some of the .^imall plan-

ets between Mars and Jupiter at the times of their nearest

approach to the earth, by observations in the northern and

southern hemispheres. The least distance of the nearest of

these bodies from us is little less than that of the sun, bo that

in this respect they are far less favorable than Venus and

Mara. 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 rek tl vq to the suiTounding

stare determined with greater precision than can be obtained

in the case of disks like those of Venus and Mare. 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.

Moat Probable Value of the 8un*B Parallax.— It will be

seen that, although many of the preceding results are dis-

cordant, those 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-huu-

Dr. J. G. Oalk', now director of tlio observiitory ut Breslau, Eu8t«>rii rriisBia.

lie was fdiiiiL'riy oiwiiitnnt at ttic Obsurvotoiy of Uerlin, whoro liu bccuiuo colu-

biutcd us the optical dibcovcrcr uf Ihu ilaiiet Neptuuo.
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dredths of a second, or we might say an uncertainty of ^^^
of its whole amount. Translated into distance, we may place

the distance of the sun between the limits 92,500,000 and

93,000,000 of miles. We may, therefore, call the distance of

the sun 92| 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 result 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

great, 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 result has been proved

to be too large from various causes.

The observations of Mars, in 1862, as reduced by Winnecke
and Stone, first led to a parallax of 8".92 to 8".94. But in

these investigations ouly a small poition of the observations

was used. When the great mass remaining was joined with

them, the result was 8".85.

The early determinations of the time required for light to

come from the sun 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. Correcting these, and making no change in

any of his data, the resnlts are respectively 8".85 and 8".83.

§ 5. Stellar Parallax.

It is probable that no one thing tended more strongly to

impress tho minds of thoughtful men in former times with
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the belief that the earth was immovable than did the absence

of stellar parallax. We may call to mind that the annual par-

allax of the fixed stars arises from the change in their direc-

tion produced by the motion of the earth from one side of

its orbit to the other. One of the earliest forms in which wo
may suppose this parallax to have been looked for is shown

Suppose ^^ to be the earth's orbit with the sun,

n A T

in Fig. 58.

.ff^~- --.

Via. 68.—Effect of Btelliir punillux.
-U

S, near its centre, and RT two stars so situated as to be direct-

ly opposite each other when the earth is at A ; that is, when
the direction of each star is 90° distant from that of tlie sun.

Then it is clear that, after six months, when the earth is at B,

the stare will no longer be opposite each other, the point U,

which is opposite B, making the angle TBU, with the direc-

tion of T. The stare will all be displaced in the same direc-

tion that the sun is in from the earth. When it was found

that the 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 favor a system

in which the sun moved around it. In this Tycho was fol-

lowed by the ecclesiastical astronomere who lived during the

seventeenth century, and who, finding no parallax whatever to

any of the stars, were led to reject the Copernican system.

The telescope furnishing so powerful an auxiliary in meas-

uring small angles, it was natui-al that the defendere of the

Copernican system should be anxious to employ it in detects

iiig the annual parallax of the stars. But the earlier observ-

cre had very imperfect notions of the mechanical appliances

necessary to do this with success, and, in consequence, the in-

vention of the telescope did not result in any immediate im-
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pro\ eraent in the methods of celestial measurement. A step

was taken in 1669 by Hooke, of England, who was among the

first to see how the telescope was to be applied in the meas-

urement of the apparent distances of the stars from the ze-

nith. He fixed a telescope thirty-six feet long in his house, in

a vertical position, the object-glass being in an opening in the

roof, while the eye-piece was in one of the lower rooms. A
fine plumb-line 'hung down from the object-glass to a point

below the eye -piece, which gave a truly vertical line from

which to measure. The star selected for observation was y
Dracon is, because it was comparatively bright, and passed 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 passing the meridian.

He had made but four observations when his object-glass was

accidentally broken, and the attempt ended without leading

to any result whatever.

Between 1701 and 1704, Roemer, then of Copenhagen, at-

tempted to determine the sum of the double parallaxes of

Sirius and a Lyi-ae by the principle shown in Fig. 58. These

stars lie somewhere near the opposite quarters 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. MIn. Sec.

In Februiiiy, March, nnd April 11 54 59.7

In September and October 11 54 55.4

Difference 4.8

Here was 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 whicli was afterwards printed in a disserta-

tion entitled " Copernicus Triuniphans." It is now known that

there is no such parallax as this to either of these stars, and
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Petere* has shown that the difference which was attributed

to parallax by the enthusiastic Danish astronomers really arose,

in great part, from the diurnal irregularity in the rate of their

clock, caused by the action of the diurnal change of tempera-

ture upon the uncompensated pendulums. In the spring the

interval of time measured elapsed during the night, Sirius

passing the meridian in the evening, and a Lyrsa in the morn-

ing. The cold of night made the clocks go too fast, and so

the measured interval came out too great. In the autumn

Sirius passed in the morning, and a Lyras in the evening ; the

clock was going too slow on account of the heat of the day,

and the interval came out too small.

Among the numerous other vain efforts made by the astron-

omei-s 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 Ilooke, the zenith dis-

tance of the star 7 Draconis at the moment of its passing the

meridian being determined by the inclination of a telescope to

a fine plumb-lino. 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 accuracy it was a long

step in advance of any which preceded it, so that by its means

Bradley was able to announce with certainty that the star in

question had no parallax approaching a single second. But
ho found another annual oscillation of a very remarkable

character, arising from the progressive motion of light, which

will bo described in the next chapter. It has frequently hap-

pened in the history of science that an investigation of some
cause has led to discoveries in a different direction of an en-

tirely unexpected character.

It would bo tedious to describe in detail all the cffoits

made by astronomers, during the last century and the curly

part of the present one, to detect the stellar parallax. It will

0. A. F. Pi'torg, th(in of tliu I'lilkowu OliBirvntmy, ami ufturwurd editor of

the AMnmomiMhi' SachrxchUm, until bid ilLalb iii 1H80.
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bo sufficient 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 tlie meridian. The
position of tlie zenith was determined in varions 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 tlie 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 throe seconds, though

generally not much exceeding a second, yet there was no such

agreement between the various results as was necessary to in-

spire confidence. As a matter of fact, we now know that

these results were entirely illusory, being duo, not to parallax,

but to the unavoidable errors of the instruments used.

Struve was the first one to prove conclusively that the par-

allaxes even of the brighter stara were so small as to abso-

lutely elude every niode 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 meridian. But he

made the great improvement of selecting stara 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 ho could turn his transit instrument bo-

low the polo, and observe the transit of the opposite star from

west to oast. Thus ho was not under the necessity of depend-

ing on tho rate of his clock for more than an hour or two,
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while Roemer had to depend on it for twelve houm. Tlie i'9«

Bult of Strnve was that the average parallax of the twuiity'

five brightest stare within 45° of the pole could not mtiuli, if

at all, exceed a single tenth of a second.

Such was the general state of things up to tli© year 1836,

It was then decided by Struve and Bessel, in lion of attontpt^

ing to determine zenith distances, to adopt tlio mi*th6(l of

relative parallaxes. The idea of this method really datOH &]•

most from the invention of the telescope. It wfti c-oiiitidurcd

by Galileo and Huyghens that where a bright a»id a faint

star were seen side by side in the field of view of A teloieupo,

the latter was probably vastly more distant than the fortnor,

and that consequently they would change their rolatlvo po-

sition as the earth moved from one side of tlto sun to the otii*

er. If, for instance, one star was three timoi the dlHtdnco of

the other, its apparent motion produced by parallax wotild l)0

only a third that of the other, and thora would remain a rul*

ative parallax equal to two-thirds that of the brighter itnr,

which could be detected by measuring the angular diitaitco

of the two stars as seen in the telescope from day to day

throughout the year. The drawback to which thii method if

subject is the impossibility of determining how niai:y timoN

farther the one star is than the other ; in fact, it may bo tlint

the smaller star is really no farther than the large one. No
doubt it was this consideration which deterred the aitrono*

mors of the last century from trying this very simple method.

The astronomers of the last generation found ea«oi in

which there could be little doubt that a star w(w much near*

or to us than the small stara which surrounded it in the field

of the telescope. For instance, the star 01 Cygni, or rather

the pair of stars thus designated, are found not to oceupy n

fixed position in the celestial sphere, like tlio Hurroinidiiig

small stars, but to be moving forward in a straight line at tlio

rate of six seconds por year. This amount of projHir motion

was BO unusual as to make it probable that the Htar nniftt bo

one of the nearest to us, although it was only of the Nixtli ning'

nitudo. It was therefore selected by ilcBsel for tlio inveNti*
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gation of its parallax relative to two other stars in its neigh-

borhood. The instrnment used was the heliomcter, an iu-

strumont which, as now made, admits of great precision, but

which was then '^abh to small imcertainties from various

causes. His early at mpts 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 instrument, made some

improvements in it, and commenced a second series, which ho

continued until July, 1839 ; and his assistant, Schliiter, until

March, 1840. The final value of the parallax deduced by

Bessol 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 the

most probable parallax to be 0''.51.

The star selected by Struve for the measure of relative par-

allax was the bright one a Lyne. This has not only a sensible

proper motion, but is of the first magnitude; so that thera 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-

ifich telescope of the Dorpat Observatory. The observations

extended from November, 1835, 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 Lyitu is nearly a hundred times as

bright as citlier of the pair of stars 61 Cygni, it is more than

twice as far from us.

The star a C<<ntauri in tho southern honiispiicro was long

supposful to liave a parallax of nearly one second, and thcrc-

foro to b(« tlu« nearest of all the fixed stars. Its parallax was

flrnt discovered by Henderson, tho English Astnmomor Royal

at the (!ii|M* of (JoihI Hope, about tho same timo that 8truvo

autl KeNsel were making their iirst measures of ))arallax. In
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former editions of this work the mean of the measures of

parallax was stated at 0".93, corresponding to the distance

of 221,000 astronomical units.* This long accepted result has

recently been brought into great doubt by the researches of

Dr. William L. Elkin. He finds that corresponding observations

on other stars, mado 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 Cygni.

A third star, i aving 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 mado in

recent times are those by Dr. Briinnow, formerly director of

the observatory at Ann Arbor, Michigan. On his appointment

to tho post of Astronomer Royal for Ireland, Dr. Briinnow

employed the equatorial telescope of the Dunsink Observa-

tory in such determinations with great success. Tho results

of his measures, with those of other astronomers, are given in

the Appendix to the present work.

Tho recent researches of various observers have resulted in

showing that there are about a dozen stars visible in our lati-

tudes of which tho parallax ranges from a tenth to half a sec-

ond. Part of these are small stars, supposed to be near us

from their large proper motion, while others are stars of the

far brighter classes. It is, however, remarkable that, among

tho thirteen stars of the first magnitude visible in our latitudes,

less than half have been found to havo any measurable paral-

lax, Q\on when tho greatest refinements have been applied in

tho observations. For the most part, the stars with a decidiMl

parallax are not of a conspicuous magnitude. The general re-

* Tho aHtronniiiical unit U tho diHlaitcj of tho oarth rroiii tho huh, abuut 02)

inillioMBof luiloH.

t Dr. A. Winnnrko, Tormutly nMHi'iitiktit at tho Pulkowu Observatory, and now
director of tho observatory at Hlruaburg.
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suit of measures of stellar parallax is, therefore, about as fol-

lows : the three stars, a Centauri, 61 Cygai, and Winnecke's

star in Ursa Major have eaeli a parallax so near to one-half a

second that it is impos'sible 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, therefore,

make little more tlKin a guess at the average 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 the 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, wo remark that a determination of the distance of

a star is made by determining its directions, as seen from op-

posite points of the earth's orbit. If wo 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 pos-

sible position of the star to correspond to the observations.

Such a paradoxical result can arise only from errors of obser-

vation.

15
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I i

CIIAriEK lY.

THE MOTION OF LIGHT.

Intimately connected with celestial measurements are the

cnrions phenomena growing out of the progressive move-

ment of light. It is now known that when we look at a star

we do not see the star that now is, but the star that was sev-

ei-al years ago. Though the star siiould 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, j^erhaps one that was past

before we were born. 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 behi:td time by the interval required for the light

to travel over the space which separates ns from the object.

It was by observations of the satellites of Jupiter that it

was firet found that celestial phenomena wore thus seen be-

hind time. These bodies revolve round Jupiter mucli 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 bo observed, and the consequent value of

such obscrvatioufi for the dcterminatiun of longitudes, led the

astronomers of the seventeenth century to nuike tables of the

times of occurrence of these eclipses. In attempting to im-

jH'ove the tables of his predecessors, it was found by Roemer

(then of Paris, though a Dane by birth) that the times of the
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eclipses could not bo 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, Roemer 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

tliat this time is greater the 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.

The next great step in the theory of the progressive motion

of liglit was made by the celebrated Bradley, afterwards As-

tronomer Royal 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 been 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 phejiomena which Bradley

could not at first account for. The declinations of June and

December were the same, showing no effect 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 the same. Tims,

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 the laws of rela-

tive motion, it was constantly at right angles to 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 ijs oibit. In Fig. 59 let S
bo a star, and O'f a telescope pointed at it. Then, if the

m
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telescope 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 ej'e-

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-

„^i^ ing down the telescope, the latter moves a short dis-

J tance, so that the ray no longer strikes the right-

hand edge of the eye-piece, but some point farther

to the left, as if the star were in the direction S',

and the i}»v followed the course of the dotted line.

In order to see the star centrally, the eye end of the

telescope must bo dropped a little behind, bo that,

instead of pointing in the direction S, it will really
9

Fio. 69.

Aberration x^q pointing in the direction S\ shown by the dotted
of light. ^ mi. .1, ,1 . .1 ^ 1.

ray. Tins 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 quite 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 Tiiamcs, that the cause of the phenomenon he

had observed was suggested to Bradley.

The displacement of the stars which we have explained is

called the Aberration of 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 diRplaccmcnt will be shown. The value

now most generally received is that determined by Struve at
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the Pulkowa Observatory, and is 20",445. Though this is the

most reliable value yet found, the two last figures are both

uncertain. We can say little more than that the constant

probably lies between 20"AZ and 20".48, and that, if outside

these limits at all, it is certainly very little outside.

Tliis amount of aberration of each star shows that light

travels 10,089 times as fast as the earth in its orbit. From
this Ave can determine the time light takes to travel from the

sun to the earth entirely independent of the satellites of Ju-

piter. The earth makes the circuit of its orbit in 365^ days.

Then light would make this same circuit in loola 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 sun is half this diameter.

We thiis 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 investigated. 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 mimites, owing to the vex*y imperfect character

of the early observations on which Roemer had to depend.

Early in tho present century, Delambre made a complete in-

vestigation from all the eclipses of the satellites which hud

been observed between 1602 and 1802, more than a thousand

in number. Ilis result was 8 minutes 13.2 seconds.

There is a discrepancy of five seconds between this result

of Delambre, obtained some seventy years ago, and the mod-

ern determinations of the aberrations of the fixed stara made
by Struve and others. What is its cause ? Probably only the

errors of the observations used by Delambre. In this case,

there would be no real difference. But some physicists and

astronomers have endeavored to show that there is a real

cause for such a difference, which they hold to indicate an or-

i
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TOY in the value of the aberration derived from observation

arising in this way. It is known from experiment tliat light

passes through glass or any other refracting medium 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 larger than it

really is, and the velocity of light will appear too small. But

the commonly received theory (that of Fresnel) is that this

loss of time is compensated by the objective partially drawing

the ray with it. Desirous of setting the question 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 found to be the same %» with

ordinary telescopes, thus proving the theory of Fresnel to be

correct, because on the other theory the aberration ought to

have been much increased by the water.

Hence 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 ; but so vast is the labor

that no one since Delambre has undertaken it. Mr. Glasenapp,

a young Russian astronomer, has, however, recently investi-

gated all the observations of Jupiter's iiret satellite made dur-

ing the years 1848-1873, 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 larger, 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.

Each of tlio two methods wo 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 liglit. Before we can determine the latter from

the former, wo must know wliat the distance of the sun is.

Dividing this distance in miles by 498, we shall have the dis-
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tauce 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 that the problem of

determining 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. As might be expected, the earlier attempts to fix the

time occupied by light in passing over distances so short as

those on the surface of the earth were entire failures. The
firet 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 hjs 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 really extinguish-

ed ; and if he then covered his lantern instantly, A would

still 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-

val 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-

'^
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bility of comparing the times at two distant stations with the

necessary precision. 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 woxild continue to see it

by reflection in the mirror during the time the lijfht required

to go and come. But this also would be a total failure, be-

cause the reflection would seem to vanish instantly. Onr next

effort would be to try if we could not send ont 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 openings in a moving screen, and see wheth-

er they could be cut 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-

tending from its circumfer-

ence, the distance between

them being equal to their

breadth. This wheel is placed

in front of the lantern, L, so

that the light from the latter

Fio. 60._Rovolvlng wheel, for meagnring the haS tO paSS between the SpokeS
velocity of light. ^f ^j^^ ^j^^g^ ^^ ^j.^^^. ^^ ^,^^^^^

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 lantern, 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^ the

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 thence be reflected back again to the
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wheel. Will they reach the eye of the observer behind the

wheel ? Evidently they will, if they return 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,

because each successive flash is caught by the following tooth

just before 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 through to leave the lantern.

Thus, the observer will see a succession of flashes so rapid

that they will seem entirely continnous 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 Fizeau's method of measuring the ve-

locity of light. In place of spokes, he has exceedingly fine

teeth in a large 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 focns. An arrangement is

made by which the light passes through the same focus with-

out reaching the observer's eye except by reflection irom the

distant mirror. The latter is placed in the focua 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 find

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 of teeth which pass in a sec-

ond. Suppose, for instance, that the wheel had a thousand

teeth, 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 found that with a velocity of

about five turns of the wheel i)cr second, the light would be

\

«

i

m
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first cut off. IncrcaBinn^ tlio velocity, it would reappear, and

would grow brighter until the velocity reached ten turns per

second. It M'ould then begin to fade away, and at fifteen

turns per second would bo again occulted, and so on. With

the latter velocity, fifteen thousand teeth and fifteen thousand

intervals would pass in a second, while two teeth and one in-

terval passed during the time the light was performing its

journey. The latter would, therefore, bo performed in the

ten-thousandth part of a second, showing the actual velocity

to bo 180,000 miles per second. The most recent determina-

tion made in this way is by M. Cornu, of Paris, who has made
some improvements in the mode of applying it. His results

will bo described presently.

Ijigenious 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 Whcatstono

mirror. To explain the details of the apparatus actually nscd

would bo tedious,

but the principle on

which the method

rcHts can bo seen

quite readily. Sup-

pose yl/?, Fig. 01, to

represent a fiat n)ir-

ror, seen edgewise,

I'ovolvinf rotnul an

axis at A", and G a

Kio. <l.—IlliiBtrntlng FoncniiU'R roctboa of inenaiirlnK tbo fixed COUcavo Ulir'

velocity of llKht.
,.y,.^ gy j,,,^^.jjjj ^,,j^j

the centre of its concavity shall fall on A". Let be a lumi-

nous point, from which onnmates a single ray of light, OX.
This ra} , meeting the mirror at A', is refiected to the concave

mirror, C, which it meets at a right angle, and is therefore re-

fiected directly back on the line from which it came, first to

A', and then through the point 0, from which it emanated, so

that an eye stationed at £>' will see it returning exactly through

the point O. No matter how the observer may turn the mir-

Er'
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ror AB, ho cannot make the rcfloctccl ray deviate from this

lino : lie can only make it strike a different point of the mir-

ror 0. If he turns ^i? so that after the ray is reflected from

it, it does not strike G at all, then he will see no return ray.

]f the ray is reflected back at all, it will pass through 0. Tiiis

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

Ali to bo revolving so rapidly that when the ray gets back

to A', the mirror has moved to the position of the dotted lino

A'B'. Then it will no longer be reflected back through 0,

but will bo sent in the direction />", the angle EXE' being

double that through which the mirror has !roved during tho

time tho ray was on its passage. Knowing the velocity of

the mirror, and tho angle EXE', this time is easily found.

Evidently tho observer cannot see a continuous light at E\
because a reflection can bo sent back only when the revolving

mirror is in such a position as to send tho ray to some point

of the concave mirror, C. What will really be seen, therefore,

is a succession of flashes, each flash appearing as tho revolving

mirror is passing through the position AB. But when the

mirror revolves rapidly, those flashes will seem to the cyo to

form a continuous light, which, however, will bo fainter than

if tho mirror wore at rest, in the proportion which tho arc of

tho concave mirror, C, bears to an entire circle. Beyond the

enfeoblemont of tho light, this want of continuity is not pro-

ductive of any inconvcnienco. It was thus found by Fou-

cault that tho velocity of light was 185,000 miles per second, a

result whicli is probably within a thousand miles of the truth.

The preceding explanation shows tho [)rinciplo of tho meth-

od, but not tho details necessary in applying it. It is not

practicable to isolate a single ray of light in tho maimer sup-

IHwed in tho figure, and therefore, without other apparatus,

the light from would be spread all over tho space around E
and I'J'. The desired result is obtained by placing a lens be-

tween the luminous point and the revolving mirror in s\ich

a position thiit all tho light falling from '> upon the \quk bliall,
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after reflection, be brought to a focus upon tho Hurfoc^t of the

concave mirror, C Then when the mirror A Ji Ik niudo to re-

volve rapidly, the return rays passing back through tho Ions

on their return jouiney are brought to a focu§ tit A |)olnt

along-side 0, and distant from it by an amount whi(ih in pro«

portional to tho time the light has required to paw from X to

(7 and back again.

So delicate is this method, that tho millionth of a loc^nd of

time can be measured by it as accurately as a (inr^ioiitor can

measure the breadth of a board with his rulo, Itn purfoctlon

is the result of the combined genius of several muii, Tho ili'st

idea of employing a revolving mirror in tho moAHurotiioftt of

a very minute interval of time is due to tho Into HIr (/hnrlos

Wheatstone, who thus measured the duration of tho olootrio

spark. Then Arago showed that it could bo appliod to do-

tcrmino whether the velocity of light was grt'utor in wafer

or in air. Fizcau and Foucault improved on AnigoV iihms

by the introduction of tho concave mirror, Iiaving itn (ionfro

of curvature in the revolving mirror, and then thin wondorfiil

piece of apparatus was substantially comploto, Tlio lawt do-

termination of tho velocity of light witli it wan niudo l>y Kon-

cault, and communicated to the French At'iulumy of Hcioncos

in 1862, witli the statement tliat tho velocity roMiiltiu^ from

all his experiments was 298,000 kilometres (1H5,20U iniluH)

per second.

Tho problem in question was next taken up by (/onni, of

Paris, whoso result has already been iilliided U). Notwith-

htiinding tho 8iii)poscd advantages of tho Fouciuiit'WIioat-

stone method, M. Cornu jjreferred that of l'"l/t!aii. IMh llrnt

results, reached in 1872, accorded (piito well witli tlioHo of

Foucault just cited, indicating a small but xotnowliat uncer-

tain increase. His experiments wcio ritpeattid in tH74, and

tlioir rcKults wore communicated to the {"'rcndi Acadi'Oiy of

i^cienccfl in December of that year. In lliU lai«l Horirn of

mcasuromonts his station was the olmeivatory, ami liio distant

mirror wan j>laced on tho tower of MonlllK'ry, at a <llnf«n(!o of

about fourteen Kngliif«li miles. Tlio telescope llu'uugli wliicli
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tho flaeltos of light were sent and received was twenty-nine

foot long and of fourteen inches aperture. The velocity of

tho toothed wheel could be made to exceed 1600 turns a sec-

ond, and by the electro-chronograph, on which the revolutions

wore recorded, tho time could be determined within the thou-

sandth of a second. At Montlhdry, the telescope, in the focus

of which tho reflecting mirror was placed, was six inches in

a^Kirturo, and was held by a large cast-iron tube set in the

masonry of tho tower. At this distance M. Cornu was able,

with tho highest velocity of his revolving wheel, to make
twenty of its teeth pass before the flashes of light got back,

and to catch them, on their return, on the twenty-first tooth.

All tho determinations, however, were not made with the

wheel going at this rate, but with siich different velocities that

tho rays wore caught sometimes on one tooth and sometimes

on another, from the fourth to the twenty-first. The follow-

ing tabic shows the velocity of light in kilometres per second

when tho ray was caught on the fourth tooth, on the fifth, and

so on to tho twenty-first

:

Tooth 4 800,180

" 5 800,530
" 800,750

" 7 800,820
" fl 299,940

" 1) 800,550

" 10 800,040
•' II 800,850
•' 12 800,600

Tooth 13 300,840
" H 800,360
" 15 800,290
" IC 300,620
" 17 800,000
" 18 800,160
" 19 290,660
" 20
" 21 800,060

M. Cornu honco concludes that tho velocity of light in air

is {1()(),JII10, and in a vacuum 3(J0,400 kilometres per second.

Quito recently Knsign A. Michelson, U.8.N., has made, at tho

Naval Acuiletny, Atmapolis, a third determination, using tlio re-

volving piirror, Ilis result, reduced tu a vacuum, is 2i>!),910

kil(»nietre»t per second, and is for tho present to bo regarded as

the Htandard, the probable error Ix'ing not more than 50 kilo-

iiietreH, though an error as grout us 200 kilometros muy bu re-

gard<'d iim poHsible.
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CHAPTER V.

TIIK BPKCTBOSOOrK,

In ono of Dr. Lardner's popular lectures on asti'onomy, de-

livered some thirty years ago, he introduced the subject of

weighing the planets as one in 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 long a one, that it

seemed to the ordinary mind to extend beyond all the bounds

of possibility.

Had a hearer told the lecturer that men would also be able

to determine the chemical constituents of the sun and stai-s,

and to tell whether any of them did or did not contain iron,

hydrogen, and other chemical elements, the lecturer would

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, ho looked upon

the idea of determining their chemical constitution as a mere

piece of pleasantry, or the play of an exuberant fancy. And
yot, 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 almost as readily

at the distance of the stars as if wo had it in our laboratories.

The difficulties which stand in the way do not arise from the

distance, but from the fact that matter in the heavenly bodies

seems to exist in sonic state which we have not succeeded in

exactly reproducing in our laboratories. Like many other

wonders, spectruMi analysis, as it is caUcd, is not at all extraor-

dinary after we see iiow it is done. Indeed, the only wonder
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now is how the first lialf of this century could have passed

without physicists 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 wo 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, the one end being 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 passes. This arrangement of colors, spread out to our

sight according to the refrangibility of the light which forms

them, is called the sjyectrum. By the spectrum of any object

is meant the combination of colors found in the light which

emanates from that object. For instance, if we pass tlie light

from a candle througli a prism, so as to separate it into its

component colors, and make the light thus separated fall on

a screen, the arrangement of colors on the screen woxxld bo

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 choose to examine.

As tlio experiment of forming a spectrum is commonly
made, there is a slight mixing-up of light of tlio different col-

ors, because light of the same degree of refrangibility will

fall on different parts of the screen according to the part of

the prism it passes through. When the separation of the light

is thus incomplete, the spectrum is said to be imprie. In or-

der to make any successful examination of the light which

emanates from an object, our spectrum must bo pure ; that is,

j
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each point of the spectrum must be formed by light of one

degree of refrangibility. To effect this in the most perfect

way, the spectrum is not formed on a screen, but on the retina

of the observer's eye. An instrument by which this is done

is called a spectroscope.

Tlie most essential parts of a spectroscope consist of a small

telescope with a prism in front of the object-glass. The ob-

server must adjust his telescope so that, removing the prism,

and looking directly at the object, he shall obtain distinct vis-

ion of it. Then, putting the prism in its place, and turning

the telescope to such an angle that the light which comes from

the object shall, after being refracted by the prism, pass direct-

ly into the telescope, he looks into the latter. When the prop-

er adjustments are made, he will see a pure spectrum of the

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 but that of

trial and illustration. To fit it for general use, another ob-

ject-glass, with a slit in its focus, is added. Fig. 62 shows the

Fi». 02.—Conrte of rays tbrouKh a ppectroacope.

essential parts of a modern spectroscope. At the farther end
of the second telescope, where the light enters, is a narrow
slit, which can bo opened or closed by means uf a screw, and
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through which the light from the object is admitted. The
rays of light following the dotted lines are made parallel by

passing through the lens, L. They then fall on the prism, P,

by which they are refracted, and from which they emerge par-

allel, except th"''
'
3 direction of the rays of different colors

is differc) >win^ the greater or les 1 -et of refraction

produced by the pribm. They then pass ^nrough the object-

glass of the telescope, T, by which the rays of each color are

brought to a focus at a particular point in the field of view,

the red rays all coming together 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 spectrum of whatever object is

throwing its light through the slit.

If the object of which the observer wishes to see the spec-

trum is a flame, he places it immediately in front of the slit

;

and if it is pn object of sensible surface, 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 enough 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 that the slit shall be

exactly in the focus. The latter is the method univereally

adopted in examining the spectrum of a star.

If, with this instrument, we examine the light which comes

from a candle, from the fire, or from a piece of white-hot

iron, we shall find it to be continnous ; 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 shall find the spectrnm

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 those dark lines have been cnlled out by the gases surround-

ing the sun through which the light has passed. This cuUing-

out is called Selective Absorption. It is found by experiment

that each kind of gas has its own liking for light of peculiar

10
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degrees of refrangibility, and absorbs the light which belongs

in the corresponding parts of the spectrum, letting all the

other light pass.

Perhaps we may illustrate this process by a similar one

which we might imagine mankind to perform. Suppose Nat-

ure should loan us an immense collection of many millions

of gold pieces, out of which we were to select those which

would serve ns for money, and return her the remainder.

The English inimmago 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 pieces, and so on. After all the suit-

able pieces are thus selected, let the 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 thus arranging the

pieces, one would be able to tell what nations had culled over

the pile, if ho only knew of what weight each one made its

The gaps in the places where the sovereigns and half-corns.

i!

sovereigns belonged would indicate the English, that in the

dollai-s and eagles the Americans, and so on. If, now, wo re-

flect how utterly hopeless it would appear, from the mere ex-

amination of the miscellaneous 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 onc^ some

genius should make the proposed arrangement of the pieces

in rows, wo shall see in what the fundamental idea of spcc-

tnim analysis consists. The formation of the spectrum is tiie

separation and arrangement of the light which comes from an

object on the same system by which we have supposed the

gold pieces to be arranged. The gaps we see in the spectrum

tell the talc of the atmosphere through which the light has
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passed, as in the case of the coins they would tell what nations

had sorted over the pile.

That the dark lines in the solar spectrum are picked out by

the gases of the sun's atmosphere has long been surmised ; in-

deed, Sir John Herschel seems to have had a clear idea of

the possibility of spectrum 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 thickness of gas is generally required than it is prac-

ticable to obtain experimentally. This difficulty was sur-

mounted by the capital discovery of Kirchhoff and Bunsen,

that a glowing gas gives out rays of the same degree of refrangibil-

ity which it absorbs when light passes 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 correspond 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 spectrum 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 bright

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 the

substance from 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 spectrum is of the same nature, no matter how
finely the substance may be divided. ;
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J

2. If the light from the glowing solid passes through a gas-

eous atmosphere, the spectrum will be crossed by dark lines

occupying those parts of the spectrum where the light culled

out by the atmosphere belongs.

3. 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 occupying the

same position as 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 lines, we conclude that it emanates from a

glowing body surrounded 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-

ized, 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 ofiF, 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 analyze must either be emit-

ted by the gas, the latter being so hot as to shine by its own
light, or it must bo transmitted through it. Thus, the appli-

cation of spectrum analysis is confined to glowing gases and



THE SPECTROSCOPE. 229

the atmospheres of the stara and planets, the application to the

latter depending on the fact that the sunlight reflected from

the surface of the planet passes twice through its atmosphere.

Even in these cases the interpretation of its results is sometimes

rendered difficult in consequence of the varied spectrum of the

same gas at different temperatures and under different degrees

of pressure. Under some 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 spectrum analysis, or, rather, the general rule

that a glowing gas gives a spectrum of bright lines, as not uni-

versally true. If we could, by artificially varying the temper-

ature, pressure, and composition of gases, accurately reproduce

the fipectrimi of a celestial body, the changes of the spectrum

which we have mentioned would be a positive advantage;

since .'hey would enable us to determine, not merely the com-

position of a gaseous body, but its temperature and pressure.

This is, however, a field in v/liich success has not yet been

reached.

There is still another circumstance which renders the spec-

tra of the heavenly bodies more complex than 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 spectrum crossed

by dark lines, and (2) a spectrum composed wholly of bright

lines—are only two extreme cases, and that in many cases

thoy 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 linos, while

the cooler substances may absorb dark linos from the light

omitted by the hot body below. Thus, we may have bright

linos, dark linos, and strips of coutiuuous spectrum all mixed

• it;



230 PRACTICAL A8TB0N0MY.

up in such a way that it may be hard to interpret what is

seen. The difficulty 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, brigixt space is produced by a glowing gas, or whether

it is a small strip of continuous spectrum from a glowing solid

between two absorption bands. We have a mixed-up spec-

trum of this kind in the Bessemer furnace. The difficulty is

incrojised 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 cases are broad, grayish bands. It is,

indeed, possible that these bands may be made up of groiips

of fine lines, too close to be separately seen ; but so long as the

separate lines cannot be distinguished, this question must bo

undecided.

Until very lately, it was always supposed that the spectrum

of the light of the sun, so far as it could be analyzed, was

continuous 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 that these lines admit of being recognized in cer-

tain parts of tiie spectrum if the proper steps are taken to

bring thorn out. That bright lines might well exist in the

spectrum no one would deny, because the gases of the chro-

mosphere must produce them. But Mr. Lockyer was the only

investigator who had attempted to show that such lines could

really bo seen, and his observations had been very generally

overlooked. Dr. Draper's course was to photograph side by
side the solar 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 was that out of thirteen

bright lines of oxygen, some of them double or treble, nearly

all liave corresponding lines in the solar spectrum. The co-

incidence is so striking that it seems quite probable that a con-

siderable part of the violet light of the sun's spectrum arises
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from glowing oxygen in the photosphere. But the best

authorities still differ as to the interpretation to be put upon
these coincidences.

What gives especial interest to this investigation by Dr.

Draper is that it affords the first evidence which science has

found of the existence of oxygen in the sun, the dark lines

which would be produced by that substance having been

looked for in vain. It would seem either that the capacity of

oxygen for absorbing light selectively hi very small, or that it

exists in the sun only at a very high temperature.

The reason why these lines are brought out here ivhenthey

are not found in other parts of the spectvum is c: be found

in the extreme faintness of the violet part of the continu. '•is

spectrum, whereby the bright lines are not obscured t / "he

dazzling brilliancy of the background of continuous spectrum.

If it be asked why these bright lines have not boea noticed

before, the answer is, that the dark lines are Lere so broad

and numerous as to cut up the continuous spectrum into very

narrow lines of very irregular brightness, besides which, ab-

sorption bands or half shades are numerous. 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 analyzed by the prism, and the component col-

ors are spread out singly as on a sheet, the dark and bright

lines which we see are the letters cf the open book which we
are to interpret so as to learu whp.t tVoy tell us of the body

from which the light came, or the vapors through which it

passed. When we see a lino or a set of lines which we rec-

ognize as produced by a kuowiv substance, we infer the pres-

ence of that substance. Th"^ t^uestion may now be asked, How
do we know but that the linos 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

11
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the case is much the same as that by which, recognizing the

picture of a friend, we conchide that it is not the picture of

any one else. For anything we can prove to the contrary,

another peraon migh*^ have exactly the 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 so. The case is the same

in spectrum 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 concluBivo in all cases. Should

only a single line of a cnbstance bo found in the spectrum of

a star or nebula, it would hardly be safe to conclude, from that

alone, that the line was really produced by the known sub-

stance. Collateral 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 justiiied in concluding

that the lines were all produced by the same substance. All

wo can say in doubtful cases is, that our conclusions must bo

drawn with care arid diHcriuiination,aud must accord with the

probabilities of uouh special case.
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CHAPTER I.

GENERAL STRUCTURE OF THE SOLAR STRTEM.

IIavting, in the preceding parts, described the general struct-

ure of the univeree, and the methods used by astronoinera in

measuring the heavens and investigating the celestial motions,

wo have next to consider in detail the separate bodies which

compose the universe, and to trace the conclusions respecting

the general order of creation to which this examination may
lead us. Our natural coureo will be to begin with a general

description of the solar system to which our earth belongs,

considering, first, the great central body of that system, then

the planets in their order, and, lastly, such irregular bodies as

comets and meteore.

We have shown in the first part that the solar system was

found by Copernicus, Kepler, and Newton to consist of the

sun, iis the great centi . 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 universal

gravitation. Modern science has added a groat number of

bodies, and shown the system to be a much more complex one

than Newton supposed. As we now know them, the bodies

of the system may be classified as follows

:

1. The sun, the great central body

;

2. A group of four inner planets— Mercury, Venus, the

Earth, and Mars

;

3. A swarm of small )>lanets or asteroids revolving outside

the orbit of Mars (about 224 of them are now known)

;

\ '1

li
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4. A group of four outer planets—Jupiter, Hiituru, Vramw,
and Neptune

;

5. A number of satellites of the planets, 20 Intin^ now

known, of whicli all but three belong to the group of otJtof

planets

;

Kiti. en,— Hvlutlvu >lxo of villi and |iliiiiiiU,

0. All \uikno\vii ntiiiiboi* of eoinoti* nnd iiiutoorn, rovolvlnj(

ill very eccentric orbits.

The oiglit ])1nnctH of groups 2 atid 4 arc (tailed llut iniijor

plaiictH, to di'itiii^;uiiili tliciii from all uthurv, which arc* tiiiiullor

or lobS iiiiportatit.

'
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The rango of eize, distance, and niaes among the bodies of

the Hysttiin is enornioiiB. Neptune is eighty times as far from

llio 8iin as Mercury, and Jupiter several thousand times as

liuuvy. It 18, tliercfore, difiicult to lay down a map of the

wholo Ryetom on the same scale. If the orbit of Mercury were

roprurtontod with a diameter of one-fourth of an inch, that of

Neptiiiio would have a diameter of 20 inches.

With tho exception of Neptune, the distances of the eight

major planets proceed in a tolerably regular progression, tho

group of small planets taking tho place of a single planet in

the series. The progression is known as tho law of Titius,

from its first proposer, and is as follows : Take the series of

numbers 0, 8, 0, 12, 24, 48, ca(^h one after the second being

formed by dotibling the one which precedes it. Add 4 to

each of these numbers, and we shall have a scries of numbers

giving very nearly the relative distances of the planets from

the sun. The following table shows the scries of inimbei's thus

formed, together with the actual distances of the planets ex-

]>rusHed on tho same scale, the distance of the cartii being

culled 10

:

ruiifi. NumhernofTlllm. Artmil niiitance.

».»

7.2

lO.O

ir>.'i

20 to :ir>

r.2.o

!»r..4

lltl.9

300.

«

Ermr.

0.1

0.2

0.0

0.8

0.0

4.«

4.1

87.4

Morciiry + 4 = 4

a + 4= 7

(i + 4 == 10
12 + 4 = Ifi

24 + 4 = 28
48 + 4 = r.2

!M5 + 4 =^ 100

1!»2 + 4 =: I'.Mt

i»S4 + 4 =^ H88

VeiiiiM

ICiirtli

Miirit

Mi)i(ir plaiiuiH

<lll|lil<!l', .,

Miitiirn

Ifl'lltllK

U'oDt Ullfl

It will bo soon that before tho discovery of Neptune the

iigrcoiiient was so close as to suggest tho existence of an actual

law of the (liHtaiicos. But tho discovery of this planet in 1846

cjMupletely dinprovcd tlio supposed law ; and tlioro is now no

ri'iiHon to ln'licvi) that the proportions of tho solar system arc

tim result oi any exact and simple law wluitever. It is true

that many iii;;;«'iii<>iiH ]h,'o|i1o employ tlicinsolvcs from time lo

time iti Wdrkiii^- o\\\. tniinrrical rclati<»U8 between the distances

of the [)lunc(H, their masset*, their times of rotation, and so on,
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and will probably continue to do so ; because the number of

such relations which can be made to come soraewhei'e near to

exact numbers is very great. This, however, does not indicate

any law of nature. If we take forty or fifty numbera of any

kind—say the yeare in which a few persons were born ; their

ages in yeara, mouths, and days at some particular event in

their lives ; the numbers of the houses in which they live ; and

BO 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 i-elations 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 size

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 parts we take as the unit of

weight: then, accoixiing 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 itsJf, the planets being taken

in the order of their mosses, beginning with the smallest

:

Hfnsg of Mercury 200
Mnssof Mnrs 8!Hll

Combined mass of Morciiry and Man 589
Mu»g of Venus 2,858

Combined mnss of Mercury, Venus, and Mnrs 2,802
Mass of the Enrth 8,0(!0

Combined mass of the four inner plnnets ri,!)ri2

Mhms of Uranus 44,250

Combined mnss of flvo planets 50,202
Mnss of Neptune 51,liOO

(\)mbincd nmsH of six plnnets 101,802
Mnss of Saturn 285,580

Combined mass of seven pInncfH 887,882
Mutts of .Jupiter !»54,806

Coniliincd mass of all the planets 1,841,(187

Mnss of iliu sun I,(MK),U4)0,0(H)
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It will be seen that the combined mass of all the planets is

less than 7^ that of the sun ; that Jnpiter 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 of the Pkinets.—The apparent motions of the plan-

ets are described in the iii'st chapter of this work ; and in the

second chapter it is shown how these apparent motions result

from the real motions as laid 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 thi-ee 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

three months after opposition, it will be on the meridian about

six in the evening. Hence, knowing when a planet is in op-

position, a spectator will know pretty nearly where to look for

it. His search will be facilitated by the use of a star map
fihowing the position of the ecliptic among the stare, because

the planets are always very near the ecliptic. Indeed, if any

bright star is not down on the map, ho may feel sure that it is

a planet.

In describing the individual planets, we give the times when

they are in opposition, so that the reader may always bo able

to recognize thcin at favorable seasons, if ho wishes to do so.

The arratigement of the planets, with their satellites, is as

follows

:

iNNKtt UlWOP.

OiTTim Oiiorp or

ClUII.VT ri.ANUtlJ.

Mercury.

Vonus.

Earth, with its moon.

. Man, with 2 nioonB.

The minor planotR, or nstcroids.

' Jupitur, with 4 moons.

Suliirn, witii rings and 8 moons.

Uriinus, with 4 mouiis.

Nuptuno, witli 1 moon.

>f"

I'
>

:

(I .,:l
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This arrangement is partly exhibited in the following plan

of the solar system, showing the relations of the planetary or-

bits from the earth outward. The scale is too small to show

the orbits of Mercury and Venus.

)^Mj>t_Keptuno

of tTrannn

Km. 04—0rblt« of the pinnets frnm the earth ontwnrd, nhowlni; their relntlve dlatnnces

rrimi tlio MUii lu the ceutro. TL') pumlio'^B of the piniiuts ure uear tkuoe which they oc-

cupy In 1U77.
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CHAPTER IT.

THE SUN.

The sun presents to our view the aspect of a brilliant globe

32', 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-

ceeds in intensity any that can be produced by artificial

means, the electric light between charcoal points being the

only one which does not look absolutely black against the un-

clouded Sim. Our 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 tire, and in this they were more nearly right than

some of the moderns ; but there was so entire an 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 a

consideration of the telescopic researches of recent times.

§ 1. The Photosphere.

To the naked eye the photosphere, or shining surface of the

sun, presents an aspect of such entire uniformity that any at-

tempt to gain an insight into its structure seems hopeless.

But when we apply a telescope, we generally lind 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 briglit surface presents a mottled appearance, looking

like a ilnid in which ill-defined ilce-grains are suspended. Per-

haps the most familiar idea of this appearance will be pro-

I i

,i •
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sented by saying that the sun looks like a plate of rice soup,

the grains of rice, however, being really hundreds of miles in

length. Some years ago Mr. Nasmyth, of England, examining

the sun with high telescopic powers, announced that this mot-

tled appearance seemed to him to be produced 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. Nasinyth

devoted to his observations, has not been confirmed by subse-

quent observers.

Among the most careful and laborious telescopic sti.dies of

the sun recently made are those of Professor Langley.* He
has a fine telescope at his command, in a situation where the

air seems to be less disturbed by the sun's rays than is usual

in other localities. According to his observations, when the

sua 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, irregularly distributed, which

seem to be suspended in a compamtively dark medium, and

whose definiteness of size and outline, though not absolute, is

yet striking, by contrast with the vagueness of the cloud-like

forms seen before, and which we now perceive to be due to

their aggregation. The "dots" seen before are considerable

oijenings, caused by the absence of the white nodules at cer-

tain points, and the consequent exposure of the gray medium
which forms 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"

to 4".

• Professor S. P. Langloy, Director of the Observatory at Allegheny, Pennsyl-

vania.
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In moments when the definition is very fine, the bright nod-

ules or rice-grains are found to be made up of clusters 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 Langlcy. The fact that these points are

aggregated into little clustei-s, which ordinarily present the ap-

pearance of rice-grains, gives the latter a certain irregularity of

outline which has been remarked by Mr. Huggins. Thus, there

appear to be three orders of aggregation in the brighter re-

gions of the photosphere : cloud-like forms which can be easi-

ly seen at any time ; rice-grains or nodules, into which these

forms are resolved, and which can always be seen with a fair

telescope under good definition ; and granules which make up
the rice - grains. This structure of the rice - grains has been

seen only by Professor Langley.

Yet more recent are the studies of the sua's surface 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 the consequent power

of studying it at leisure. A disadvantage arises from the

great foe of astronomical observation which we have already

described—atmospheric undulations, which render the sun's

image tremulous and confused except at occasional moments.

This difficulty may, however, be obviated by taking a great

number of photographs, and selecting those which show the

best images.

In applying this method, Janssen has taken his photographs

on a larger scale than has been attempted by his predecessors,

his largest pictures of the sun being from twelve to fifteen

inches in diameter. The granulation is thus brought out with

remarkable distinctness, as may be seen from the following

figure, which is enlarged so that the whole sun, on the same

scale, would be three feet in diameter.

M. Janssen finds that the granular elements are of very dif-

* Prof. J. 0. Janssen, Director of tlie Physical Observatory at Meudon, Franre.

17
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ferent sizes and brilliancy, the diameters ranging from a few

tenths of a second to three or four seconds. The form is gen-

erally slightly elliptic, but is subject to considerable variations.

The diiferences of brilliancy among the granules seem to arise

from their being situated at different depths in the photo-

sphere. But the most remarkable result of Janssen's photo-

graphs is what he calls the photospheric net-work, "reseau

Kui. (»a.-Asi)ocf of tlie Sun's Surfaco i\o Pliotopraplicd by Jansscn at the Observatory

ol MiMIlldll.

photosiiheriquey This is not a net-work of lines, as we might

understand it, but a subdivision of the photosphere into regions

in which the granules look hard and well defined, and regions

in which they look softened and indistinct. This appearance

is shown, though somewhat imperfectly, in the above figure,

wliich is taken from one of Janssen's photographs. The boun-

daries of the regions of well and ill-defined granulations are
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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 seems to be due to

violent movements of the photospheric matter destroying the

granular elements.

When we call these shining objects " granules," it must be

remembered that we speak of the appearance, not of the reali-

ty. From what is said of the size of the granules, they must

be from 100 to 500 miles in extent.

§ 2. The Solar Badiation.

If we carefully examine the sun with a very dark smoked

glass, we sliall find that the disk is brightest at the centre,

sliadiug off on all sides towards the limb. Careful compari-

sons of the intensity of radiation of different parts of the disk

show that this diuiiiintion near the limb is common to all the

rays, whether those of lieat, of light, or of chemical action.

The most recent measures of tiie heat rays wei-e made by

Langley by means of a thermo-electric pile, those of the light

rays by Pickering,* and those of the chemical rays by Vogel.f

The intensities of these sevc lal 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 snp|X)scd 100. The first column gives the distance

from the centre in fractions of the sun's radius, which is sup-

posed unity. Thus, the first line of the table corresponds to

the centre ; the last to the edge. Professor Langley's meas-

ixres do not, however, extend to the extreme edge.

Professoi- E. C. Pickeiiiig, director of tlie Ilui'vnrd Obsci'viitoiy, Cambridge,

MHSgnchusetts.

t Dr. Ilermiuin C. Vngcl, fortneily nstroiioaier at liotlikainp, now of tlio Soiat

Observatory in Putiidani, rrussiu.

.
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/
DliUnce from HMt lUyt LiKht dieuilml lUyt

Contra of tli> Sun. (Ungley). (Pickering). (V-wD.

.00 100 100 100

.125 .... 99 100

.25 !)9 97 98

.»76 • •• • 94 95

.50 95 91 90

.025 •• • 86 81

.75 86 79 66

.85 *•• • 69 48

.«5 •• • 65 25

.96 62 •• • 23

.1)8 60 • •• 18
l.CO .... 37 13

It will be seen that near the edge of the disk the chemical

rays fall off most rapidly, the light rays next, and the heat

rays least of all. Koughly speaking, each square minute 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 sun no doubt has

been entertained since it was fii-st investigated. It is found in

the absorption of the rays by n solar atmosphere. The sun

being a globe surrounded 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 out vertically; while the former are those wo
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 this 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—perhaps a

small fraction—of the light and heat actually emitted by the

sun ; 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 much as eleven - twelfths of the whole amount. The
smaller estimates are, however, more likely to bo near the
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truth, there being no good reason for liolding that more than

half the rays are absorbed. That is, if the 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 sun to

the earth during any period of time— say a day or a year.

The question admits of a perfectly definite answer, but there

are two difficulties 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-

mosphere, which must be done in order to determine the to-

tal quantity enmnating from the sun. The most successful

experiments for this purpose are those of Pouillet 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 liold that the sun's rays should fall upon it per-

pendicularly, and be all absorbed, the ice would melt away at

the rate of 14J inches in 24 hours. Since the sun is jmrt of

the time below the horizon, and is not perpendicular to more

than a single point of the earth's surface 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 temperature, Secchi*

finds the latter to be several million degrees, while, by taking

another law indicated by the experiments of Dulong and

ii'.

II

if

Father Angclo ii'Gccbi, Director of the Observatory at liome.
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Petit, others find a teniperatiire not niaiiy times exceeding

that of a reverberatory fiirnaoe. For the temperature of the

photosphere, it seems likely that the lower estimates are more

nearly right, being founded on an experimental law ; but the

temperature of the interior must be immensely higher.

At the present time an investigation of the solar radiation

by Professor Langley, is in progress, and promises important

results as to the actual amount of energy lost by the sun every

year, and the character of the ubsorj)tion which takes place

in the atmospheres of the sun and the earth. The great

difficulty met with by previous investigators, is that obser-

vations on the solar light and heat have been made near the

earth's surface after the passage of the rays through a dense

and frequently vaporous atyiosphere. In concluding, from

measures at the earth's surface, the amount of radiation wliich

would be observed if there were no atmosphere, it is necessary

to make allowance for atmospheric absorption. In calculating

this absorption it has been assumed proportional to the amount
ttf atmosphere througli which the rays had passed. Professor

liangley shows that although this assumed' law may be true

for rays of any one degree of refrangibility it will not be true

for the sun's heat as a whole, because a large absorption of

certain rays, especially the more refrangible ones, takes place

in tiie higher regions of the atmosphere, and that in order to

attain a more certain result it was necessary to make observa-

t ions at the greatest possible height, and in the purest and

dryest atmosphere, and to compare them with observations at

a lower station.

In 1881, Professor Langley organized an exj)edition to Mt.

AVliitney in California, which rises about IH.OUO feet above the

level of the sea, in a country where the sky is exceptionally

clear, and t\w air unusually free from vapour. His measures

of temperature were nuide by means of the lioloineter, an instru-

ment of his own inv«'ntion, especially adapted to this purpose.

Its most essential part is a strip of metallic leaf \ of an inch

long, y\y of an inch wUh, and 7^,V,nr "* 'i'» 'O"'' thick. This

minute object formt.'d part of an <'l<H!tric circuit, and changers in

its temperatuni were determine(l by the conscijuent change

in its electric conchictivity ; ho sensitive is it that a change of



THE VUOTOSVUEltE. 24'i

temperature of -pruVu o "f a degree can be detected by the

galvanometer.

This strip, being placed parallel to the Fraunhofer lines, is

moved over different parts of the spectrum, not only from the

extreme violet to the extreme red, but yet further among the

invisible heat rays, so long as any radiant heat can be detected.

It is therefore a sort of an eye which is sensitive to radiant

heat of all degrees of refrangibility. When, in moving slowly

ever the spectrum, it reaches a dark line, the strip becomes

slightly colder, and hence a better conductor of electricity.

The flow of electricity is therefore increased. On leaving the

line it grows warmer and the flow of electricity is diminished.

Tiiu3 the position of the lines are registered whether they

are or ;ire not visible to the human eye.

Professor Langley has supplied figures showing the distribu-

liouof the heat spectrum as thus determined on Mt. Whitney.

The diff'erence between tlie two figures arises from the

diflerent ways in which the spectrum is formed by the grating

and by the prism. The latter crowds together the light or hot

waves of small refrangibility and long wave lengths, while it

proportionally scatters rays of large refrangibility and short

wave lengths. This efloct is shown in the small figure L,

where the rays are more and more crowded as we pass from the

violet towards the red. The corresponding prisnuvtic spectrum

shows a maximum t)f heat to the left of the line A, and there-

fore beyond the visible j)art of the spectrum.

It is very different with a diflraction spectrum obtained from

a ruled grating. Here, as will bo seen at A, the rays are nil

scattered equally, so that the spectrum is show i». in its true

proportions. In the larger figure of the dittVaction spectrum

the distribution of heat is shown on the sanio scale, and the

maximum of lu!at is found to be near the orange. The bending

curve shows tlio intensity of the radiant heat at each point

of the spectrum as it would b(( in the absence of selective

absorption by the sun's atmosphere. We have already men-

tioned l*rttfess(»r Langh^'s conclusion that tho real sun,

below its absorbing layer, is much bluer than it appears

to us. IJut while from his experiments on abnorptitm by tin*

earth's atmoH[)here he also concludes that, could we rise above

^fl
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our atmosphere, the sun would be far richer in the extreme

violet rays than we ever see it on the earth's surface ; but that

the 6ictual color of the solar-photosphere is ascertainable, and

that could we see it without any absorption it would appear

of a blue like that of the spectrum near the Fraunhofer line F.

§ 3. The Solar Spots and Rotation.

Even the poor telescopes made by the contemporaries of

Galileo could hardly bo directed to the sun many times with-

out one or more spots being seen on his surface. Whatever

credit may bo duo for a discovery which required neitlier in-

dustry nor skill should, by the rule of modern science already

referred to, be awarded to Fabritins for tlic discovery of the

solar spots. This observer, otliorwiso unknown in astronomy,

made known the existence of tlie solar spots early in 1611

—

a year after Galileo began to scan the licavena with liis tel-

escope. His discovery was followed up by Galileo and Schci-

ner, by whom the lirst knowledge of the nature of the spots

was acquired.

The first idea of Scheiuer was that the spots were small

planets in the neighborhood of the sun ; but this was speedily

di8i>rovcd by Galileo, who showed tliat they must be nn the

Biu'tace of the sun itself. The idea of tlie sun bciui; affected

with any imperfection so gross as a dark spot was repiignanl.

to the ecclesiastical i>liil(>sophy of the times, and it is not un-

likely that Schciner's explanation was suggested by the desire

to save the perfection of our central luminary.

A very little observation showed that the spots had a regu-

lar motion aci'dss the disk of the sun from cast to west, occu-

pying about 12 days in the transit. A spot generally appeared

llrst on or near the east limb, and, after 12 or 14 days, disap-

peare«l at the west limb. At the end of another 14 days </r

nutre it reapi)oarr<l at the ea«t limb, unless in the mean tiino

it had vanished from sight ««ntirely. The spots were found

not to bo periiiam'Ut objects, but to come into existence from

time fo time, ami, after lasting a few da^'s, weeks, or months,

ti) disappear. iWit so long as they lusted, they always ox-
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liibited the motion just described, and it was thence inferred

that the sun rotiited on lis axis in abont 25 days.

The astronomei-s of the seventeentli and eighteenth centuries

used a method of observing tlie sun which will often be found

convenient for seeing the spots when one has not a telescope

supplied with dark glasses at his disposal. Take an ordinary

good 6i>y-glass, or, indeed, a telescope of any size, and point

Fid. 06.—Mnti hoUlIni; tclocopc, to fhow Riiii on fcrcon.

it at the sun. To suvo the eyes, iho riglit direction may bo

found by holding a piece of paper (closely iii front of the eye-

piece : when the sun shines through tlie telescope on this pa-

per, \\w. pointing is nearly right. The telescope should lie at-

tacrhed to Rome movable Kiii>port, so tliiit '\U iiointing can be

changed t-,) the different directions of the sun, and should jiass

through a perforulion in some sort of a screen, so that tho

Bun cannot shine in f-xnt of tho tclcscoiw except by passing
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through it. An opening in a window-shutter will answer a
good purpose, only tlie 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 before the eye-piece at

a distance of from G 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 eyo-piece is drawn out. The farther wo
draw out the eye - piece, the nearer the best imago will be

formed. Having adjusted everything so that tlie edge of the

sun's image shall be sharply defined, one or more spots can

generally bo seen. This method, or ccitnething similar to it, is

often used in obser\ing eclipses and transits of Mercury, and

is very convenient when it is desired to show an enlarged im-

ago of t)ic sun to a numbe.' of spectators.

When powerful telescopes were applied to the sun, it was
found that the spots were not merely the dark patches which

they firet appeared to be, but that tliey comprised two well-

l''lH. 00.—Sillill- ^|Hll, iil'll'l' Sfll'lli.

tnarkcd ]X)rtions. The centriil purt, called the innhm or /«?<-

cAvf.s', is the darkest, iiiid is siirroiinded by a border, iiitenne-

diute in tint between tho diirkncMd uf the sput and the brill-

.
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iancy of the solar surface. This border is termed the penum-

Wa. Ordinarily it appears of a uniform gray tint. But when
carefully examined with a good telescope in a very steady at-

mosphere, it is found to bo striated, looking, in fact, much like

the bottom of a thatched roof, the separate straws being di-

rected towards the interior of the spot. This appearance 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 appeared like cavities in the photosphere,

the dark part being really lower than the bright surface around

it. As a spot approached the edge of the disk, he found that

the penumbra grew disproportionately narrow on the side

nearest to the sun's centre, showing that this side of it was

seen at a smaller angle than the other. This effect of per-

spective is shown in Fig. 67, where, near the sun's limb, the

side of the penumbra nearest us is hidden by the photosphere.

That the spots are cavities is also shown by the fact that

when a large spot is exactly on the edge of the disk a notch

is sometimes seen there. The shaded pe.iumbra seems to

form the sides of the cavity, while the umbra is the invisible

bottom.

These observations gave rise to the celebrated theory of

Wilson, which is generally connected with the name of Iler-

schcl, who developed it more fully. The interior of the sun

13, by this theory, a cool, dark body, surrounded by two layers

of clouds. The outer layer is intensely brilliant, atid forma

tiio visible photosphere, while the innor layer is darker, and

forms the umbra around the spots. The latter are simply

n|>enings throiigh these cloiidw, which form from time to

I i
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Fio. 07.—Changes iu tbe aspect of a eolar spot bb it crosses the suu'e disk, showing it to bo

a cavity iu the photosphere.

time, and through which wo see the dark body in the interior.

Anxious that this body should serve some especial purpose in

the economy of creation, tlicy peoi)led it with intelligent be-

ings, wlio were protected from the fierce radiation «>f 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 iu the photo-

spheix), which we see as spots.

Leaving out the fancy of living beings, this theory account-

ed vei-y well for appeai'ances. That the j)lioto8phere coidd not

be absolutely and wholly solid, liquid, or gaseous seemed evi-

dent from the nature of the spots. If it were solid, the latter

could not be in such a constant t^fsite of change as we see
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them ; while if it were Hqnid or gaseous, these cavities could

not continue for months, as they were sometimes seen to, be-

cause the liquid or gaseous matter would rush in from all

sides, and fill them up. The only hypothesis that seemed left

open to Ilerschel was that the photosphere consisted of clouds

floating in an atmosphere. As the 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 the cavity looked entirely dark,

the conclusion that the sun had a dark interior seemed una-

voidable.

The discovery of the conservation of force, and of the mut-

ual convertibility of heat and force, was fatal to this theory.

Such a sun as that of Herechcl would have cooled off entirely in

a few days, and then we should receive neither light nor heat

from it. A continuous flood of heat such as the sun has been

radiating for thousands of yeare can be kept up only by a con-

stant expenditure of force in some of its forms ; but, on Iler-

schel's theory, the supply necessary to meet this expenditure

Wiia 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 bo destroyed. In the time of Ilerechel it

was not deemed necessary that the sun should be a very hot

body, the heat received from his rays being supposed by many
to be generated by their passage tlii-ough our atmosphere.

Tlie photosphere was, therefore, supposed to be simply phos-

phorescent, not hot. This idea is still entertained by many
edu('atcd men who have not made themselves acquainted with

the laws of heat discovered during the present century. Wo
may, therefore, renuvrk that it is completely untenable. One
of the best established results of these laws is that the surface

of the sun is intensely hot, probably much hotter than any re-

verberatory furnace. The greiv*' question in the present state

of science is, how the sup^/iy of heat is maintained against

such immeusu loss by radiation.
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§ 4. Periodicity of the Spots.

The careful obsei-vations of the solar spots which have been

made during the last century seem to indicate a period of

about eleven years in the spot-producing activity of the sun.

During two or three years the spots are lai-ger and more nu-

merous than on the average; they then begin to diminish,

and reach a minimum five or six yeara 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 during a large part of a long life. One of his meas-

ures of the spot-producing power was the number of days on

which he saw the sun witliout spots in the coui'se of each

year. The following are some of his results

:

From 1828 to 1831, sun without spots on only 1 day.

In 1833, " (1 139 days.

From 1836 to 1840, " t( 3 days.

In 1843, " << 147 days.

From 1847 to 1851, " CI 2 days.

In 1850, " i( 193 days.

From 1858 to 18G1, " li no day.

In 18G7, " (t 195 days.

We see that the sun was remarkably free from spots in the

years 1833, 1843, 1856, and 1867, about half the time no con-

siderable spot being visible. This recurrence of the period

has been traced back by Dr. Wolf, of Zurich, to the time of

Galileo, and its average length is about 11 years 1 month.

The years of fewest sun-spots during the present century were

1810, 1823, 1833, 1844, 1856, and 1867. Continuing tlie

scries, we may expect very few spots in 1878, 1889, etc. TIio

years of greatest production of spots were 1804, 1816, 1820,

1837, 1848, 1860, and 1870, from which we may conclude

that 1882, 1893, etc., will be yeare of numerous sun-spots.
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PEBIODICITT OF THE SPOTS.

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 naturally led to the belief that

there M^as a connection between the two, and that the attrac-

tion of the largest planet of the s

,

. m produced some disturb-

ance in the sun, which was greate erihelion than in aphe-

lion. But this connection seems be disproved by the fact

that the sun-spoi period is at least six months, and 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 sun-spot pe-

riod with terrestrial phenomena which are of interest. Sir

William Herechel 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 corn, the latter being low

when there were few spots, and high when they were more

numerous. His conclusion was that the fewer the 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 Loomis, that the fre-

quency of auroras and of magnetic disturbances is subject to

a period corresponding to that of sun-spots, these occurrences

being most frequent when the spots are most numerous. Pro-

fessor Loomis considers the coincidence to be pretty well

proved, while Professor Levering is more cautions, and waits

for further research before coming to a positive conclusion.

The occurrence of great auroras in 1859 and 1870-71 was

strikingly accordant with tlie theory.

§ 5. Law of Rotation of the Sun.

Between the yeai*s 1843 and 1861, a very careful series of

observations of the positions and motions of the solar spots

18
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was made by Mr. Garrington, 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 by the spots was 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 25.3 days, while it was a

day longer in 30° 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
cannot 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 cause of these variations is a subject on which there \i

yet no general agreement among those who have most care-

fully investigated the subject. Zollner^ and Wolf see in ilio

general motions of the spots traces of currents moving from

both poles of the sun towards the equator. The latter cou-

sidera that the eleven -year spot -period is associated with a

fiood 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. Zollner adopts the same theory, and has

submitted it to a mathematical analysis, the basis of which is

that the sun lias 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 without 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, tlie crust of the sun really revolves in

Dr. J. C. F. Zollner, I'rufusior in tho llnivortiity of Leipsio.
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abont 25 days ; and the reason that the fluid which covers it

revolves more slowly at a distance from the sun's equator is

that it has not yet taken up this normal velocity of rotation.

This explanation of the seeming paradox that the equatorial

regions of the sun perform their revolution in a sliorter 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 the spots have a proper

motion of their own on tiie 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 wo here

touch upon questions which science is as yet far from being

in a condition to answer.

§ 6. The Sun's Surroundings.

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 wo
might have been better satisfied that we had a complete knowl-

edge of his constitution. Indeed, it is remarkable that mod-
ern science has shown us more mysteries in the sun than it has

explained ; so that we find ourselves farther than before from

a satisfactory explanation of solar phenomena. When the an-

cients supposed the sun to be a globe of molten iron, they hud

an explanation which quite satisfied the requirements of the

science of their times. The spots were no mystery to Galileo

and Schoiner, being simply da.!; places in the photosphere.

Ilerachel'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 constitutiun of the sun

* Mr. II. E. Fiiye, mcmbck- of the Fionch AcuJomy of Soiuiicu*.
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t

which was really satisfactory at the t''me it was propounded.

We have shown how his theory 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 Total Eclipses.— 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

moment of its total disappearance. lint, as the last ray of sun-

light vanishes, a scene of unexampled beauty, grandeur, and im-

pressiveness breaks npon 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

paintere used to depict around the heads of saints. Besides

this " corona," tongues of rose-colored flame of the most fan-

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 Kepler ; 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-colored

flames, although an observation of them was recorded in the

Philosophical Transactions nearly two centuries ago. They
are known by the several names of " flames," " prominences,"

and " protuberances."

The descriptions which have been given of the corona, al-

though differing in many details, have a general resemblance.

Ilalley's description of it, as scon during the total eclipse of

1716, is as follows:

"A few seconds before the sun was all hid, there discovered

itself round the moon a luminous ring about a digit, or 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 tinged with the colors of the iris, and to bo 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 out-

s' I
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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, corresi)onding to the poles and the

equator of the sun. 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 equator of the sun than it does near those points.

Fin. 08.—Total cclipvo of the biiii m kcii nt Des MdIiicb, lown, AiimiBt Tth, IStlV. Drawn
by Profeggdr J, U. fiaelmuu. TUu IuIIui'h, a, b, «, uic, murk lUu iiuitiliuua uf tbe ytoiu-

iiieucea.

These prominent portions sometimes seem like rays shooting

out from the sun. The corona is always brightest at its base,

gradually shading off toward the outer cdj>o. It is impossi-

Itio to say witli certainty how far it extendi, but there is no

doubt that it has been seen as fur as one sumidiumctcr fron)

the moon^s limb.
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The corona was formerly supposed to be an atmosphere

either of the moon or of the sun. Thirty or forty years ago,

the most plausible theory was that it was a solar atmosphere,

and that the red protuberances were clouds floating in it.

That the corona could be a lunar atmosphere was completely

disproved by its irregular outline, for the atmosphere of a

body like the moon would necessarily spread itself around in

nearly uniform 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-

thing surrounding the sun.

The question whether the red protuberances belong to the

moon or the sun was 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 thom with her, but passed over them. This

proved that they were fixed relatively to the sun.

At the time of this eclipse the spectroscope was in its in-

fancy, and no one thought of applying it to the study of the

corona and protuberances. The next considerable eclipse oc-

curred eight yeare later, in July, 1868, and was visible in In-

dia and Slam. The spectroscope had, in the mean time, come
into very general use, and expeditions were despatched from

several European countries to India to make an examination

of the spectra of the objects in question. The most succesf)-

ful observer was Jansscn, of France, who took an elevat< d

position in the interior, where the air was remarkably clea.\

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. The spectroscope was promptly turned upon

it, and tho practised eye of the observer saw in a moment that

the spectrum consisted of tho briglit lines due to glowing hy-

drogen. The protuberance, therefore, did not consist of any

substance shining merely by reflected sunlight, but of an im-

mense ninss of jjydrogen gas, so hot as to shine by its own
light. Tlio theory of the cloiul-like juituro of tho protuber-

ances was overthrown in a moment.
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This observation marks the commencement of a new era in

solar physics, which, by a singular coincidence, was inaugu-

rated independently by another observer. As Janssen looked

at the lines which he was the first of men to see, it occurred

to him that they were bright enough to be seen after the total

phase 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 wac entirely over. In fact, he found that

with a sufficiently powerful spectroscope, he could see the

spectral lines of the protuberances at any time when the air

was perfectly clear, so that the varying forms of these remark-

able objects which had hitherto been seen only during the

rare moments of a total eclipse could be made a subject of

regular observation.

But this great discovery was made in England, independ-

ently of the eclipse, by Mr. J. Norman Lockyer. This gen-

tleman was an active student of the subject of spectroscopy

;

and it had occurred 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 own light, but to be quite

vaporized, 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 construction was attended with so much delay that it was

not ready till October, 1868. On the 20th of that month, ho

pointed it upon the margin of the sun, and found three bright

lines in the spectrum, two of which belonged to hydrogen.

Thus 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 suitable instrument. Ilis success was immediately

communicated to the French Academy of Sciences, the news

reaching that body on the very day that word was received

from Janssen, in India, that he had also solved the same prob-

lem.

Following \ip his researches, Mr. Lockyer found that the

protuberances arose from a narrow envelope surrounding the

>t.
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enormous tongues of flauic, which, however, can never be seen

except with the spectroscope, or during total eclipses. To this

atmosphere Mr. Lockyer gave the name of the chromosphere.

This new method of research throws no light upon 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 been two in the United States within ten years,

during both of which the corona was carefully studied with

all the appliances of modern science. The first of these

eclipses occurred on August 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, Colora-

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 the

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

iu 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 linos of the solar spectrum can bo

seen, but these lines are much more prominent during somo

eclipses than during others. This portion of the spectrum

must be due to reflected sunlight. It woidd seem, therefore,

that the corona comprises a mixture of gaseous matter, shining

by its own light, and |)article.s reflecting the light of tho sun.

Continued observations of the spectra of the various gases

surrounding the sini show a much greater niunber of lines

tliiin have ever been seen during total eclipses. Mr. Lockyer

hiniBelf, by diligent observation extending over bevoral years,

i
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found over a hundred. But the greatest advance in this re-

spect was made by Professor 0. A. Young. In 1871 an astro-

nomical expedition was fitted out 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 the 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 these lines;

but thera are also many lines which are not known to pertain

to any terrestrial substance.

§ 7. Physical Constitution of the Sun.

Hespecting 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 tlie

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 remembered by those 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 tliere 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 oven 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 up by its

own elasticity. Of the two reasons 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 about 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 hundred thousand miles above the

sun's surface. But there 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 the sun, and therefore directly

through the midst of the corona. At the time of nearest ap-

proach its velocity was 350 miles per second, and it went with

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, wo
have only to reflect that shooting-stars are instantly and com-

pletely vaporized by the heat caused by their encounter with

our atmosphere at heights of from 50 to 100 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

be the fate of a body, or a collection of bodies like a comet,

passing through several hundred thousand miles of the 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 1x5 entirely 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 to such a flood of

light as the sim pours out on every body in his neighborhood.

The difficult question which wo 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 smi,

while each particle thus projected falls down again according

to the law of gravitation. The difficulty wc encounter hero is

that we nmst suppose velocities of projection rising as high as

200 miles per second constantly maintained in every region

of the solar globe.

2. That the particles thrown out by the sun are held up 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 sun is pro-

portional to those physical and chemical actions which we
find to give rise to electrical phenomena here on the earth,

the development of electricity there must be on an enormous

scale.

3. That the corona is due to clouds of minute meteors cir-

culating around the sun in the immediate vicinity of that lu-

minary.

As already intimated, none of these explanations is much
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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 atmosphere of the snn, rising in general a few
seconds above his surface, but now and then projected np>

wards in immense masses which we might call flame, if the

word were not entirely inadequate to convey any conception

Fio, TO.—Ttae 8U0, with its chromoBphere and red flames, on July S3d, 1871, as drawu b)

Secctai. The flgares mark the flames, IT in number.

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 upper 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 the metals

are most numerous, and the density the greatest, occurs the

absorption of the solar rays which causes the dark lines in the

1
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spectrum already described (p. 225). This seems satisfactori-

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 absorb certain rays of the light which passes

through them from the sun then emitted those same rays

when the sunlight was cut off.

The most astonishing phenomena connected with the chro-

mosphere are those oi'tburets of its matter which form the pro-

tuberances. The latter are of two classes—the cloud-like and

the eruptive. 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 acconnting for them that we do in accounting for

the suspension of the matter of the corona. In fact, of tlio

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 under the infiuence of the sun's gravitation. This leaves

the electrical explanation as the only adequate one yet brought

forward. The eruptive protuberances 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 oxient, and then falling back on the chromosphere.

Is it possible to present in language any adequate idea of

the scale on which natural operations are hero carried on ? If

we call the 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 wo call its movements hurricanes,

we must remember that our hurricanes blow only about a hun-

dred miles an hour, while those of tlie chromosphere blow as

far in a single second. They are such hurricanes as, " coming

down upon us from the north, would, in thirty seconds after
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they had crossed the St. Lawrence, be in the Gulf of Mexico,

carrying with them the wliole surface of the continent in a

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 indistinguisliable cloud." When we speak of erup-

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,
" Dicr irm, dies ilia

Solvet tuoclum in favillu,"

they gave rein to their wildest imagination, without i*eaching

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

gns, but from solid matter. This is indicated by the fact that

their spectrum is continuous, and also by the intensity of the

light, which far exceeds any that a gas has ever been 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 bo

fully shown by the variations and motions of the spots, which
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have every appearance of going on in a fluid or gas. Indeed,

of late, Bome of the most eminent physicists regard it as pure-

]y gaseons, the pressure making it shine like a solid.

But this theory is attended with a difiiculty which has not

been sufficiently considered. The 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 refined observations have never

shown it to be subject to the slightest change of level, or devi-

ation from perfect rotundity, except in tlie region of the spots,

where its continuity seems to be broken by immense chasm-

like openings.

The serene innnobility 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 upon such a crust. The
latter is the view of Zullner, who considers some sort of an

envelope between the exterior and the interior of the sun ab-

solutely necessary to account for the eruptive protuberances.

He places this solid envelope three or four thousand miles bo-

low the surface of the photosphere.

Inside the photosphere we have the enormous interior

globe, 800,000 miles in diameter. The best-sustained tlieory

of the interior is the startling one that it is neither solid nor

liquid, but gaseous ; so that our great luminary is nothing

more than an immense bubble. The pressure upon the inte-

rior poi*tions of this mass is snch as to reduce it to nearly the

density of a liquid ; while the temperature is so high as to

kcc]> 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 gaseous 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 shown

in treating of the laws which govern the secular changes of

the universe at large.

§ 8. Views of Distinguished Students of the Sun on the Subject of

its Physical Constitution.

The progress of our knowledge of the sun during the past

ten years has been so rapid that only those can completely fj1-

low it who make it the principal business of their lives. For

the same reason, the views respecting the sun entertained by
those wlio 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 that desire. The following

statements are presented in the language of their respective

authora, 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 bo 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 tho investigation of so difUcult a

subject.

Views of the Rev. Father Secchi—" For me, as for every one

else, tho sun is an incandescent bod , 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 constitntes the photosphere. Its limit is

defined, as in tho 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. Tho ]>hoto8phoro presents itself as composed
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of small, brilliant granulations, separated by a dark net-work.

These granulations are only the summits of the flumes which

constitute them, and which rise above the lower absorbing

layer, which forms the net-work, as we shall soon more clearly

see.

"Above the photospheric layer lies an atmosphere of a very

complex nature. At its base are the heavy metallic vapora,

at a temperature which, being less elevated, no longer permits

tlie emission of light with a continuous spectrum, although it

is suflicient 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 Kirchhoff, 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 considerably above the other

layer, and forms an envelope rising to a height of from ten

to sixteen seconds, or even more, which constitutes what wo
call the chromosphere. This hydrogen is always mixed with

another substance, provisionally called helium, which forms the

yellow lino D^ of the spectrum of the protuberances, and with

another still rarer substance, which gives the green line 1474

/r. This lost substance rises to a much greater elevation than

the liydrogen ; 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 tlio order of their

doiicity ; but still without any well-defined separation, the dif-

fusion of the gases producing a constant mixture.

" Tliis atmosphere becomes visible in total eclipses in the

form of tlie corona. It is very difficult to fix its absolute

height. Tlio eclipses prove that it may reach to a height

equal to the solar diameter in its highoBt portions.

*' No doubt it extends yet further, and it may well bo con-
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nected with the zodiacal light. The visible layer of this at-

mosphere is not spherical ; 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 gratm-

lations of the photosphere. During periods of tranquillity

the direction of these filaments is perpendicular to the solar

surface ; but during periods of agitation they are generally

more or less inclined, and often directed systematically tow-

ards the poles.

" The body of the sun is never in a state of absolute repose.

Tlie various substances coming together in the interior of the

body tend to combine, in consequence of their aflinit}', and

necessarily produce agitations and interior movements of every

kind and of great intensity. Hence the numerous crises which

show themselves at the surface tlirough 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 tiie spectroscope (in full sunlight) of one-tourth the

solar diameter. 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 form-

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 layere,

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 metallio

vapors of greater density, which do not attain the elevation

of the hydrogen, and of which the nature can bo recognized

by the aid of the spectroscope : occ!u:ionally we see them lull-

ing buck on the sun in the form of parabolic jets. The most



276 THE SOLAR SYSTEM.

common substances arc sodinm, magnesium, iron, calcium, et'j.

—indeed, the same substances which are seen to form the low,

absorbing layer of the solar atmosphere, 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 revei-sed ; that is to say,

we can see the bright lines of the substance itself on the back-

ground of the spot. This often happens for hydrogen, which

rises to a great lieight, and also with sodium and magnesium,

which metals have the rarest vapors. Here, tlien, we have the

origin of the solar spots. They are formed by masses of ab-

soibing vapors which, brought out from the interior of the sun,

and interposed between the photosphere and the eye of the ob-

server, prevent a largo part of the light from reaching our eyes.

" But these vapore 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 tilled with a darker and

moi'e absorbing mass. Hence the aspect of a cavity recognized

in the spots. If tliQ eruption is instantaneous, or of very short

diu'ation, this vaporous mass, fallen back on the photosphere,

soon becomes incandescent, reheated, and dissolved, and the

spot rapidly disappears ; but the interior crises of the body of

the sun may bo continued a long time; and the eruption may
nmintain itself in the same place during two or more rotations

of the sun. Hence tlie persistence of the spots ; for the cloud

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 bo re-

vived and i-eproduccd 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

tiie penumbi-a. The latter is i-eally 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 tlie spot, and sometimes crossing it like

a bridge.

Fi'j. 71—niiislrating Sccchl's theory of solar Bpots.

"In each spot we must distinguish three periods of exist-

ence: tho first, of formation; tho second, of rest; the third,

of extinction. In tho first, tiio photospheric mass is raised

and distorted l)y a great agitatioti, often in the nature of a

vortex, which elevates it all around the flowing stream!*, and

forms irrcg'dar elevations, cither without penumbra or with a

very irregular one. Tlieso irregular movements defy <les(;rip-

tiou : their velocities are enormous, and the agitated region

> i

'- :!
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extends Itself over several square degrees; but this upturn-

ing soon comes to an end, and the agitation slowly subsides,

and is sncccodod 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 photosph .re, resembling a funnel, and the numer-

ous currents which come from each point of the circumference

to rusli upon this obscure mass ; but at the same time the con-

trast 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 disappears.

" The existence of these three phases is established by the

comparative study of the spots and eruptions. When a spot

is on the sun's border during its firet period, althougli 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 Rodium, iron, and magnesium are seen

in the greatest quantity, and raised to great heights. A calm

and circular spot is crowned by beautiful faculas and jets of

hydrogen and metallic vapors, very low, though quite brilliant.

A spot which is on the point of closin' up has no metallic

jets, and at the uttnost 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. Tims 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 lipon the eruptions and the more or less absorbing

quality of tlie materials : if the erupted materials were not

absorbent, wo could see tio s})ot8 at all.

"The eruptions composed simply of hydrogen do not pro-
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rco,

Idc-

not

bro-

duce spots; thus 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 faculse. The greater brilliancy of the faculse

is due to two causes: the firat is, thv^ 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 coining out, displaces the absorbing

stratum, and, taking the place of the metallic vapors, permits

a better view of the light of the photosphere itself.

"Thus, 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

plienomena, 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 degrees are exceptions. Tliat

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 sectora of equal volume. Beyond tliese

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. Wo 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 tiine reappear at lower latitudes,

and afterwards go on anew. Between these phases of dis-

placement there is commonly a minimum of spots. During

jMjriods 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 from
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the equator to the poles. This movement is supported by the

displacement of the zones of eruption 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 pamllels, 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 the 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

spaces of our planetary 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 ignorant 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 shall

reveal the nature of the connection which unites heat to elec-

tricity, to magnetism, and to the cause of gravity.

" Of the interior of the sun we have no certain information.

The superficial temperature is so great, notwithstanding the

continual loss of heat which it suffei-s, 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 : flrst, 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 condensatioTi conseqtient 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, no*- only its actual temperature, but one sev-

eral times great 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 {vis viva) and the intensity of radiation to a distance

(which last is the only datum given by observation), we find

ourselves in a state of painful tmcertaiuty. Nevertheless, this

temperature must be several million degrees of our thermom-

eter, and capable of maintaining all known substances in a

state of vapor.
" Kome, February llth, 1877."

Views of M. Faye.—" In studying without any prepossession

the movements of the spots, we find, with Mr. Carrington, that

there exists a simple relation between their latitude and their

angular velocity. 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 ^^ of the radius of the

sun, and of certain oscillations of very small extent, and of

long period, which the spots undergo per])endicular 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

quite simple mechanical phenomenon. The law in question

can be expressed by the formula,

w=a— i sin* A;

(ii being the angular velocity of a spot at the latitude X, and a
and b being constants, having the same value (a=857'.6 and
6=157'.3) over the whole surface of the sun. These constants

may vary slowly with the time, but 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

photosphere in which it is formed, we see

:

" 1. That the contiguous strips of the 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. Tliat these strips move nearly parallel to the equator,

and never give indications of currents constantly directed tow-

ards either pole, as in the upper regions of our ntmospliere.

"3. That the spots are hollow, or at least that the black nu-

cleus 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 suflicient 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
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intense radiation, and of condensed products which fall bnck

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 boriowed

from this mass, and not from a superficial layer, the tempera-

ture of whicli 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

whirlwinds, tornadoes, and cyclones of our atmosphere follow

the upper 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 upper 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 tumultuously around

the whirlpool, forming irregular jets which appear above the

chromosphere. These jets constitute the protuberances.

" The whirlpools of the sun, like those on the earth, are of

all dimensions, from the scarcely visible pores to the enormous

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-
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sphere which forms 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 tlie 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. Tliis 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

will h feed the photosphere will become more and more hin-

dered. The cooling will then be purely superficial, and the

surface of the snn will harden into a continuous crust.

" Paris, Febnwry, 1877."

Views of Professor Young.—" 1. It seems to mo almost dem-

onstrated, as a consequence of the low mean density of the

sun and its great force of gravity, that tho central portions of

that body, and, in fact, all but a comparatively thin shell near

the sni'face, must be in a gaseous condition, and tlie gases at

so high a temperature as to remain for the most part dissoci-

ated from each other, and incapable of chemical interaction.

Under tho influence of the great pressure and ingh tempera-

ture, however, their density and viscosity are probably such as

to render their mcclianical behavior more like that of such

substances as tar or honey than that of air, as we are famil-

iar with it. I

" 2. The visible surface of the sim, the photosphere, is cojn-

])os«jd of clouds formed by tho condensation and combination

of such of tho solar gases as are cooled sufficiently by their

radiation into space. These clouds are suBpciuled in the nuiss

of uncondensed gases like the clojuls in our own atmosphere,

and probably have, for the most part, tho form of approximate-

ly vertical columns, of irregular cross - section, and u length
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many times exceeding their diameter. The liquid and solid

particles of which they are made up 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

immenso precipitation of what may be called solar ' rain and

snow,' which descends into the gaseous core, and by the inter-

nal heat is re-evaporated, 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 photosphcric 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 redescending in the cloud-columns, partly con-

densed into solid or liquid particles, and partly uncondonsed,

but greatly cooled. It seems also not ui.likely 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 the layer of uncondensed

gases which overlies the photosphere, though separated from

it by no dotinite surface. The lower portion of the chromo-

sphere is rich in all the vapors and gases which enter into the

sun's composition ; but at a comparatively small height the

denser and less permanent gases di«api)oar, leaving in the up-

per regions only hydrogen and sonio other siibstancos not as

yet identiiied. The dark lines of the solar spectrum originate

nuvinly in the absorption )>roduced by the denser gases whicli

!
II
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bathe the photospheric clouds, and these metallic vapora are

only occasionally carried into the npper regions by ascending

jots 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.

" 5. 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 ma}' be. exifit-- 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 appeal's to be simply reflected sunshine. But by what

forces the 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 boreulis, the com-

ets, and the nebula) are alldifl^erent—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-

spheie, 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 invariablj', there is a violent

uprush 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 centre. As to the cause

of the s])ot8, and the interj)retation of their tclcscojuc details,

I am unsatisfied. The theory of Fayo appears to me, on the

whole, the most reasonable of all that have yet been proposed

;

but 1 cannot reconcile it with the want of systematic rotation

in the spots, or their ])cciiliar forms. Still, it undoubtedly has

important eloments of truth, uiul may perlinjis bo modified so

as to meet tliciie dinicultics. As to the iteriudieify of the spots,

a

a
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I am unable to think it due 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

propose 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 law of

cooling, which is confessedly a mere approximation, seem 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, seeuj to mo
hardly more trustworthy, since their whole result dejjends

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 tlie sun's equator

as the most important of the unexplained facts in solar phys-

ics, and am pcreuaded that its satisfactory ehicidation will carry

with it the solution of most of the other problems still pending.

"Such, in brief, are my * opinions;' but many of them I

hold with little confidence and tenacity, and anxiously await

more light, especially as regards the heory 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 lihn of a bubble com-

presses the enclosed air. T(.» the pressure thus produced I

ascribe mainly the eruptive phenomena of the chromosphere

uiid prominences.

" Dmtmoutli College, Munli, IMJT."

11
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Views of Professor Langley.—"It seems to ine that we have

now evidence on which to pass final adveree judgment on

views which regard the photosphere as an incandescent 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

pm'cly vaporous, and I consider these upper vapors to be

lighter than the thinnest cirri of our own sky. The obser-

vation of faculoa allies them and the whole ' granular ' cloud

structure of the surface most intimately with chromospheric

forms, seen by the spectroscope, and associates both with the

idea of an everywhere-acting system of currents which trans-

mit the internal heat, generated by condensation, to the sur-

face, and take back the cold, absorbent matter. This vortical

circulation goes to a depth, I think, sensible even by compari-

son with the solar diameter. It coexists with approximately

horizontal movements observed in what may be called the

successive upper photospheric strata in the vicinity of spots.

The spots give evidence of cyclonic action such as could only

occur in a fluid. Their darkness is duo 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 hero look througli, 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-

\>o\\\i 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,thoug1i

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 are to bo expected, where these are essentially

moditicd (if by no otlier cause) by the viscosity duo to extreme

heat. The temperature of the sun is, in my view, necessarily
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iniich greater than that assigned by the numerous physicists,

w\\o maintain it to be comparable with that obtainable in the

laboratory furnace ; but we cannot confidently assign any up-

per limit to it until physics has advanced beyond its 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 obscnrity now at-

Fiu, T'i.—Solar rpot, iiriui Laiitjlcy.

tending this important question. No theory of the solar pon-

Btitution wliich ia free from some objection has yet been pro-

posed ; but if the master-key to the divci'so problems it pi'c-

Bents has not been found, it is still true, I think, that the one

whi(!h unlocks most is that of M. Faye.

" Of the potential energy of the sun, wo may sny that wo
believe it to bo suftlcient for •, supply of the present heat dur-

ing periods to be coimtod by millions of years. But what im-

20
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mediately conccnis us is the constancy of the rate of conver-

sion of this potential into actnal radiant energy, as we receive

it, for on this depends the uniformity of the conditions under

which we exist. Now, this uniformity in turn depends on

the eqnality 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 radiation in prehistoric jieriods 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."
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CHAPTER III.

THE INNER GROUP OP PLANETS.

Its mean distance from

§ 1. T.':e Planet Mercury.

Mercury is tlxe nearest known planet to the sun, and the

smallest of the eight lai-ge planets,

the sun is 40 millions of

miles, and its diameter about

one-third that of the earth.

It was well known to the an-

cients, being visible to the

naked eye at favorable times,

if the observer is not in too

high a latitude. The central

and northern regions of Eu-

rope are so unfavorably sit-

uated for seeing it that it is

said Copernicus died without

ever having been able to ob-

tain a view of it. The diffi-

culty of seeing it arises from

its proximity to the sun, as it seldom sets inore than an hour

and a half after the sun, or rises more than that length of

time before it. Hence, when the evening is sufficiently ad-

vanced to allow it to bo 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 part of the United

States. The following are favorable times for seeing it after

sunset:

1883 Janunry 2lBt, May Kith, Soptombor 7th.

1884 Jfliiunry 5th, April 20ih, Au(;ii8t IDth, Ucoo;iibcr 19tb.

1885 April 0th, Auguat lot, Doooiuliur 1st.

Fio. T3.—Orbits of the fnnr Iiinor plnnpti, 11-

liiBtrating the ecceutricity of those of Mercu-

ry and Mars,
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The ooiTOsponding times in subsequent years may be found

by subtracting 18 days from the dates for eacli year; that is,

they will occur 18 days earlier in 1886 than in 1885 ; 18 days

earlier in 1887 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 iifteen or twenty days at a time. Each date

given is about the middle of the period of visibility, which ex-

tends a week or ten days on each side. The best time for look-

ing is in the evening twilight, abont three-quarters of an hour

after sunset, the spring is in this respect much more favorable

than autumn.

Aspect of Afircxmj.—Mercury shines with a brilliant white

light, brighter than that of any fixed star, except, perhaps,

Sirius. It does not seem so bright as Sirins, 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 neai* those of

greatest brigfitncss.

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 ajv

parent angular distance, it api>ear8 like a half-uioon. 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 those various phases are connected with the position of

the planet relative to the earth and sun is the same as in the

case of Venus, and will bo shown in the next section.

Rotation^ Fif/niT, Abanspherc, rk.—About the beginning of

the present (iontin-y Schriiter, the celebmtcd astronomer of

Lilicnthal, who niiido the telescopic study of the planets a

speciality, thought lluit at times, when Mercury presented tlio

aspect of a crcHccnt, the south horn of tliis 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 conclusion that the planet revolved
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on its axis in 24 horn's 5 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-

liaps 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

considei'ed 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 the 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 snr 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 unfavorable

situation.

Transits of Mercury.—Transits of this 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 yeare. 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 sometimes pass be-

tween the earth and the sun ; but its diameter is too small to

admit of its being seen in this position with the naked eye.
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The first actual observation of Mercury projected on the face

of the sun was made by Gassendi, 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. lie came near missing his ob-

servation, owing to his having expected that the planet would

look much larger 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 St. Helena, and, being pro-

vided with superior instruments, was fortunate enough to make
a complete observation of a transit of Mercury over the sun

which occurred on November 7th.

The following are the dates at which transits of Mercur)

will occur during the next hundred and twenty years, with

the Greenwich times of the middle of each transit. Those

marked G will be visible in whole or in part in England.

Urs. Mins.

1891 May 9th, 14 20

1894 Nov. 10th, G 30 G-

1907 Nov. 14th, 9G.
1924 Mny7th, 13 34

1927.. N..V. 9th, 17 40 G.

1940 Nov. lOth, 11 24

1953 Nov. 14th, 4 55 G.

Hrs. Ming.

1957 May5tli, 13 12

1900 Nov. 7th, 4 55G.
1970 May 8th, 20 22 G.

1973 Nov. 9th, 22 35 <}.

1980 Nov. 12th, 10 11

1993 Nov. 5th, 15 .'i9

1999 Nov. 15th, 9 41

§ 2. The Supposed Litm-Mercurial Planets.

At the present time the greatest interest which attaches to

trunsits of Mercury arises from the conclusion which Lcver-

rier lias 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 Lcverrier, that the perihelion of Mercury moves

more rapidly by 40" a century than it ought to from the grav*
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itation of all the known planets of the system. He accounted

for this motion by supposing a group of small planets between

Mercury and the sun, and the question whether such planets

exist, therefore, becomes 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 unfavorable cir-

cumstances. The fact 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 obscrvere are almost unknown as astronomers. In at least

one of these cases the observer did not profess to have seen

anything like a planet, but 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, Carring-

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 wo must remember that a

veal 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 Ukely to be

recognized by a naturalist than by one who is not such. 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 tlie edge of liis disk to the hori-

zon in the couree of a day ; he seems, in fact, in the north-

era hemisphere to turn round in the same direction with the

liands 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 sun'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 necessai'ily 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 planets, and a distance from the snn one-half that

of Mercury, the planet would pass over the face of the sun,

01) 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 tliem 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, thougli occasionally seen by unskilled ones. This is

a sufficient redudio ad ahsurdum of the theory of their reality.

It is therefore certain that if the motion of the perihelion

of Mercury is duo to a group of planets, they are each so small

as to bo invisible iu transit across the sun. It is, however, pos-

• Some renders may recall Butler's sarcastic poem of the " Elephant in the

Moon," as illustrative of the possibility of an observer being deceived by some pe-

culiiirity of his telescope. In one instance, about thirty years since, a telescopic

obscrvntion of something which we now know must have been flights of distant

birds over the disk of the sun was recorded, and ])ublished in one of the leading

astronomical journals, as a wonderful transit of meteors. The publication was

))robnbly not seriously intended, the description being a close parallel to that of

the satirical jKHSt. See Astronomische Nachrichten, No. 549.
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sible that they might he seen during total eclipses, either in-

dividually as small stars, or in the aggregate as a cloud-like

mass of light. During tlie total eclipse of July 29th, 1878,

Professor J. C. Watson observed two objects which he consid-

ered to be 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 intramercurial 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 more
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 diificulty 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 ths motion of the perihelion is

due to the cause assigned by Leverrier, the planetoids which

cause it must, in the mean, move in neai'ly 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 orbit of Mercury, namely 7°. The question

must therefore remain unsettled until farther researches are

made.

§•3. The Planet Venus.

The planet Venus is very nearly the size of the earth, its dia-

meter being only about 300 miles less than that of our globe.

Next to 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 45° from the sun, and is, there-

i
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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 sun. 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 Hesperus 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 tlie evening after

sunset, and the latter when, being to the west of the sun, it

was seen in the east before sum'ise. 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 wei-e studied, and the one was seen to emerge

from the sun's rays soon after the otlier 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 stare

only by its intense brilliancy. J3ut when Galileo examined

this planet with his telescope, ho 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 throiigli some one else in the mean time

making it independently, he published the following anagram,

in which it was concealed:

" Ilree iinmntiirn n me jnm fniRtrn Icgnntur o. y."

(These unri|)0 tilings Hro now vainly gntlioruJ \^y mo).

By transposing the Icttei-s of this sentence ho afterwards

showed that they could bo nuido into the sentence,

"Cviuliiu) flgiiraR H'miilntnr miitor nmoniin"

(Tlio mollioi' uf tliu luvos iiiiitiitus tliu phiisuD of Cyiitliiii).

That the disk of Venus was not round was ilrst noticed l)y

Galileo in September, 1010. A computation of its position

at that time shows tlint it must liavo boon a little gibltous,

more than half of its face being illuminated; but after a
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few months it changed into a crescent. Therefore Galileo

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. Wlien beyond the sun, it is at a dis-

tance of IGO millions of miles, and presents the 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 bo more than GO" in diameter.

O #
3

m
(»

Fio. T4.—Phnsoa of Venns, showing apparent tlgnre and mngnltndo of tho briijht and dark
portiouB of the phiuet in vuiiouit puiuts of Its orbit.

lint, being then on the same side of the sun M'ith ns, its dark

hemisphere is turned towards us, except, perhaps, an extreme-

ly thin crescent of tho illuminated hemisphere. I5etvveen

tlieso two positions it goes through all tho intenncdiato

pliases, tho universal rule of which is that tho nearer it is

to tho earth, the smaller tho proportion of its apparent disk

whicli is illuminated ; but tho larger that disk would apjiear

could tho whole of it bo seen. Its gi*eatcst brilliancy occurs

between the time of its greatest elongation from the sun and

its inferior conjunction.

Supposed Rotation, of Venm.—The earlier telcscopists natu-

rally scrutinized the planets voiy carefully, with a view of tiiid-

iiig whether there wore any inotiualities or markings on their

surfaces from which the time of rotation on their axes could

bo dctormiiiod. In April, lfi()7, Caseiiii saw, or thought ho

saw, a bright spot on Venus, by tracing which for several suc-

cessive ev(M\ingrt ho found that tho phuiot revolved in between

ii<{ and 21 hours. Sixty years later ISlunchini, an Italian as<
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tronomer, whose telescope is shown on page 112, supposed that

he found seven spots on the planet, which he considered to be

seas. By watching them from night to night, he concluded

that it required more than 24 days for Venus to revolve on

its axis. This extraordinary result was criticised by the sec-

ond Cnssini, 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 niglit ; whereas, in fact, 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 wonld have

made 25 revolutions in the mean time, instead of one only, ns

Blanchini supposed. This would make the time of rotation

23 hours 2^ minutes, while Cassiui found 23 horn's 15 minutes

from his father's observations.

Between 1788 and 1793 Schroter applied to Venus a mode
of observation similar to that he used to find the rotation of

Mercury. Watching the sharp horns when the planet appear-

ed as a crescent, he thought that 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 23 houre 21 minutes.

On the other hand, Ilerechel was nevcr^le to see any per-

nmncnt markings on Venus. lie thotight he saw occasional

spots, but they varied so much and disappeared so rapidly that

he could not gather any evidence of the rotation of the plan-

et. He therefore supposed that Venus was surrounded by an

atmosphere, and that whatever markings might be occasional-

ly seen were due to clouds or other varying atmospheric phe-

nomena.

In 1842, Do Vico, of Rome, came to the rescue of the older

astronomers by publishing a scries of observations tending to

show that he had rediscovered the markings found by Blan-

chini more than a century before. lie deduced for the time

of rotation of the planet 23 hours 21 minutes 22 seconds.

The best-infonned astronomers of the present day look with

suspicion on nearly all these observations, being disposed to
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sustain tho view of Ilerechel, though on grounds 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 thoi'- pre<\jce8sor8, who have

never been able to see any permanent b^ ^t The close agree-

ment between the times of rotation found by the older ob-

servera is indeed striking, and might seem to render it certain

that they nmst have seen spots which lasted several days. It

must also be admitted in favor of these observers that a fine

steady atmosphere is as necessary for such observations as a

line telescope, and it is possible tliat in this respect the Italian

astronomera may be better situated than those farther north.

But the circumstance that the deduced times of rotation in

the cases both of Mercuiy and Venus differ so little from that

of the earth is somewhat suspicious, because if the appearance

were due to any optical illusion, or imperfection of the tele-

6( pe, it might repeat itself several days in succession, and

thus give rise to the belief that the time of rotation was near-

ly one day. The case ia one on which it is not at present pos-

sible to pronounce an authoritative decision ; but the balance

of probabilities is largely in favor 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.*

Atmosphere of Venus.—The npi^earance of Veniis when near-

ly between us and tho sun affords very strong evidence of tho

existence of an atmosphere. Tho limb of tho planet farthest

from tho 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 tho sun, this appearance could

never present itself, as it is impossible for an observer to seo

more than half of a largo sphere at ono view. There is no

* The InlcRt iili.VHicnl nliHorvntiuns on Venus with which I nm acquainted nra

thoM of Dr. Vogcl nt liotliknmp, in I'ln-t II. of tho "Hothknmp OhHorvnIiniiH

"

(LoipEig, Kngclmnnii, IH7U). Tho ronuU to wliioh these obKcrvntinns point is timt

the uimoKphere of Venus is flIloJ with ciniids so dense thnt the solid body uf ilie

pinnet cnn not lie seen, nnd no time of ix)intk)n cnn lio determined.

'if
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known way in which the sun can illuminate so niiich more

than the half of Venus as to penuit a complete circle of light

to be seen except by the refraction of an atmosphere.

The appearance to which we allude was tiret noticed by

David liittenhouse, of Philadelphia, while observing the tran-

sit of Venus on Juno 3d, 1769. When Venus hud entered

about half-way upon the sun's disk, so as to cut out a notch of

the form of a half-circle, that part of the edge of the planet

M'hich was off the disk appeared illuminated so that the out-

line of the entire planet could be seen. As this appearance

Avas 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 conjuncfon, the visible crescent

extended through more than a half-circle. This showed that

more than half the globe of Venus was illuminated by the

Bun, 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-

zontal refraction being 44', whereas on the earth it is only

34'. He therefore concluded that Venus was surrounded by

an atmosphere a little more dense than that of the earth.

The next important observation of the kind was made by

Professor C. S. Lyman, of Yale College. In December, 1866,

Venus was very near her node at inferior conjunction, and

passed unusually near the lino drawn from the earth to the

gun. Examining the minute crescent of the planet with a

moderate-sized telescope, ho found that he could see the entire

circle of the i)lanet'8 disk, an exceedingly thin thread of light

being stretched round the side farthest from the sun. So far

as known, this was the first time that tlie whole circle of Venna
had been seen in this way since tlie time of Rittenhouso. It

is remarkable that both observations should have been made
by isolated observers in Amcricia.

Notwithstanding the concurrent testimony of Rittenhouso,

Miidler, and Lynuin, the bearing of their observations on what

was to bo expected during the transit of Venus in December,

1S74, was entirely overlooked. Accordingly, numy of the ob-



THE PLANET VENUS. non

servers wero quite talvcn by surprise to find that when Venus

was partly' on and partly off the sun, the outline of that part

of her disk outside the sun could be distinguished by a deli-

cate line of light extending around it. In some cases the

time of internal contact at egress of the planet was missed,

through the observer mistaking this line of light for the limb

of the sun.

That no one but Rittenhouse 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, and 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. Cap-

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 remarkable degree from our

own, or, at least, does not contain gases which exert a power-

ful selective absorption on light.

Supposed VisHtiUty of the Dark Hemisphere of Venus.—Many
astronomers of liigh repute have seen the dark hemipphcrc of

Venus slightly illuminated, the planet presenting the appear-

ance known as '^ the old moon in the now moon's arms," which

!
;
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may be seen on any clear evening three or four days after the

change of the moon. It is well known that in the case of

the moon her dark hemisphere is thus rendered visible by the

light reflected from the earth. But in the case of Venus,

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 sufficient external source of light, it has been attrib-

uted to a phosphorescence of the surface of th**. ^''anet. If

the phosphorescence were always visible under favorable cir-

cumstances, there would be no serious difficulty 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 diflicult 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 bo far more easily seen by night tlian 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? This

is a question to which no satisfactory answer has been given,

and until it is answered we are justified in considering tlie ap-

pearance to bo purely optical.

Supposed SiiteUite of Vemis.—No better illustration of the er-

rors to which observations with imperfect instruments are lia-

ble can bo given than the supposed observations of a satoUito

of Venus, made when tlio telescope was still in its infancy.

In 1072, and again in 16S0, Cassini saw a faint object near

Venus 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 Euf>land, as seen by him on

0(!tobcr 23d, 1740. The diameter of the object was a third

of that of Venus, and it exhibited a similar phase. Several

other observers saw the same thing between 1700 and 1704.



THE PLANET VENUS. 305

lie

of

ho

ns,

icli

ere

rib-

If

cir-

tu»g

d to

II at

io as

t ex-

B ap-

The

iiriug

an U-

|au by

en at

;n, the

ances

Tins

given,

\e ap-

P

One astronomer went so far as to compute an orbit from all

the 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 that they were misled by

the false images produced to some 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 snrfaccs 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 ^^he 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, producing

false images by reflection from the glasses.

One of the oyo-pieces of the gicnt Washington telescope shows a beniitifiil

little sntcllito along -side the |)lnnet Uruntis or Neptune when the imngo of the

plnnot is brought exactly in the centre of the field of view, but it disnppcnra as

soon ns the telescope is moved. The writer was deceived by this appearance on

two occasions while scrutinizing these planets for close sntcllitos,

21
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§ 4. The Earth.

Our earth is tlio third plnnet in the order of distance from

the Biiti, and shghtly the largest of the inner group of four.

Its ujcan distance from the sun is about 92^ millions of miles;

but it is a million and a half less than this mean on January

let of every year, and as much greater on July let. 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.

Much of what wo may call the astronomy of the earth

—

such as its figure 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 chapter on gravitation, so that we have little of a purely

astronomical character to add here. The fcitures of its sur-

face and the phenomena of its atmosphere belong rather to

geography and meteorology than to astronomy. But its consti-

tution gives rise to several questions in the treatment of which

astronomical cojisiderations come into play. Prominent among
these is that ni' tlio state of the great interior mass of our

globe, whether iso ^l ur liquid. It is well known that wher-

ever wo descend into the solid portions of the earth, we find a

rise in temperature, going on uniformly with the depth, at a

rate wliich nowhere differs greatly from 1° Fahrenheit in 50

feet. Til is riHo of temperature has no connection with the

oa-lovel, l)Ut is found at all points of the surface, 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 conduction. In

this way, the inequality would soon disappear by the warmer
strata cooling off, if there were not a constant supply of heat

insido tlio earth. The rise of temperature, therefore, cannot

bo something merely superficial, but must continue to a great

depth. If wo tracio to past times the conditions which must

have oxiHicd in order that the increase might show itself at the

proeciit tiiiio,we shall Hud 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. Tills 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 materials 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 sphere of molten matter

surrounded by a compamtively 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. Observations 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 theory.

The heavier masses, pressing upon the in-

terior fluid, would tend to elevate the sur-

rounding lighter masses, and when the two Fio. T6.-showing thickneM

were in equilibrium, the latter would be CtrtCoSauro:
the higher, as a floating block of pine ry of a molten interior.

J 'ii- i«i Afii.! i.
The circle Is thicker In

wood Will rise higher out of the water proportion than the Boiid

than a block of oak. Boiling springs in ""*'•

many parts of the globe show that there are numerous hot re-

gions in the caith's interior, and this heat cannot bo merely

local, because then it would soon be dissipated. But the geol-

ogist finds the strongest proof of the tlioory in volcanoes and

earthquakes. The torrents of lava which have been thrown

out of the former through thousands of years show that there

are great volumes of molten matter in the earth's interior,

I i

i
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while the latter show this interior to be subject to violent

clianges which a solid could not exhibit.

But mathematicians have never been able entirely to rec-

oncile the theory in question with the observed phenomena of

precession, nutation, and tides. To all appearance, the earth

resists the tide-producing action of the sun 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, wo
could see no tides at all. If the earth were only a thin shell

floating on a liquid interior, the tides 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 difficulty 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 surface— but it

is supposed that the enormous pressure of the outer portions

tends to keep the inner part from melting. Nor is it ques-

tioned by Sir William Thomson that there are gi'eat volumes

of melted matter in the earth's interior from which volcanoes

are fed; but he maintains that, after all, these volumes are

small compared with that of the whole earth.

Refraction of tlie 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 curvature. In consequence of this, all the
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heavenly bodies appear a little nearer the zenith, or a little

higher above the horizon, than they actually are. The dis-

placement is too small to bo 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 sea-shore, 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 sun 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 centre of the sun is on the

horizon, it is not of the same length with the 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 wo must add some throe minutes more to

its length.

If, standing on a hill, we watch the sun rise or set over the

ocean, one effect of refraction will bo 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 roinid, but ellip-

tical, the horizontal diameter being greater than the vertical.

The reason of 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

the heavenly bodies above the horizon must bo corrected for

refraction, the true altitude being always less than that ob-

served. Very near the zenith the refraction is about 1" for

every degree, or -^-^-^ part the distance from the zenith. But

it increases at tii-st 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'.

77(6 Aurora Borcalis.— This phenomenon, though so well

known, is one of which great difficulty liJis been found in giv-

i*y explanation. Tliat it is in some way con-

[

ing a satisfactoi'
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Fio. 70.—DiBtribntion of auroras, after Loomls. The darker the color, the more frequeutly

auroras arc seen.

nected with the pole of the earth is shown by the fact that

its frequency depends on the latitude. In the equatorial re-

gions of our globe it is quite rare, and increases in frequency

as we go north. But the region of greatest frequency seems
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to be, not the poles, but the neighborhood of tlie Arctic Cir-

cle, from which it diminishes towards both the north and the

south. This is shown more exactly in Professor Loomis's

auroral map, of which we give a copy on the preceding page.

A close study of the aurora indicates that its connection is

not with the geographical, but with the magnetic pole. Two
distinct kinds of light are seen in the aurora ; or wo might

say that the light assumes two distinct foruis, of which some-

times the one and sometimes the other preponderates. They
are as follows

:

1. Tlie cloud-like form. This consists of a large irregular

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.

Fio. 7T.—View of aarora.

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. They 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-

^(t

':|i;

ii
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times they are spread out in the form of an immense flag

with numerous folds, dancing, quivering, and undulating, as

if moved by the wind.

Electric Nature of the Aurora.—There is abundant evidence

that the aurora is intimately connected with the electricity

and magnetism of the earth. During a brilliant aurora such

strong and iiTcguIar 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 magnetic 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 atmospheiu from one pole to

the other. But recent researches seem to show that, though

this view may bo partly true, it is far from the whole truth,

and does not afford a complete explanation. The great heigh*

of the aurora and the nature of its spectrum both militate

against it.

Heiyhtofthe Aurora.—Several 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 that it extends to the height of

from 400 to 600 miles. But the evidence of shooting -stara

and meteors seems to indicate that the limit of the atmosphere

is botweon 100 and 110 miles in height. If it extends above

this, it must be too rare to conduct electricity long before it

reaches the greatest height of the aurora ; indeed, it is doubt-

fjil whether it does not attain this rarity at a height of 40 or

60 miles. If, then, the aurora really extends to the great

ht'ii^ht wo have mentioned, and till exists in a gaseous medi-

um, it seems difficult to avoid the conclusion that this mediinn

is something far more ethereal than the gases which form our

atmosphere. It would, however, be unphilosophical to assume

the existence of such a medium without some other evidence

in j^s favor than that afforded l>v the aurora. W(! must in-
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dude the aurora among those things in which modern ob*

scrvations have opened up more difficulties than modern theo-

ries have explained.

Spectrum of the Aurora.—The spectrnm of the aurora is bo

far from uniform as to be quite puzzling. There is one char-

acteristic bright lino in the green part of the spectrum, known
as Angstrom's line, from its lirst discoverer. This was the

only line Angstrom could see : he therefore pronounced the

light of the aurora to be entirely of one color. Subsequent

observere, 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 Winlock, of Harvard University; Professor

Barker, of Philadelphia; and Dr. II. C. Vogel, fornicily of

Botlikamp.

D Eft F

Fio. T9,—Spectrum of two of the great aurora* of 18T1, after Dr. U. C. Vogel.

Fig. 78 shows the spectra of two auroras, as drawn by Dr.

Vogel. It will bo seen that there is one fine bright line be-

tween I) and E, which would full in the yellowish-green part

of the B|)ectrum, while the others are all broad, ill-defined

bunds. Dr. Vogel notices a remarkable cuniiection between

these linos and several groups of lines produced by the vapor

of inm, and inquires whether this vupor can possibly exist in

tlie upper regions of our atmosphere. A more complete study

of tlio spectra of vapors at different pressures and tempera-

tures is necessary befure wo can form a decided opinion as to

wnat the aurora really is.

"
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Of the supposed periodicity of the auroia, and its connection

with sun-spots, we have already spoken. Granting the reality

of this connection, we may expect that auroras will be very

frequent between the yeare 1880 and 1884 ; and if this ex-

pectation is realized, little doubt of the connection will remain.

§ 5. The Moon.

The moon is much 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 ellipticity 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 coureo

of each monthly revolution. The least possible distance is

221,000 miles ; tlic greatest is 259,600 miles. It very rarely

approaches eiOier of these limits, the usual oscillation being

about 13,000 miles on each side of tlie mean distance of

240,300. The diameter of the moon is 2160 miles, or some-

what less than two-sevenths that of the earth. Her volume is

about one-fiftieth that of the eartli, and if she were as dense

as the latter, her mass would be in the same proportion.

Flo. TO.— Itolntlvo pIzo (ifonilli niid moon.

Ittit her actual mass is only about onc-eightictli that of the

earth, showing that her density, or the ppccific gravity oi' the

material of which she is composed, is little more than half that

.
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of onr globe. Her weight is, in fact, abont 3^ times that of

her bulk of water.

The most remarkable feature of the motion of the moon is,

that she makes one revolution on her axis in the same time

that she revolves around the earth, and so always presents the

same face to us. In consequence, the other side of the moon
must remain forever invisible to human eyes. The reason of

this peculiarity is to be found in the ellipticity of her globe.

That she should :>:*lginally have been set in revolution on her

axis with precisely the same velocity with which she revolved

around the earth, so that not the slightest variation in the re-

lation of the two motions should ever occur in the course of

1 ij;,' ' / improbable. If such had been the state of

>ondence of the two motions could not have

thout her axial rotation varying; because,

ages, 18

things, the

been kept

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 the effect of

the attraction of the earth upon the slightly elongated lunar

globe is such that if the two motions arc, in the beginning,

very near together, not only will the axial rotation accommo-

date itself to the orbital revolution aroutid the earth, but as

the latter varies, the former will vary with it, and thus the

correspondence will be kept up.

Figure, Rotation, and Lihration of the Moon.—Supposing the

shape of the moon to be the same as if it were a Huid mass,

or covered by an ocean, it will be an ellipsoid with three mi-

e(]ual axes. Tlie 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 the longest of all is

that which points towards the 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, the centrifugal force

generated by the revolution round that axirf. If we consid-

ercd only the action of this fcu'co, wo should conclude that the

moon, like the earth, was an oblate t^phcroid, the cqtMitor be
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ing a perfect circle. But the attraction of the earth npon the

moon tends to elongate it in the direction of the line joining

tlie two bodies, in the satne way that the attraction of the moon
upon the earth generates a tide-producing force which we have

ah'cady explained. At the centre of the moon the attraction

of the earth and the centrifugal 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 the moon has 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 o£f 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 parts of the moon, whence those parts are impelled by a

force tending to draw them to the earth. The effect would

bo 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,

80 as to yield freely, it is clear that 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 miiuite. Taking the results of Lagrange and

Newton, the mean axis would be 46^ feet longer than the

sliortest one, and the longest 180 feet longer than the mean
one, or 232J feet longer than the shortest one.* Those differ-

ences are so much smaller than the average height of the

lunar mountains that the irregularities produced by the latter

might entirely ovrpower them ; but the correspondoiuio be-

tween the motions of rotation and revolution of the moon
shows that there must be, on the average, a real elongation in

• TlioMO niimlicis nrc, poilmpx, ncit utricily roncrt. The extension of 180 foot

wnx (Icdiirud liy Newton frotn ii cotnimrixon of ihc ilistoriinf; poworx of tlio ceiilrif*

iigal (owe of the carlli wiili tlint of tlio force wo liavc jiixt (Ipsn-ilnul. IFc jioomH

to liavo ovci'lookc<l tlic fait that tho binnll duntiiy of iliu iiiouii will caii^^o the

L'ioiigatioii to bo grcatur.
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the direction of tlie earth. This correspondence is kept up by

the sh'ght additional attraction of the eartli upon this extension

of the moon towards the earth, combined with tlie additional

centrifugal force of tlie extension on the other side. Although

these forces are not by any means the same as the distorting

forces already described, they may be represented in the same

way by two ropes, one of which pulls the protuberance on tliis

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 minute

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 Jipon 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, wo
may console ourselves with the reflection 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 than the products of a poetic imagination.

The forces wo 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 her axis—were almost perfect

in the beginning. If her axial rotation were acoeleratod 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 wo give the wheel a gentle

motion in one direction or another, the weight will cause the

wheel to turn till the heavy side is the lowest, and the wheel
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will then vibrate very slowly on one side and the other of this

point. But if we give the wheel a motion rapid enough to

carry its heavy side over the highest point, then the weight

will accelerate the wheel while it is falling as much as it will

retard it while rising; and if there were no friction, the wheel

would keep on turning indefinitely. The question 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 contrary 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 centrifugal force, would be accompanied by a fric-

tion which 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, althotigh 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, tho'oforc, always point exactly at

the eartli, but sometimes a little one side, aiid 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 us is not always exactly the sajnc, there

being a slight oppnrciit (not real) oscillation, duo to the real

inequality in her orbital motion. This apparent swaying is
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called libration, and in consequence of it there is nearly six-

tenths of tlie Innar surface which may, at one time or another,

come into view from the earth.

The Lunar Day.—In consequence of the pecnliarity in the

moon's rotation which we have (*' bed, the lunar day is 29^

times as long as the terres I da^. "ear the moon's eq atOi

the sun shines without intermission nearly fifteen of our days,

and is absent for the same length of time. In consequence,

the vicissitudes of temperature to which the surface is exposed

must be very great. Dui'ing the long lunar night the temper-

ature of a body on the moon's surface would probably fall

below any degree of cold that we ever experience on the earth,

wliile during the day it must become liotter than anywhere

on our globe.

Astronomical phenomena, to an observer 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 would never be seen at all. The diurnal motion

of the stars would 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 our days.

Geography 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 liave been supposed to bear a rude resemblance to a

human face. 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 the ter-

restrial globe, though it is hard to conceive 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 mountains

and craters, while the dark parts were, for the most part,

smooth and uniform. Here ho saw a striking resemblance to
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the gcograplncnl features of onr globe, and is said to have sug-

gested that the brighter and rougher portions might be conti-

nents, and the dark, smootli portions oceans. This view of the

rcsoniblanco to terrestrial scenery is commemorated in Mil-

ton's description of Satan's shield

:

" Like the moon, whose orb

Through optic glass the Tuscan nrtist views

At evening, from the top of Fesole,

Or in Vnldiirno, to descry new lands,

Kivers, or mountains in her spotty t'lobe."

Tito opinion that the dark portions of the lunar disk were

seas was shared by Kepler, Ilevelius, and Ricciohis. The last

two made maps of the moon in which they gave names to the

supposed seas, which names the regions still bear, though they

are strikingly fanciiful. Among them are Oceaims Procella-

ruia (the Ocean of Storms), Mare TranquillilnUs (Sea of Tran-

quillity), Afarc Imhrlnm (Rainy Sea), etc. The names of great

philosophers and astronomere were given to prominent feat-

ures, (irators, etc.

If this resemblance between the earth and moon had been

ostabli»«hed ; if it had been found that our satellite really had

seas and atmosphere, and was 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 bpoti immensely heightened. But tlie more

tlie teles(!oj)o was inii>roved, the more clearly it was seen that

there was no similarity between lunar and terrestrial scenery.

A very slight itKTcaso of tcles(!opic power showed that there

was no ujoro real smoothness in the regions of the supposed

seas than elsewhere. The inequalities were smaller and hard-

er to see r)n actconnt of the darkness of color ; but that was

all. The Sim would have been brilliantly imaged back from

the surfaces of the oceans in certain positions of the mean;
but nothing of the kind was ever seen. The polariscope

showed that the smi's rays did not pass through any liquid at

the nu)()n's surface. Positive evidence of an atmosphere was

sought in vain. Supi)osed volcanoes were traced to bright
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Fio. SO,—View of moon near the third quarter. From a pbotOi;ra|)h by Profeiigor Ileiiry

I)ra|ier.

the earlier astronomers all faded away, leaving our satellite as

lifeless as an arid rock.

As the moon is now seen and mapped, the difference be-

tween the light and dark portions is due merely to a differ-

ence in the color of the material, much of which seems to bo
22
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darker tli.iii the average of terrestrial objects. The mountains

consist, for the most part, of round saucer-shaped elevations,

the interior being flat, with small conical mounds rising here

and there. Sometimes there is a single mound in the centre.

It is very curious that the figures of these inequalities in the

lunar surface can be closely imitated by throwing pebbles

upon the surface of some smooth plastic mass, as mud or

mortar. They may be well seen during an eclipse of the sun,

when the contrast between the smootlniess of the sun's 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 last streak of sunlight is

disappearing, it is broken up into a number of points, which

havo been known as " Daily's beads," from the observer who
first described them, and which are caused by the sun shining

through the depressions between the lunar mountains.

To give the reader an idea what the formation of the lunar

surface is, we present a view of the spot or crater " Coper-

nicus," by Secchi, taken from the " Memoirs of the Royal As-

tronomical Society," vol. xxxii. The diameter of the central

portion, so much like a fort, is about 45 or 50 miles.

Among the most curious and inexplicable features of the

moon's surface are the long narrow streaks of white material

which radiate from 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

imineiiBO fissures were formed in the lunar surface which were

subsequently filled by an eruption of this white matter which

forms the streaks.

Has the Moon an Atmosphere?— This 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 ^^xr P^^t 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 tlic limb of the moon. In tins



THE MOON. 323

tains

ions,

here

sntre.

n the

ibbles

id or

B sun,

limb

lotice.

inular

ight is

which

;r who
ihining

B lunar

Coper-

yal As-

central

of the

iiatorial

le great

than a

[pion has

tier age

[>\\ were

' which

be an-

[osphere

that if

Imrt the

known

a star

Ii\ this

Fio. 81.—Lunar craier "Copernicus," uiicr Secchi.

position the rays of light coming from the ctar would pass

through the lunar atmosphere, and be refracted by twice the

horizontal refraction of that atmosphere. The star would

tlien be apparently thrown out of its true position in tlic di-

rection from the moon's centre by the amount of this double

refraction. But 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,

liad tlie displacement been decidedly in excess of half a sec-

ond, it woidd have been detected ; therefore, the double hori-

zontal refraction of the lunar atmosphere, if any exist, must

be as small as half a second.* Tlie corresponding refraction

of the earth's atmosphere is 4000 seconds. Therefore, the re-

'" A similar test is niforded by the occultiUion of a planet, especially Sntuiti or

Venus, the limb of which would bo a little flattened as it touched the moon. The
writer looked very carefully for this appearance during an unusually favorable cc-

cultation of Saturn which occurred on Aug. (ith, 1 87C, without seeing a trace of it.
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fractive power of the lunar atmosphere cannot be much in ex-

cess of ^^nr tJ'ftt of the earth's, ard certainly falls below innrr-

Without an atmosphere no water or other volatile fluid can

exist on the moon, because 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

clastic 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 yljf that of our at-

mosphere. So dense nn envelope could not fail of detection

with our present means of observation.

The question whether any change is taking place on the

surface 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 the aspect of the spot Linnoeus, which was found not to

present the same appeai'ance as on Beer and Madler's map.

lint f'areful 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 sun, and these

variations appear to be sufficient to account for the supposed

change. To whatever geological convulsions the moon 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,

imless by the action of some new cause. This will not seem
surprising if we reflect what an important part the atmosphere

plays in the changes which are going on on the surface of the

earth. The growth of forests, the formation of deltas, the

wftshing-away 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.

Changes of temperature powerfully re-enforce the action of

these causes, but arc 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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upon the surface of the moon would remain century after

century just as 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 of the Moon.—That the sun is many times

brighter than the moon is evident to the eye; but no ouj

judging by the unaided eye would suppose the disparity to be

so great as it really is. It is found by actual 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 300,000 and 800,000.

Professor G. B. Bond, of Cambridge, found the ratio to be

470,000. The 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 pi'obably 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 the

dark parts of the moon is reflected from the earth. An ob-

server on the moon would see the earth in his sky as a largo

moon, much larger than the moon is seen by us. Wher \t is

new moon with us, it would he full earth, if we may be ali' nod

the term, to an observer on this side of the moon. Hence,

under those circumstances, most of the lunar hemisphere hid-

den by the sun is illuminated by earth-light, or by sutilight re-

flected by the earth, and is thus rendered visi'-le. 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. Hence, we must receive some heat

(I

V->7.

i
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from the moon, though calculation will show the quantity to

be 80 small as to defy detection with the most delicate ther-

mometer, the average quantity being only sWosv P^i't of that

i-eceived from the sun. As the direct rays of the sun will not

raise the black-bulb thermometer more t!,an 50 or 60 degrees

above the teuiperature of the air, those of the moon cannot

raise it more than -g^xny of a degree. By concentrating the

rays in the focus 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 tjV of a degree. Even this increase might be

unattainable, for the 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 detectio;i is facilitated by

using a reflecting telescope to concentrate the lunar rays,

because the moon is not hot enough to radiate such heat as

will penetrate glass. Lord Rosse 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 other, and what portion of it was

the reflected heat of the sun, and whut portion was I'adiated

by the moon hereelf, as if she were a hot body, lie found

tlmt from new to full moon, and thence round to now moon
again, the quantity of heat received varied in the same way
vith the (juantity of light ; that is, there wns niost at full-

moon, and scarcely any when the moon was a thin crescent.

Tliat only a small proportion of the total heat emitted was the

reflected heat of the sun, was shown by the fact that while 80

per cent, of tolnr heat passes through glass, only 12 per cent,

of hmar heat does so. This absorption by glass is well known
to be a property of the boat radiated by a body which is not

itself at a high temperature. The same result was itulicatod

in another way, nar.iely, that while the sun is foinul hy Ziill-

iier to give 618,000 ti.; os as nmch light as the moon, it only
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gives 82,600 times as mucli heat. Thus both the ratio of solar

to lunar heat, and the proportion of the latter which is ab<

sorbed by glass, agree in indicating that about six-sevenths of

the heat received from the moon is radiated by the latter,

owing to the temperature of her surface produced by the ab-

sorption of the sun's rays.

Lord Ilosse 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 tsmperature is two or three hundred de-

grees below zci'o, 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.

Effect of the Moon on tJie 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 known from theory that a sim-

ilar tide is produced in the air, affecting the height of the 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 that the occur-

rence of earthquakes may bo affected by the attraction of the

moon; but this is a subject which needs further investiga-

tion before wo can pronounce with certain*- on a law of con-

nection.

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, whiv'h is so minute as to bo entirely insensible except

in the ways wo have described. A striking illustratijii 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 (»1>taincd currency respecting a supposed influenco

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, bo admitted that opinions of this

m

,

I
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character are not confined to the uneducated. In scientific

literature several papers are found in which long series of me-

teorological observations are collated, which indicate that the

tnenn 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 vicissitudes 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 reflect that the effect of the sun it-

self in this respect is not very noticeable, and tliat the full

moon gives only ^nwir of the heat of the sun, this opinion

will appear extremely improbable.

§ 6. TIw Planet Mars.

The fourth planet in the 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, next to Mercury, the smallest of the

primary planets, its diameter being little more than 4000

miles. It makes one revolution in its orbit in less than two

years (more nearly in 687 days, or 43J days short of two Ju-

lian years). If the period were exactly two yeare, it would

make one revolution while tlie earth made two, and the oppo-

sitions would occur at intervals of two years. But, goini^ a

little faster than this, it takes the earth, on the average, fifty

days over the two years to catch up to it. The times of oppo-

sition are shown in the lullowing table:

1873 April 27lh.

1875 Juno20lh.

1877 SeptemW nth.

18711 NovomUn' 12th.

The times of several subsequent oppositions may be found

with sufficient exactness for the identification of the planet by

a<l(ling two years and two montlis for every opposition, except

during the spring months, when only one uioutb ig to be
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added. Oppositions will occur in January, 1882, and Febru-

ary, 1884. At the times of opposition Mars rises when the

sun sets, and may be seen during the entire night.

Aspect of Mars.—Mars is easily recognized with the naked

eye when near its opposition by its fiery-red light. It is much
more brilliant at some oppositions than at others, but always

exceeds an ordinary star of the first magnitude. The varia-

tions of its brilliancy arise from the eccentricity of its orbit,

and the consequent 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 35 millions of miles

from the earth. This is about the closest approach which the

two planets can ever make. When an opposition occurs in

February or March the planet is near its aphelion—154 mill-

ions of miles from the sun and G2 millions from the earth.

The result of these variations of distance is that Mai's is more

than four times brighter when an opposition occura in August

or September than when it occure in February or March. The
oi)po8ition of 1877 (September 5th) is quite remarkable in this

i-espect, as it occurs only nine days after the planet has passed

its perihelion. At that time Mare will form a conspicuous

object in the south-eastern sky during the early evening.

Mars has been an interesting object of telescopic research

from the fact that it is the planet which exhibits the greatest

analt»gy with our earth. The equatorial regions, even with a

small telescope, can be distinctly seen to be divided into light

and dark iMjrtions, which some observcra suppose to be conti-

nents and oceans. Around each pole is a region of brilliant

white, which the same chvss of astronomers suppoBO to be <luo

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 Mare through a largo telescope would convince

most observere that those resemblances to our earth ha\o a

very small f«>nndation in observation, the evidence being neg-

ative ralhvr than |H)«itivo. It must bu said in their fuvur that
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if our earth were viewed at the distance at which we view

Mai-s, and with the same optical power, it would present a

similar telescopic aspect. But it is also possible that if the

optical power of our tele-

scopes were so increased

that we could see Mare as

from a distance of a thou-

sand miles, the resemblances

would all vanish as com-

pletely as they did in the

case of tlie moon.

So many drawings of

Mara in various positions

have been made by the nu-

merous observers who have

studied it, that it has bc-
Fio. 82 ^The planet Mai b uu Juue 28d, ISTB, ut 10

,

hour8 46inluute8,a8BeenbyP'ofe88orUoldon COme possible tO COllStrUCt

wllh the great WaBhlngton telewope. tolciably aCCUrate maps of

the surface of the planet. Wc ^ivo a copy of one of these

seta of maps by Kaiser, the late Leyden astronomer. Kaiser

docs not protend to call tlie different regions continents and

oceans, but merely designates them as light and dark ])ortionB.

.JBadiMah..j^aiak^'>v nni.^., ' -x s" -ills:

!!SL«sBb.....»...-.«Miip^iitii!miiifSi!lii.^

Fid. 83.—Map uf Mare, uftor KaiMur, uii Mcrcatur's prdjuclluii.

Rotation of Mars.—Mars is the only planet besides the earth

of which wo can bo sure that the time of axial rotation ad-

mits of being determined with cntii'o precision. Drawings by

Hooko, two centuries ago, exhibit markings which can still bo

recognized, and from a comparison of them with recent ones

Mr. Proctor has found for the period of rotation 24 hours 37
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minutes 22.73 seconds, which he considere correct within three

or four Iiundredths of a second. Tlie equator of Mars is in-

clined to the plane of its orbit about 27°,so that the vicissitudes

of the seasons are greater on Mai's than on the earth in the pro-

portion of 27° to 23^°. Owing to this great obliquity, we can

sometimes see one pole of the planet, and sometimes the other,

from the earth. When in longitude 350°, that is, in the same

tat ott

Fiu. 84.—Nortlieru lieiuiH|>licre of Mars. Fiu. SS,—Soiitheru hcnii»pliere of Man.

direction from the sun in which the earth is situated on Sep-

tember 10th, the soutii polo of the planet is inclined towards

the sun ; and if the planet is then in opposition, it will bo in-

clined towards the earth also, so that we can see the region of

the planet to a distance of 27° beyond the polo. At an ou-

position in March the north pole of the planet is inclined tow-

ards the sun, and towards the earth also. Wo have just seen

that Mars is much farther at the latter oppositions than at the

former, so that we can get much better views of the south polo

of the planet than of the north polo.

Saiellitea of Mars.—On the night of August 11th, 1877,

I'roit'ssor Asaph Ilall, while scrutinizing tho noighborhotxl of

Mars with tho groat equatorial of the Washington Observato-

ry, found a small object about 80 seconds east of tho pluiit't.

Cloudy Wfutlu'r provontisd further observation at that time;

but on the night of tho KJth it was again found, and two

hours' observation showed that it followed the plauut in its

llk1
1 ^h^
1 f, 'U

P
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orbital motion. Still, fearing that it might be a small planet

which chanced to be in the neighborhood, Professor Hall

waited for another observation before announcing his discov-

ery. A rough calculation from the observed elongation of tho

satellite and the known mass of Mars showed that the period

of revolution would probably be not far from 29 hours, and

that, 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.

But this was not all. The reappearance of the satellite was

followed by the appearance of another object, much closer to

the planet, which proved 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, but at

the Cambridge Observatory, by Professor Pickering and his as-

sistants, and at Cambridgeport, by Messrs. Alvan Clark & Sons.

Tho most extraordinary feature of the two satellites is the

proximity of the inner one to tho planet, and the rapidity of

its revolution. The shortest period hitherto known is that of

the inner satellite of Saturn—22 hours 37 minutes. But the

inner satellite of Mars goes round in 7 hours 38 minutes. Its

distance from the centre of tho planet is about GOOO miles,

and from tho surface loss than 4000. If there ore any as-

tronomers on Mars with telescopes and eyes like ours, they

can readily find out whether this satellite is inhabited, tho dis-

tance being less than one-sixtieth of the moon from us.

That kind of near approach to simple relationships between

the times of revolution is found here whicli we see in tho siit-

ellitcs of Jtipiter and Saturn. The inner satellite of Mars re-

volves in very nearly one-fourth tho period of the outer one,

these times being, j|„, >||„.

Outer Batollito ilO 1«

Oiic-fourth tlii8|Kri(Kl. 7 ill J

IVriiHl of inner mtollito 7 HD

These satellites may uls»» be put down as by far the smallest
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heavenly bodies yet known. It is hardly possible to make
anything like a numerical estimate of their diameters, because

they are seen in the telescope only as faint points of light

;

and, having no sensible 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 . .e esti-

mate of Zollner, Mars itself, at this opposition, is three magni-

tudes brighter than a first-magnitude star. The difference of

brilliancy between Mars and the outer satellite is, therefore,

represented by thirteen or fourteen orders of magnitude.

From this, it would follow that Mars gives from 200,000 to

500,000 times as much light as the satellite ; and if both arc of

the same light-reflecting power, the diameter of the satellite

would be from G to 10 miles. It may be as small as 5 miles,

or as great as 20, but is not likely to lie far without these

limits. The inner satellite is much brighter than the outoi

one, and its diameter probably lies between 10 and 40 n.ilos.

muUest

Fio. 8fia.—Apiurcnt orbits of tlio natollltoa of Stnr» in 1877, nx observed and laid down ))}

I'rorussor liall.

§ 7. The Small Planets,

It was impossible to sttidy the solar syfifcin,a8 it was known
to modern astronomy before the bcgintiing of the present cen-

tin*y, without being struck by the great gap which existed be-

tween Mars and Jupiter. Exccjjt this gap, all the planets then

known succeeded each other according to a tolerably rcgiilor
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law, and by interpolating a single planet at nearly double tbe

distanoo of Mara tbe order of distances would be complete.

Tbe idea tbat an unknown planet inigbt really exist in tins

region was entertained from tbe time of Kepler. So sure

were some astronomera of tins tbat, in 1800, an association of

twenty-four observers was formed, baving for its object a sys-

tematic nearch for tbe planet. Tiie zodiac was divided into

twenty-four parts, one of wbicb was to be searcbed tbrougb

by each observer. But by one of tbose curious coincidences

wbicb have so frequently occurred in tbe bistory of science,

the planet was accidentally discovered by an outside astrono-

mer before the society could get fairly to work. On January

Ist, 1801, Piazzi, of Palermo, found a star in tbe constellation

Taurus which did not belong there, and on observing it tbe

night after, he found that it bad changed its position among
the surroiuiding stars, and must, therefore, be a planet. lie

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 emerge again in the following autumn,

its rediscovery became a difficult problem. But tbe skill of the

great mathematician Gauss came to the rescue with a method

by which the orbit of any planetary body could be complete-

ly and easily determined from three or four observations, lie

was thus able to tell observera where their telescopes must be

pointed to rediscover the planet, and it was found without dif-

ficulty before tbe end of the year. Piazzi gave it the name
Cfrcs. The orbit found by Gauss showed it to revolve between

Mara and Jupiter at a little less than double tbe distance of

tl»e former, and therefore to be the long -thought -of planet.

But the discovery bad a sequel wliich no one anticipated, and

of which we liave not yet seen tbe end. In March, 1802, Ol-

bera discoverod a second planet, which was also found to be

revolving between Mars and Jupiter, and to wbicb be gave

the name Pulhs, The most extraordinary feature of its orbit

was its great inclination, which exceeded 34°. Olbers there-

upon suggested his celebrated hypothesis tliat tbe two bodies

migbt be fragments of a single planet which bad been sliat-
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tered by some explosion. If such wore the case, the orbits of

all the fragments 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

search were kept up near the point of intereection of the orbits

of Ceres and Pallas. Acting on this idea, Harding, of Lilien-

thal, found a third planet in 1804, while Olbers found a

fourth one in 1807. These were called Juno and Vesta. The
former came quite near to Olbers's theory that the orbits

should all pass near the same point, but the latter did not.

Olbere continued a search for additional planets of this group

for a number of years, but at length gave it up, and died

without the knowledge of any but these four.

In December, 1845, thirty-eight yeara after the discovery of

Vesta, Hencke, of Driesen, being engaged in the preparation

of star-charts, found a fifth planet of 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 one has been found every year since. To show

the rate at which discovery has gone on, we divide the time

since 1845 into periods of five years each, and give the num-

ber found during each period

:

In 184C-50 8 woro discovered.

„ 1851-55 24 „ „
„ 1856-60 25 „

,. 18til-65 23 „

In 1866-70 27 were discovered.

,. 1871-75 45 „

„ 1876-80 62 „ „
„ 1881-82 6 „

Total, to June 1882 225.

It will be seen that the rate of discovery has been pretty

steadily increasing during thirty yeare. 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 illustration of tiiis the writer has been informed by Professor Peters that

ill searching for these bodies ho falls upon several already known for every new one

that he finds. Consequently, were they all lost, ho alone could now rediscover

them at a more rapid rate than they actiiHlly have been discovered by the oflbrti

of ull the observers engaged in the search.
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Of those discovered during the last ten years, nearly half

liavo been found by two American observere, Professore Pe-

ters and Watson. American discoveries of tliese bodies were

commenced by Mr. James Ferguson, who discovered Euphros-

yne at Washington on September 1st, 1854.

All the planets of this group are remarkable for their mi-

nuteness. The disks are all so small as to defy exact meas-

urement, presenting the appearance of mere stare. A rough

estimate of their diameters can, however, be made from the

amount of light which they reflect ; and although, in the ab-

sence of exact knowledge of their reflecting power, the results

of this method are not very certain, they are the best we can

obtain. It is thus found that Ceres and Vesta are the largest

of tlie group, their diametere lying somewhere between 200

and 400 miles ; while, if we omit some very lately discovered,

the smallest are Atalanta, Maja, and Sappho, of which the di-

ainetere may be between 20 and 40 miles. We may safely

say that it would take several thousand of the largest of these

small planets to make one as large as the earth.

It has sometimes been said that some of these bodies are of

irregular shape, and thus favor Olbere's hypothesis that they

are fragments of an exploded planet. But this opinion has

no other foundation than a suspected variability of their light,

which may be an illusion, and which, if it exists, njight result

from one side of the planet being darker in color than the

other. The latter supposition is not at all improbable, as many
of the satellites are known to be variable from this or some

analogous cause. As the supposed irregularities of form have

never been seen, and are not necessary to account for the va-

riations of brilliancy, there is no sufficient reason for believing

in their existence.

Others s ILjpolhcsis.— Tlic question whether these bodies

could ever have formed a single one has now become one of

cosmogony ratlter than of astronomy. If a planet were shat-

fered, the orbit of each fragment would, at first, pass through

the point at whicli the explosion occurred, however widely

they niiglit be sepanited through the rest of their course. But
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owing to the secular changes produced by the attractions of

the other planets, this coincidence would not continue. 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 yeare. The fact that the required conditions were

not fulfilled was no argument against the 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

woiild have been completely mixed up.

Desirous of seeing whether the orbits passed nearer a com-

mon point of intersection in titnes past than at present, Encke

computed their secular variations. The result seemed to bo

adverse to 01bci*s's hypotliesis, as it showed that the orbits

were farther 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 of 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 detci nn'ned for some of the planets in qnestion, and the

result seems to show that the orbits could never ha\r' intersect-

ed unless some of them liave, in the mean time, 1 •con 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 tliese bodies, and our ignorance

of their masses. 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 ex-

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 i)lanets in (jnestion are distinguished from the others,

2.3
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* ;:

not only by their small size, but by the great eccentricities

and inclinations of their orbits. If we except Mercury, 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 degrees to tlie ecliptic. But 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 tliat the same small planet is at

very 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 30 and

40 millions beyond the orbit of Mars. On the outside, it ter-

minates more gradually, but nowhere extends within 50 mill-

ions of miles of the orbit of Jupiter. If any of the small

planets ever ranged outside of cei-tain 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 the 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 the time of revolution would be some simple exact

fraction of that of Jupiter, as ^, ^, %, ^, etc. Professor Daniel

Kirkwood has pointed out the curious fact that there are gajjs

in the series of small planets corresponding to these periodic

times. Whether these gaps are really due to the relations of

the periodic times, or are simply the result of chance, cannot

yet be settled. The fact that quite a number of the small

planets have a period very nearly three-eighths that of Jupiter,

may lead us to wait for further evidence before concluding

that we have to deal with a real law of nature in the cases

pointed out by Professor Kirkwood.

Number and Total Mass of the Small Planets.—At present it
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is not possible to set any certain limits to the probable nmnber
of the small planets. Althongh a hundred and seventy-two

are now known, there is as yet no sensible diminution in the

rate at which they are being discovered. The question 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 with the telescopes now engaged in searching for them

;

and the larger the telescopes engaged in tbe search, the more

will bo 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 also limited,

and that by far the largest part of them will be discovered

by tlie present genemtion of astronomere.

So far as we can now see, the preponderance of evidence is

on the side of the number 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 yeare ago. It is not likely that the

number of this average magnitude which still remain undis-

covered can be very great, and new ones will probably be

found to grow decidedly rare before another hundred are dis-

covered. Then it will be necessary to employ greater optical

power in the search. If this results in finding a number of

new ones too small to be found with the former telescopes, we
shall have to regard the group as unlimited in number. But

if no such new ones are thus found, it will show that the end

has been nearly reached.

In gravitational astronomy, the question of the total mass

of the small planets is more important than that of their total

number, because on this mass depends their effect 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. But it is not impossible that the whole group

might, by their combined action, produce a secular variftti(»u

> "1

Mf.:

if
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ill tlio form of the orbits of Mars and Jupiter which, in the

course of years, will be clearly slioun by the observations.

But, although accurate observations of these planets have been

made for more than a century, no such effect has yet been no-

ticed. The sum total of their masses must, therefore, be much
less than that of an average planet, though we cannot say pre-

cisely what the limit is. The apparent magnitude 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 years to come. In fact, if their diametere be esti-

mated from their brightness, in the manner already indicated,

we siiall find that if all that arc yet known were made into a

single planet the diameter would be less than 400 miles ; and

if a thousand more, of the average size of those discovered

since 1850 should exist, tlieir addition to the consolidated

piunet would not increase its diameter to 500 miles. Such a

planet would be only ^tjVw t>f the bulk of the earth, and, un-

less wo supiMjsed it to possess an extraordinary specific gravity,

could not much exceed ^Atr of the mass of the earth, or -jV of

the mass of Mercury. We may fairly conclude that unless

the group of small planets actually consists 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 tlio major planets.

The number of these bodies now known is so great that the

mere labor of keeping the run of their motions, so that they

shall not bo lost, is «)ut of proportion to tiio value of its results.

It is mainly througli the assiduity of (terinan students that

most of them are kept from being lost. Should many more

be found, it may bo necessary to adopt the suggestion of an

eminent (ternuin astronomer, and lot such of them as sconi

unimportant go again, and pursue their orbit undisturbed by

teleseo^H) or computer.
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CHAPTER IV.

THE OUTER GROUP OF PLANETS.

§ 1. The Planet Jupiter.

Jupiter is the "giant planet " of our system, his mass large-

ly exceeding that of all the other planets combined, llis

mean diameter is abont 85,000 miles; but owing to his rapid

rotatiou on his axis, his equatorial exceeds his polar diameter

Kid. sn iJupllcr iiK ni'Pii with the (jrcBt WHHtilntfton toloociipe, Mnrrli ainf, 1P70, IB hours
in luluuitii luttau lime. Uruwu by Pn>fti»»ur Uolileu.

by 5000 miles. In volume ho exceeds our earth abont 1300

times, while in mass ho exceeds it about 213 times. His spe-

uitic gravity is, therefore, far less than that of tho earth, and

oven less tlian that of water. His mean distance from tho

Btui is 480 millions of miles, but, owing to the eccentricity of

his orbit, his a«;tnal distance ranges between 457 and 603 mill-

ions. His tirui; of rovolutiuu is lifty days loss than twclvu

years.

i^
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Jupiter is easily recognized by his brilliant white light, with

which he outshines every other planet except Venus. To fa-

cilitate his recognition, we give the dates of opposition dur^-

ing a few years.

1882 December 27th.

1884 January 19th.

1885 Februnry 20th.

188G March 20th.

During the four years following 1886 he will be in opposition,

on the average, about a month and two or three days later each

year; namely, towards the end of April 1887 ; alwut the end

of May 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 seen in

the early evening somewhere between south-east and south-

west.

The Surface of Jupiter.—Except the sun and moon, there is

no object of our system which has during the last few years

boen tlie subject of more careful examination than this planet.

Few if any of tiic markings on his surface are really perma-

nent, and a map of Jupiter is therefore impossible. 13ut

this surface always presents a very diversified appearance.

Tlio earlier telescopic obecrvere described light and dark belts

as extending across it. Until a quite recent period, it has

been customary to describe these belts as two in number, one

north of the equator, and the other south of it. Comnionly,

tliey are seen as dark bands on the bright disk of the planet

;

but it is curious that Iluyghens represents them as brighter

than tlio rest of the surface. As telescopic power was in-

creased, it was soon that these so-called bands were of a far

more complex structure than had been supposed, and consisted

of groat numbers of stratified, cloud-like appearances of tlio

most variegated forms. These forms change so rapidly that

the face of the planet hardly over 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 rice to the appearance of two bulvs when a very

Humll ur imperfect telesuope is used.
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Both the outlines 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. This coloring is some-

times 80 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 wh'ch are much more permanent than the ordinary

markings jn the belt are sometimes visible. By watching

these spots from day to day, and measuring their distance

from the apparent disk, the time of rotation of Jupiter on his

axis has been determined. Conunonly the spots are dark

;

but on 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.

Ptu. ST.—view of Jupiter, vi seen In Lord Roimr'K grent teloicopo on Febranr; tTtb,

ISOI, ut U buurH UU iu<iiiit08.

From the changeability of the belts, and indeed of nearly all

the visible featunm on the surface of Jupiter, it is clear that

what we see on that planet in not the surface of a solid nu-

cleus, but vaporous or cloud-like formations which cover the

entire surface and extend to a great dei^h below. To all aj)-

^arance, the plunut ii,t cuvorud with a deep and dense atmus-

' t
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phere, through which light cannot penetrate on account of

thick masses of clouds and vapor. In the arrangements of

these clouds in streaks parallel to the equator, and in the

change of their forms with the latitude, there may be some-

thing analogous to the zones of clouds and rain on the earth.

But of late years it has been noticed that the physical consti-

tution of Jupiter seems to offer more analogies to that of the

sun than to that of the earth. Like the sun, he is brighter in

the centre than near the edges. This is shown in the most

striking maimer in the transits of his satellites over his disk.

When the satellite first eutew on the disk, it commonly seems

like p bright spot on a dark background ; but as it approaches

the centre, it appears like a dark spot on the bright back-

ground of the plar.et. 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 sun, from the light near the edge passing through a

greater depth of atmosphere, and thus becoming fainter by

absorption.

A still more remarkable resemblance to the eun has some-

times been suspected—nothing less, in fact, than that Jupiter

bIiIiics partly by his own light. It was at one time supposed

tliat he actually emitted more light than fell upon him from

the Hiin ; ind if this were proved, it would show conclusive-

ly that he was self-luminous. If all the light which the sun

iihod upon the planet were e<|uully reflected in every direction,

we might si^ak with some certainty on this question ; but in

the iictunl btato of our knowledge we cannot. Zollner has

found thill, the brightness of Jupiter may be accounted for by

supposing him t(» n;flect 02 jwr cent, of the sunlight which ho

receives. Jhit if this in his average reflecting power, the re-

flecting i)ower of hifl brighter portions must bo much greater;

in fact, tlioy are t>o liright that they must shine nurtly by their

own light, unless th(>y reflect a disproportionate share of the

Bunlight back in the direction of the earth and sun. Clouds

would not bo likely to do this. On the other hand, if wo as-

Bimie that the planet cmitB any groat amount of light, we are
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met by the fact that, if this were the case, the satelhtes wonld

shine by this light when they were in the shadow of the

planet. As these 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 the brighter spots

of this planet are from time to time slightly self-luminous.

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 the

rapid movements always going on in his visible surface, which

frequently changes 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, has nothing

to cover it but the dense vapors to which that heat gives rise.

In this case the vapors may bo self-luminous when they have

freshly arisen from the interior, and may rapidly cool off after

reaching the upper limit to which they ascend.

Rotation of Jupiter.—Owing to the physical condition of Ju-

piter, no precisely determinate time of rotation can be assign-

ed him, as in the • '.ae of Mars. Without a solid crust 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

tlms been pretty certainly detormii>cd that the time of rota-

tion is about 9 hours 55J minutes. The first observation of a

spot of this kind was made by Cassini, who found the time of

rotation to bo 9 hoin-s 55 minutes 58 seconds. No further

exact observations wore made until the time of Schriiter, who
ol)8erved a number of trfinsicnt spots durin;j; 1785 and 1780.

The times of rotation varied from 9 hours 55 minutea to 9

liours 50 minutes, from which ho concluded liat heavy storms

ruged on the surface of tlio planet, and ga\ o the cloudy mussoa

I
I'

!
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which formed the spots a motion of their own. In November
1834 a spot appeared which lasted till the following April,

and from which Madler found a period of 9 hours 55 minutes

30 seconds, and Airy of 9 hours 55 minutes 21.3 seconds.

But the most remarkable spot yet observed on Jupiter ap-

peared in 1879, and has remained visible until 1882. It is

on tlio southern hemisphere of the planet, in mid latitude, and

is nf a dark-red color. From observations between 1879, Jvily

2'^ h'ld 1881, Aug. 10, Schmidt of Athens has found a mean
period of 9 hours 55 minutes 35.3.

Tb.^ most remarkable fact brought out by observations of

i he rotation period of spots on Jupiter is that the equatorial

ri'i^i'";r'^ of the planet rotate in less time than regions in

iiiMdl<> latitude, thus showing another analogy between this

planet and the sun. Temporary spots near thu equator

frequently rotate in 9 hours 50 minutes or less.

§ 2. T/ie Satdlites of Jupiter.

One of the earliest telescopic discoveries by Galileo was

tliat Jupiter was acconijianied by four satellites, wliich 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 eml'ient astiononier— Clavius— said that to see

the satellites one must have a telescope wliich would produce

them; but he changed his mind as soon as he saw thcni hini-

Belf. Another philosopher, i . -e ]i .Jcnt, refused to put his

eye to the telescope lest he .iiould sec tlieiu and be con-

vinced, lie died shortly aft(iM arils. "I hope,' said the caus-

tic Galileo, "that he saw tliein while on his way to heaven."

A very small telescope, or even a good opera-glass, is suf-

ficient to show these bodies. Inileed, very strong evidence is

on record that they have been seen witii the naked eye. That

they could be seen by any good eye, if the planet were out of

the way, there is no doubt, the ditliculty in seeing thetn aria-
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ing from tlie glare of the planet on the eye. If the lenses of

the eye are so transparent and pure that there is no such

glare, it is quite possible that the two outer satellites might

be seen, especially if they ihould happen to be close to-

gether.

According to the best determinations, which are, however,

by no means certain, the diameters of the satellites of Jupiter

range between 2200 and 3700 miles, the third from the planet

being the largest, and the second the smallest. The volume of

the smallest is, therefore, very near that of our moon.

The light of these satellites varies to an extent which it

is difficult to account for, except by supposing very violent

ciianges constantly going on on their surfaces. It has some-

times been supposed that some of them, like our moon, always

present the same face to Jupiter, and that the changes in their

brilliancy 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. But the careful measures

of their light made by Auwere, of Berlin, and Engelmann, of

Loipsic, show that this hypothesis does not account for the

changes of brilliancy, which are sometimes sudden in a sur-

prising degree. The satellites are so distant as to elude tele-

scopic examination of their surfaces. We cannot, therefore,

hope to give any certain explanation of these changes.

The satellites of Jupiter offer problems of great difKculty

to the mathematician who attempts to calculate the effect of

their mutual attractions. The secular variations of their or-

bits are so rapid that the methods applied in the case of the

planets cannot be applied here without material alterations.

The most curious and interesting effect of their mutual at-

traction is that there is a connection between tl»o motions of

tlio three inner satellites such as exists nowhere else in the

solar system. The connection is shown by these two laws

:

1. Tlint the mean motion of the first satellite added to twice t/ie

mean motioti of the third is exactly equal to three times the mean

motion of the second.

2. That if to the mean hngilude vf the /irtil saldlite tve add

I

m-
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twice tite mean longitude of the third, and subtract three tinges the

mean longitude of the second, tJie difference is always 180°.

Tho Hrat of these relations is shown in the following table

of tho mean daily motions of the satellites

:

Sntclllto I. in ono day moves 203°,4890
•' II. " " 101°.3748
•' III. " " 60^.3177

" IV. " " 21°.57U

MolJon of Satellite 1 203=.4890

Twice that of Satellite III I00°.6354

Sum 304°.1244

Three times motion of Satellite II 304°. 1 244

It wa» first found from observations that the three satellites

moved together so neaily according to this law that no certain

deviation could be detected. But it was not known whether

this WHS ft mere chance coincidence, or an actual law of nat-

ure, till Laplace showed that, if they moved so nearly in this

way us observations had shown them to, there would be an ex-

tremely minute force arising from their mutual gravitation,

sufficient to keep them in this relative position forever. There

is, in this case, some analogy to the rotation of the moon,

which, being once started presenting the same face to the

earth, is always held in that position by a minute residual of

tho earth's attraction.

We have already spoken of the discovery of the progressive

motion of light from the eclipses of these satellites, and of

the UHUH of these eclipses for the rough determination of

longitudes. Both the eclipses, and the transits of their bodies

over the face of Jupiter afford interesting subjects of obser-

\'ution with a telescope of sufKcient power, say four inches ap-

erture or upwards. To facilitate such observations the times

of tiu-'HO pbenoiiiena arc predicted in both the American and

Jh'itiHh Niiiitical Ahimiiacs.

g 3. Saturn and its System, Physical Aspect, Belts, Rotation.

Saturn in the sixlli of tlic major planets in the order of dis-

tance from the sun, around which it revolves iu 29^ years at

1 M

i %
ML
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a mean distance of about 880 millions of miles. In mass and
size 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 Saturn is not one -third the mass of

Jupiter, it has about three times the mass of the six planets,

which are 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
ifi

isfi

FiQ. 88.—View of Satnrn and bis riags.

four satellites, Saturn has no less than eight. It is also sur-

rounded by a pair of rings, the interior diameter of which is

about 100,000 miles. The aspect of these rings is subject to

great variations, for reasons which will soon appear. The

great distance of the planet renders the study of its details

difficult unless the highest telescopic power is applied. The

whole combination of Saturn, his rings, and his satellites is

often called the Saturnian System.

The planet Saturn generally sliinos with the brilliancy of a

Mi

1 Biii:-

I. i;
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moderate firet-magnitnde star, and with a dingy, reddish light,

as if seen through a smoky atmosphere. Its apparent bright-

ness is, however, different 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 brightei", on account both of the opening out of

the ring and the approach of the planet to its perihelion.

The times of opposition are as follow

:

1881..

1882.,

.October Slst.

.November I'lth.

1883. . . .November 28tli.

1884 ... .December 1 1th.

1885.

1887.

.December 25th.

.January 9tb.

In subsequent years opposition will occur about thirteen days

later every year, so that by adding this amount to the date for

each year tlie oppositions can be found .until the end of the

century without an error of more than a few days.

The piiysical constitution of Saturn seems to bear a great

resemblance to that of Jupiter ; but, being twice as far away,

it cannot be so well studied. The farther an object is from

the sun, the less brightly it is illuminated ; and the farther

from the oartli, the siii&ller it looks, so that there is a double

difficulty in gettiii<j the tiuesi; views of the more distant plan-

ets. When examined undtr favorable circumstances, the sur-

face of Saturn is seen to bo diversified with very faint mark-

ings ; and if high telescopic powere are used, two or more
very faint streaks or belts may be seen parallel to its equator,

the strongest ones lying on, or very near, the equator. As in

the case of Jupiter, these belts change their aspect from time

to time, but they are so faint that the changes cannot be

easily followed. It is therefore, in general, difficult to say

with certainty whether we do or do not see the same face of

Saturn on different nights ; and, consequently, it is only on

extraordinary occasions that the time of rotation can be de-

termined.

The first occasion on which a well-defined spot was known
to remain long enough on Satnrn to determine the period of

its rotation was in tlie time of Sir W. Ilerschel, who, from

observations extending over several weeks, found the time of
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rotation to be 10 honra 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 this 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 ' equator

of the planet. It seemed as if an immense eruption -hite-

hot matter had suddenly burst up from the inteii .. The
spot gradually spread itself out in the direction which would

be east on the planet, so as to assume the form of a long light

streak, of which the brightest point was near the following

end. 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 observere,

who noted the time at which it crossed the centre of the disk

in consequence of the rotation of the planet. From all the

observations of this kind. Professor Hall found the period of

Saturn to be 10 horn's 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 have

been less, because the bright matter seemed to be carried

along in the direction of the planet's rotation. Attributing

this to a wind, the velocity of the latter would have been be-

tween 50 and 100 miles an hour.

§ 4. The Rings ofSaturn.

The most extraordinary feature of Saturn is the magnificent

system of rings by which he is surrounded. To the early

telescopists, who could not command sufficient optical power

to see exactly what it was, this feature was a source of great

* It is very curious that nearly all modern writers give about 10 hours 29 min-

utes ns the time of rotation of Saturn which Herschel finally deduced. I can

find no such result in Hcrcchel's papers. A suspicious coincidence is that this

period agrees with that assigned for the time of rotation of the ring.
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852 THE SOLAR SYSTEM.

perplexity and difference of opinion. To Galileo it made tlie

planet appear triform—a large globe with two email ones af-

fixed to it, one on each side. After he had observed it for a

year or two, he was greatly perplexed to find that the append-

ages had entirely disappeai-ed, leaving Saturn a single round

globe, like the other planets. His chagrin was heightened by

the fear, not unnatural under the circumstances, that the curi-

ous form he had before seen might be due to some optical il-

lusion connected with his telescope. It is said (I do not know
on what authority) that his annoyance at the supposed decep-

tion into which he had fallen was so great that he never again

looked at Saturn.

A very few years sufilced to show other observers, who had

command of more powerful telescopes, that the singularity of

form was no illusion, but that it varied from time to time.

We give several pictures from Huyghens^s Systema Saturniumy

showing how it was represented by various observers during

the first forty yeara of the telescope. If the reader will com-

pare these with the picture of Saturn and his rings as they

actually are, he will see how near many of the observers came

to a representation of the proper apparent form, though none

divined to what sort of an appendage the appearance was

duo.

The man who at last solved the riddle was Huyghens, of

whose long telescopes we have already spoken. Examining

Satnm in Marah and April, 1655, he saw that instead of the

appendages presenting the appearance of curved handles, as

in previous years, a long narrow arm extended straight out on

each side of the planet. The spring following, this arm had

disappeared, and the planet appeared perfectly round as Gal-

ileo had 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 mathematical and mechanical

mind this mode of disappearance of the handles sufficed to

suggest the cause which led to their apparent form. Wnitinigr

for entire confirmation by future obscrvationn, he communica-

ted his theory to his fuUow-astronomurs in the following com-
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com-

Fio, 89.—Specimens of drawin){i of Sntarn by varlona otMerrer* before the rlngR were

recognlted ai sacb: I. Form as Klveii by Onllleo in 1610; II. Orowiiin by Schelner, In

1614,"sbowlnE ears to Sntnrnt" III. Drawing by Rlcciolnt, In 1640 and 1648; IV., V.,

VI., and VII. are by llevellas, and sbow the chonftes dne to the diffbreut niiKles nnder

whicb the rings were seon ; VIII. and IX. are by Rlcclnlns, between 1048 and 1080,

when the ring was seen at the greatest angle ; X. Is by a Jesnit who pnssed nnder

the psendonym of Etutaehia* d» DivinU; XI. is by FuuUuut XIL by Oussendi and
BlancAUUs, and XIII. by Rlcciulus.

bination of lettera, ]>rintcd without explanation at tho end of a

little pamphlet on his discovery of the Batollito of Saturn

:

aaaaaaa eecce d tttw g h iiiiiii llll mm nnnnnnmn oooo ppqrr $ ttttt tmuNM,

which, properly arranged, . -ad

—

"Annulo cinffitur, ttHui, piano, nuMijuum rohttrtnte, ad trltptteam inrUnatn"

(It is girdlod by a thin plnno ring, nowltere touching, incllnod to tlio ecliptic).

Tiiis description is remarkably complete and accurate ; and

enabled Iluvghcna to give a satisfactory explanation of tlio

24
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various phases which tho ring had assumed as seen from tlie

earth. Owing to the extreinj thinness and flatness of tho oli-

jeot, it was completely invisible in the telescopes of that tiino

when its edge was presented towards the observer or towards

tho sun. Tliis happens twice in each revolution of Saturn, in

much the same way that tho earth's equator is twice directed

towaixls the sun in the course of the year. Tho ring Is in-

clined to the plane of tho planot's orbit by 27°, corresponding

to the anglo of 23j^° between the earth's equator and tho

ecliptic. The general aspect from the earth is \ory near the

same as from the sun. As the planet revolves around the

sun, the axis and plane of the ring praserve tho same absuluto

direction in space, just as the axis of the earth and tho piano

of the equator do.

When the planet is in one part of its orbit, an observer at

the sun or on the earth will sco the upper or nortliern side of

the ring at an inclination of 27°. Tliis is tho greatest angle

at which tho ring can over be seen, the position occurring

when the planet is in 262° of longitude, in tho coustullutiun

Sagittarius. Wiien the planet has moved through a quarter

of a revolution, the edge of tho ring is turned towards tho sun,

and, owing to its extreme thinness, it is visible only in tho

most powerful telo8C(>]^)cs as an exceedingly flne lino of light,

stretching out on each side of tho planet. In this position tliu

planet is in longitude 352°, in tho constellation Pisces. When
tho planet has moved 00° farther, an observer on tho sun or

earth again sees tho ring at an angle of 27°
; but now it Is tho

lower or sou^' 'rn side which is visit)le. Tho planet is now in

longitude 82 otween the constellations Taurus and Oomiiil,

When it has moved 00° farther, to longitude 172°, in tlio con*

Btellation Leo, the edge of tho ring is again turned towards

the earth and sun.

Thus there are a pair of opposite points of tho orbit of Hat-

urn in which the rings are turned edgewise to us, and another

pair half-way between the first in which tho ring Is soon at

its maximum inclination of about 27°. Since the planet per-

forms a revolution in 20^ years, tliese phages occur at average
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intervals of abont seven ycara and four montht. Tho fulluw*

ing are some of the times of their occurrence

:

1870. The planet being between Scorpio and SaglttHriiiN,

tho ring was seen oi)en to its greatest breadth, the north nUk
being visible. The same phase rocurs at tite end of IHUU,

1878 (February 7th). The edge of the ring waa tui'n«d Ut'

wards the sun, so that only a thin lino of light mm \M\fUt,

The planet was then between Aquarius and Piscr i,

1885. The planet being in Taurus (tho Bull) tho Nuuth nUU
of the rings will be seen at tho greatest elevation.

1802. The edge of the ring is again turned towards thd Nllii,

the planet being in Leo (tho Lion).

Owing to the motion of tho earth, tho timos wlion the «df(M

of the ring is turned towards it do not accurately uuntm\Hmi\

to thoso when it is turned towards the sun, and tho jiolntM ol

Saturn's orbit in which this may occur range ovor a »\m'a ol

several degrees. The most interesting times for viowhig (hn

rings with powerful telescopes aro on those rare wn'mUntn

when the sun shines on one side of the ring, whilo tho dark

side is directed towards the earth. On these o(!casionH iUtt

plane of tho ring, if extended out far enough, would |nihn IxI'

tween tho sun and tho earth. This was the case between J'Vdi'

niary 9th and March 1st, 1878 ; but, unfortunately, at that tiinn

the earth and Saturn were on opposite sides of tho sun, ho thitt

the planet was nearly lost in the sun's rays, and could bo ub*

sorvod only low down in the west just at'tor suniiot. In IHIM

tho position of Saturn will bo almost equally unfavorable for

the observation in question, as it can bo made only in tho utirly

mornings of tho latter part of October of that year, jiiHt aflor

Saturn has risen. In fact, a good opportunity will not oeuiir

till 1907. In northern latitudes tho finest telescopic viowM of

Saturn and his ring may be obtained between 1881 and 1HH9,

because during that interval Saturn passes his porihollon, and

also the point of greatest northern deelination, while tlio riii((

is o|)ened out to its widest extent. In fact, those tliroo nioHt

favorable conditions all fall nearly together duHng tho yuam
1881-'86.
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After Hnyghens, the next step forward in discoveries on

Saturn's ring was made by an English observer, named Ball,

otherwise unknown in astronomy, who fonnd that there were

really two rings, divided by a narrow dark line. The breadth

of the rings is very unequal, the inner ring being several times

broader than the outer one. A moderate - sized telescope is

BniHcient to show this division near the extreme points of the

ring if the atmosphere is steady ; but it requires both a largo

telescope and line seeing to trace it all the way across that

part of the ring which is between the observer and the ball of

the planet. Other 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

closing up again.

In December, 1860, the astronomical world was surprised

by the announcement that Professor Bond, of Cambridge, had

discovered a third ring to Satui-n. It lay between the rings

alraady 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 the Bonds. Something of the kind had been seen by Dr.

Galle, at Berlin, as far 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 found for suspecting that they saw

this dusky ring ; but none of the descriptions are sufficiently

definite to establish the fact, though it is strange if an object

so plain as this ring now is should have been overlooked by

all the older observera.

The question whether changes of various sorts are going on

In the rings of Saturn is one which is still unsettled. There

is some reason to believe that the supposed additional divis-

ions noticed in the rings from time to time are only errora of

vision, duo partly to the shading which is known to exist on
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various parts of the ring. By reference to the diagram 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, like 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 saw 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 shades off gradually towards

its inner edge. Hei'e the dusky ring joins itself to it, and ex-

tends about half-way in to the planet.

As seen with the great Washington equatorial in the au-

tumn of 1874, there nas nc great or sudden contrast be-

tween the inner or dark edge of the bright ring and the out-

er edge of the dusky ring. There was some suspicion that

the one shaded into the other by insensible gradations. 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 Struve, in 1851. This was nothing loss

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 astronomora of the seven-

teenth century, especially Iluyghens, and the measures ex-

ecuted by later astronomera up to the time at which Struve

wrote. The rate at which the space between the ring and the

planet was diminishing seemed to be about 1".3 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 modern ones

:
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Bimdth of

Btiif.

Huyghens 1667
1695
1719
1799
1826
1888
1861

6.5

6.0

6.4

6.12
4.86

4.04
8.67

4.6
6.1

6.7

6.98

6.74
7.06

7.48

Uuyghens and Cassiiii

Bradley
Herachel
W. Struve
Encke and Galle

Otto Struve

If these estiinates 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-

tinued at the same rate, would bring the inner edge of the

ring into contact with the planet about the year 2150. 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 observera will always obtain

different rasults, and the differences among the four observ-

era commencing with W. Struve are no greater than are often

seen in measuring an object of such uncertain outline. Hence,

considering the great improbability of so stupendous a cosmi-

cal change going on with so much rapidity, Struve's theoi^ has

always been viewed with doubt by other astronomera.

At the same time, it is impossible to reconcile the descrip-

tions by the early observers with the obvious aspect of the

ring as seen now without supposing some change of the kind.

The most casual observer who now looks at Saturn will see

that the breadth of the two bright rings together is at least

half 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. But Huyghens describes the dark space as about equal

to the breadth of the ring, or a little greater. Supposing the

ring the same then as now, could this error have arisen from

the imperfection of his telescope ? No ; because the 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 tlio irradiation produced by their imjierfcct glasses.

A strong confirmation of Struve's view is found in the old
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pictures given in Fig. 89 by those observers who could not

clearly make out the ring. In nearly all cases the dark spaces

were more conspicuous than the edges of the ring. But if

we now look at Saturn through a very bad atmosphere, though

the elliptical outline of the ring 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.

§ 6. Constitution of the Ring.

The difficulties which investigatore 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 are 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, becau •"

they were not acquainted with the effects of gravitation on

such 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 upon the planet. He thciefore

remarked that the rings must have irregularities in their

form, such as Ilerschel supposed he had seen; but he did

not investigate the question whether with those irregularities

the equilibrium would really be stable.
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The question was next taken up in this conntry by Profess*

ore 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 chen close up again. Ho
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 therefore adopted Bond's view

that the rings were fluid. Following up tho 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 the satellites. But as Laplace did not

demonstrate that irregularities would make the ring stable, so

Feirce merely fell back upon the attraction of the satellites as

a Boii; 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 ^ast, important step was

taken by Professor J. Clerk Maxwell, of England, in tho

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 Cassini 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 bo seen singly. They are like the separate little drops of

* See MemoiiH of the French Acndemy of Sciences for 1715, p. 47; or Cai-

«ini's "J^lt^niens d'Astronoinio,"p. 338, Paiis, 1740.
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or Cai-

water of which clonds and fog are composed, which, to our

ejes, 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 dusky 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 bo 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 \mtil 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 opportunity 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 is 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 Ilnyghens 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 " Si/stema Salurnium,'^ he vent-

ui'cd to express the opinion that this discovery completed the
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Bolar system, whioh now coinprlied lix planets (Saturn being

then the onteruiost known planet) and six satellites (one of

the earth, four of Jupiter, and thii one of Saturn), making

the perfect number of twelve. He was, therefore, confident

that no mora satellites were left to discover, and through fail-

ing to search for otliei'8, he probably lost the honor of addi-

tional discoveries.

Twelve years after tbif prediotion, Gaisini discovered a sec-

ond satellite outside that found by Hnyghens, and within a

few years more he found three others Inside of it. The dis<

covery of 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 Satumi Satellites primum cogniti. These five satellites

completed the number known for nioi'e than a centuiy. In

1789 Herschel discovered two new ones still nearer the ring

than those found by Gossfni. 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, nt the Observatory of Harvard Col-

lege, found an eighth satellite, while examining tlie ring of

Saturn. By a singular coincidence, this satellite was found by

Mr. Lassell, of England, only a couple of nights after it wab

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 semidiameters of Saturn.

More exact elements will bo found in the Appendix to this

volume.

No. Nun*.
PlnHtit.

l>i««(»«f«ti IM*.

1

2
8
4

5
6
7
8

Mimn*
Enceladun,
Tethyii

Dione
Hhea
Titan
Hyperion

.

JapetuR,.,,

4,»

ff,8

AJ
0,ft

20,7

26.8

64.4

IfafMiliel..

Ilerfti'hel..

<1nN«inl..,.

ramini....
V.MAn\....

Hotiil

(^MRJIll....

1 780, September 17th.

1789, August 28th.

1684, March.
1684, March.
1672, December 23d.

leSfi, March 25th.

1848, September 16th.

1671, October.
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The brightness, or rather, the visibilitj; 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. Four or five

inches aperture will show Rhea, and perhaps Tethys and Di-

one, while seven or eight inches are required for Enceladus,

and even with that apertni*e it will probably be seen only near

its greatest 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-

iiess, but of the difliculty of distinguishing it from minute stars.

All these satellites, except Japetus, revolve very nearly in

the plane 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

account for such great changes of brilliancy.

% 7. Uranus 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-
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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, i£

one knows exactly where to look for it. It was in opposition

February 11th, 1877, and the time of opposition during the

remainder of the present century may be found by adding 4^
days for every year subsequent to 1877. To find it readily,

either with a telescope or the naked eye, recourse must be had

to the Nautical Almanac, where the position (riglit 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 ivcognize 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-

ula, he took it for a comet. The possibility of its being a new
planet did not at firat occur to him ; and he therefore com-

municated his discovery to the Koyal Society as being one of

a new comet. Various computing astronomere 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 thus 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 di^taiico to the sun must be at least four-

teen times that of the earth from the sun, a perihelion distance

many times greater tiian that of any known comet. This an-

nouncement gave the hint that some other hypothesis must bo

resorted to, and it was then found that all the observations

could bo well represented by a circular 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 Satnm.

With a commendable feeling of gratitude towards the royal

patron who had afPorded him the means of making his dis-

coveries, Ilerechel proposed to call the new planet Oeorgium

Sidus (the Star of the Georges). This name, contracted to " the

Georgian," was employed in England until 1850, 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 Ilerschel. 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 firet observation being in 1690, nearly a century l>e-

fore the discovery by Ilerschel. What is most extraordina-

ry, it had been observed eight times in rapid succession by
Lo Momiier, of Paris, in December, 1768, and January, 17G9.

Had that astronomer merely taken the trouble to reduce and

compare his observations, he would have anticipated Ilei-schel

by twelve years. Indeed, considering how easily the planet

can bo seen witli the naked eye, it is illustrative of the small

amount of care devoted to cataloguing the stars that it was

not discovered without a telescope.

Satellites of Uranus.— In January and February, 1787,

Ilerschel found that Uranus was accompanied by two satel

Htc(!, of which the inner performed a revolution in a little less

I ii
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than nine days, and tlie onter in thii'teen days and a half.

Tlie 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 telescope of one-

foot apeiture or upwards. Afterwards Herechel made a very

assiduous search for other satellites. He encountered many
difficulties, not oidy 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 hap[)ened 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 Hei'schel in favor of the ex-

istence of the four additional ones was entirely insufficient,

and their existence has been completely disproved, they figure

in some of our books on astronomy to this day.

For half a century no telescope more powerful than that of

Ilcrschel 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 now
satellites inside the orbits of the two brighter ones,* but found

no trace of any of the additional satellites of Ilerschel. In the

climate of England, he could make only very imperfect obser-

vations of these bodies; but in 1852 he moved his telescope

tem|X)rarily to Malta, to take advantage of the purer sky of

that latitude, and there he succeeded in determining their or-

bits with considerable accuracy. Their times of i-evolution

are about 2^ and 4 days respectively. They may fairly be

* ThoHo (lifllcult olijocu wore hIho Bought for by Otto Struve with the flfteeii'

Inch tulcNropo of iho I'lilkown Obrorvntory, nnd occHdlonnl jflimpscH of titein were,

he hclit'ved, ntlninod liefoio ihcy wore rortiihily fiMind liy Mr. FjIihw^II, hiii ho win

not Me to foMow ihem m) coniiiuioiiiily t\» to fix upon thoii (inicN of rovohition.
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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 Herachers suspected satellites is proved

by the fact that they have been sought for in vain, both with

Mr. Lassell's great reflectors and with the Washington twen-

ty-six-inch refractor, all of which are optically more powerful

tlian the telescopes of Ilerschel. There may be additional

satellites which have not yet been discovered ; but if so, they

must bo too faint to have been recognized by Ilerechel. Pro-

fessor Holden, of the Naval Observatory, has sought to show
that some of Ilerschel's observations of liis supposed inner sat-

ellites were really glimpses of the objects afterwards discov-

ered by Mr. Lassell. This he has done by calculating the po-

sitions of these inner satellites from tables for the date of

each of Ilerschel's observations, and comparing them with the

position of the object noted by Ilerschel. In four cases, the

agreement is sufliciently close to warrant the belief that Iler-

schel actually saw the real satellites; but Mr. Lassell attributes

these coincidences to chance, and contests Professor Ilolden's

views.

The moft 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 ijerpendicular

to it ; indeed, in a geometrical sense, they are more than per-

pendicular, because the diroetion of the motion of the satel-

lites in their orbits is retrograde. To change the jwsition of

the orbit of an ordinary satellite into that of the orbits of

these satellites, it would have to bo tipped over 100° ; so that,

supposing the orbit a horizontal plane, the point correspond-

ing to the zenith would bo 10° below the horizon, and the up-

j)er 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 detennining the mass of Uranus; because, of the adjoiniiig

phinets, Saturn and Neptune, the observations of the fii-st are



<.»yWg'ii— WWPii^»ii

868 THE SOLAR SYSTEM.

too uncertain and those of the last too recent to give any oer*

tain result. Measures made with the great Wasliingtou tule*

ecope show this mass to be T>shnf \ ^ I'csnlt 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 pliuiet

was felt, as it were, by its attraction upon Uranus; and iU di*

rection was thus calculated by the theory of gravitation befort

it had been recognized by the telescope. An obiierver was
told that if he pointed his telescope towards a certain point in

the heavens, he woiild see a new planet. He looked, and there

was the planet, within a degree of the calculated place. It il

difficult to imagine a more striking illustration of the certain-

ty of that branch of astronomy which treats of the motions of

the 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 Parli,

prepared improved tables of Jupiter, Saturn, and Uranui,

which, although now very impeiiect, have formed the baois of

most of the calculations since made on the motions of those

bodies. He found that while the motions of Jupiter and Hat-

urn were fairly in accord with the theory of gravltat.on, It

was not so with those of Uranus. After allowing for the {wr-

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

wo mean those accidental ones made by FlamstcoO, Lo Moii-

nier, and othere, before the planetary character of the ol)jo«t

was suspected ; and by the recent ones, those made after the

discovery of tlie planet by Ilerschel, in 1781. Bouvard, thoro-

fore, rejected the older observations, founding his tables on the

modern ones alone ; and leaving to future invostigntorM the

^n '
.1 I

. 1— 1 —— — * IWlll—Hf«^—l

!
* Wnnhington ObMrvatiuiiH for IM7i): Appondlx.
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question whether the difficulty of reconciling the two »y«it»)M>l

arose from the inaccuracy of the ancient observatioim, or fmm
the action of some extraneous influence upon the pliiiiet,

Only a few years elapsed, when the planet began to devlnto

from the tables of Bouvard. In 1830 the error amounted U)

20"; in 1840, to 90"; in 1844, to 2'. From a non-iwtJ'o

nomical point of view, these deviations were very mliHlt4)i

Had two stars moved in the heavens, the one in tlie pliuin

of the real planet, the other in that of the calculated plttPinti

it would have been an eye of wonderful keenuoM v/UlaU

could have distinguished the two from a single star, even iit

1844. But, magnified by the telescope, it is a large atid

easily measurable quantity, not for a moment to be neglect'

ed. The probable cause of the deviation was soinetiinen A
subject of discussion among astronomers, but no very deiiut^

views respecting it seem to have been entertained, mv did

any one express the decided opinion that it was to bo attrib'

nted to a trans-Uranian planet, natural as it aeemi to m mwU
an opinion would have been.

In 1845, Arago advised his then young and unknown friend

Leverrier, whom he knew to be an able mathematieian and
an expert computer, to investigate the snbjeo'^ ,f tlie niotiuMM

of Uranus. Leverrier at once set about the task in the nioHt

systematic manner. The first step was to make sure that tliu

deviations did not arise from errors in Bouvard's theory and
tables; he therefore commenced with a careful reoornpntatioii

of the perturbations of Uranus produced by Jupiter and Sat*

urn, and a critical examination of the tables. The rosult wm
the discovery of many small errors in the tables, whieh, how*

ever, were not of a character to give rise to the observed do*

viaiions.

The next question was whether any orbit oould l)0 as«lgii«d

which, after making allowance for tlie action of Jupiter and
Saturn, would represent the modern observations. Tlie nil*

Bwer was in the negative, the best orbit deviating, first on one
side and then on the other, by amounts too great to be attrib*

utcd to errors of observation. Supposing the deviations to 1^

25
i

^.i^
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due to the attraction of some iinknown planet, Lever: ier next

inquired where this planet must be situated. Its jrbit could

not lie between those of Saturn and Uranus, because then it

would disturb the motions of Saturn as well as those of Uranus.

Outside of Uranus, therefore, the planet must bo looked for,

and probably at not far from double the distance of that

body ; this being the distance indicated by the law of Titius.

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.

Leverrier was not alone in reaching this result. In 1843,

Mr. John C. Adams, then a student at Cambridge Unis'ersity,

England, having learned of the discordances in the theory of

Uranus from a report of Professor Airy, attacked the same

problem which Leverrier took hold of two years later. In

October, 1845, he connnunicated to Professor Airy elements

of the planet so near the tiuth that, if a search had been made
with a large telescope in the direction indicated, the planet

could hardly have failed to be found. The Astronomer Royal

was, however, somewhat incredulous, and deferred his search

for further explanations from Mr. Adams, which, fi'ora 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 could 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 eflFort 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 Ob-

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. Observations of

the planet us 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 certain 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 ChalHs 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 stara. No further doubt could exist that the long-sought-

for planet was found. The date of the o[>tical discovery was

September 23d, 1846. The news reached Professor Challia

October 1st, and, looking into his note-book, he found his own
observations of the planet, made nearly two months 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 l)efore

the discovery of the planet, and that it was by the directions

of Leverrier to Dr. Galle that the actual discovery was made.

But this does not diminish the credit due to Mr. Adams for
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his boldness in attacking, and his skill in successfully solving,

so noble a problem. The spirit of trne science is advancing

to a stage in which contests about priority are looked npon as

below its dignity. Discoveries are made for the benefit of

mankind ; and if made independently by several persons, it is

fitting that each should receive all the credit due to success in

making it. We should consider Mr. Adams as entitled to the

same unqua^'fied admiration which is due to a sole discoverer;

and whatever claims to pi'iority he may have lost by the more

fortunate Leverrier will be compensated by the sympathy

which must ever be felt towards the talented young student

in his failure to secure for his work that immediate publicity

which was due to its interest and importance.

The discovery of Neptune gave rise to a series of research-

es, in which American astronomers took a distinguished part.

One of the first questions to be considered was whether the

planet had, like Uranus, been observed as a star by some pre-

vious astronomer. This question was taken up by Mr. Sears 0.

Walker, of the Naval Observatory. A few months' observa-

tion snfiiced to show that the distance of the planet from the

sun was not far from 30 (the distance of the earth being, as

usual, unity), and, assuming a circular orbit, he computed the

approximate place of the planet in past years. He traced its

course back from year to year in order to find whether at any

time it passed through a region which was at the same time

being swept by the telescopes of observers engaged in prepar-

ing catalogues of stars. He wpo not successful till he reached

the year 1795. On the 8th and 10th of May of that year,

Lalande, of Paris, had swept over the place of the planet. It

must now be decided whether any of the stars observed on

those nights could have been Neptune. Although the exact

place of the planet could not yet be fixed for an epoch so

remote, it was easy to mark out the apparent position of its

orbit as a line among the stars, and it must then have been

somewhere on that line. After taking out the stars which

were too far from the line, and those which had been seen by

subsequent observers, there remained one, observed on May
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10th, which was very near the computed orbit. Walker at

once ventured ou 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 other scientific men in Washington,

and asked that the search might be made. On the first clear

evening the examinatiovi was made by Professor Hubbard,

and, surely 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-

ple result 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 wodld have made his name immortal. Without

further examination, he had rejected the first 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 tlie perturba-

tions of Neptune produced by the action of the other planets.

The i-esults 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

I!
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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 round disk about 3" in diameter, of a pale-blue

color. No markings have been seen upon it. Wlien first

seen by Mr. Lassell, be suspected a ring, or some such append-

age; but future observations under more favorable circum-

stances showed this suspicion to bo 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 witli 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 5 days 21 hours. During 1847

and 1848 the satellite was observed, both at Cambridge by the

Messrs. Bond, and at Pulkowa by Strnve. These observations

show^ed 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 tlie same. After a few years tlie change

in the direction of the planet enabled this question to be de-

cided, and showed that the motion was retrograde. The case

was more extraordinary 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 powerful telescopes.

Measures of the distance of the satellite from the planet,

made with the great Washington telescope, show the mass of

Neptune to be t^jtit- The mass deduced from the perturba-

tions of Uranus is TTTinr) ^^ agreement as good as could be

expected in a quantity so difiScult to determine.
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COMETS AND METEORS.

§ 1. Aspects and Forms of Comets.

The celestial motions whiuh we have hitherto described

take place with a majestic uniformity which has always im-

pressed the minds of men with a sense of the unchangeable-

ness 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 whi'-h the nature is not yet deprived of mystery.

Come bright enough to be noticed with tlie naked eye

consist of three parts, which, howcvei", are not completely dis-

tinct, but run into each other by insensible degrees. These

are the nucleus, the coma, and the tail.

The nucleus is the bright centre which to the eye presents

the appearance of an ordinary star or planet. It would hai'd-

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 l)e hardly distinguish-

able from it, but it gradually shades off in every direction.

Nucleus and coma combined present the appearatice of a star,

more or less bnght, shining through a small patch of fog, and

arc 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-

-ftf.:
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0118 feature, noticed from tho tiiu*lic«t tiinea, is that the tail is

always turned from tho «iin. Tho extent of the tail is very

different in different comets, tlmt appendage being brighter

and longer the more bi'lUlunt tho oomot. Sometimes it nn'ght

almost escape notice, whilo in muny groat comets recorded in

history it has extondud half- way across the heavens. The
actual length, when one is gaen at all, is nearly always many
millions of miles. BomotimuH, though rarely, the tail of the

comet is split up into sovoml branchcB, extending out in

slightly different directions.

Such is the general appuamnoo of a comet visible to the

naked eye. When tho hoavons wore careftdly swept with tel-

escopes, it was found that ooniotH thus visible formed but a

small fraction of tho whole itumbor. If a diligent search is

kept up, as many comets are Bontotimos found with the tele-

scope in a single year as would bo soon in a lifetime with the

unaided eye. Those "telosooplo comets" do not always pre-

sent the same aspect as those seen with tho naked eye. The
coma, or foggy light, generally sootns to be developed at the

expense of the nucleus and the tail. Sometimes either no

nucleus at all can be seen with tho telescope, or it is so faint

and ill-defined as to be hardly distinguishable. In the cases

of such comets, it is gonorally injposslble to distinguish the

coma from the tail, tho latter being either entirely invisible,

or only an elongation of the eoma. Many well-known comets

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 tho telo«e(»pl(! ones, yet, when we el(>se-

ly watch their respective modes of development, we find them
nil to belong to one class, Tlio differences are like those be-

tween some animals, which, to tho orilinary looker-on, have

nothing in common, but In which tho zoologist sees that every

part of the one has its eounterpart in the other—indeed, the

analogy between what the astronomer sees in the growtli of

comets and the zoologint in the growth of animals is quite

worthy of remark, As a general rule, all comets look nearly
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Fio. 90.—Views of Encke's comet in 1S71, by Dr. Vo(;eI.

alike when they tii-st come 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 f<iggy 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 Bj)lendid on record, it was more than two

months after the tiret discovery before there was any appear-

m

! i.,!
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ance of a tail. To enable tbe reader to see the relation of

this to a very diffused telescopic comet, we present a telescopic

view of the head of this great comet when near its brightest,

and three drawings of Eucke's comet, made by Dr. Vogel, in

November and December, 1871.

When the nucleua of a telescopic comet begins to show it-

self, it is commonly on the side farthest from the sun. Sev-

eral little branches will then be seen stretched out in the di-

rection of the sun, so that it will appear as if the comet had

a small fan-shaped tail directed towards the sun, instead of

from it, as is usual. Thus, in the pii^tures of Eucke's comet

in Figs. 1 and 2, the sun is towards the left, and we see what

!

Fill. 91.—ne«d of IKmiti'i Krett comet of 18R8, After Bond.

looks like tliii'o little tails, the middle one i)oiutod towards the

Bun. JJut if we look at the view of Donati's comet, Fig. 01,

we sec several little lines branching upwards from tlie <putr»j

of the head, and it is to these, and not to the tail, that the lit-

tle tails in the figures of Eucke's comet correspond. In fact,

the general rule is that the heads of comets have a fan-shaped

structure, the haiulle of the fan being in the mu;leua, and the

middle arm ]>ointing towards the sun ; and It is this append-

age which fli-st tihows itself.

Ill the larger comets, this fan is surrounded by one or muro
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linuro

semicircular arches, or envelopes, the inner one forming ita

curved border; but this arch does not show itself in very faint

comets. The true tail of the comet, wlien it appears, is always

directed from the sun, and therefore away from the fan. In

Fig. 90, No. 3, a very faint true tail will bo seen extending

out towards the lower right-hand corner of the picture, which

was opposite to the direction of tiie sun. On the other hand,

though the branches turned towards the sun have disappeared,

the fan-like form can still be traced in the head. In Fig. 91,

the true tail is turned downwards : owing to the large scale of

the picture, only the commencement of it can be seen. The
centml line of the tail, it will be remarked, is comparatively

dark. This is very generally the case with bright comets.

§ 2. Motions, Origin, and Xumher of Ccmets.

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 gravitation of

the planets towards the sun, the question naturally arose wheth-

er cotiiets 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-

rabola.

A parabola being one of the orbits M'hich 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

cometa are visible in only a very small portion of their orbits!,

quite close to the sun, and in this portion tlie 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 paral)olic orbit— that the former is closed up, and a

comet moving in it nmat come back some time, whereas the

two branches of tlie latter extend out into intinitc space with-

m
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out ever iiicetiiig. 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. The same

thing will happen if the comet moves in an hyperbola,which is

PuraboMr (irblt. Eccenlrlo •lll|iM.

Vm, M Parabolic mid elliptic urbit ufn cuinot. Tlio comet la liivUiblu In llie dotted part

of the orbit*, and the forina of the vlnlble pnrt», o, 6, cniiuot bo dlHiliiKiilxhed In the

two urblta. Hut the ellipse fornii a clotiud curve, while the two branchua of the |)»>

rnbtila continue fo<«ver without meutiug,

the third class of orbit that may bo described under the influ'

ciice of gravitation. In a parabola, the slightest retardation

of a comet would change the orbit into an ellipse, the voUnjity

being barely sufHcient to carry the comet off forever, wht>reas

ill an hyperbola there is more or less velocity to spare. Thus

the parabola is a sort of dividing curve between the hyi)erbola

and the clli])so.

The astronomer, knowing the position of an orbit, can tell

exActly what velocity is necessary at any |>oint of it in order

that a lnMly moving in it may go off, never to return. A body

thrown from the cartirs Hiirfiice with a velocity of eevon miles
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a second, and not retarded by the atmosphere, would never

return to the earth, but would describe some sort of an orbit

round the sun. It would, in fact, be a little planet. If the

earth were 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 the velocity

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 tho comet must be brought back by tho

sun's attraction at some future time, tho time being longer tho

more nearly the velocity reaches twenty-six miles per second.

It is by the velocity that the astronomer must, in general, de-

termine the form of the orbit If it corresponds exactly to

the calculated limit, tho 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 tho large majority of comets the velocity is so near

the jmrabolic limit that it is not possible to decide, from ob-

servations, whether it falls short of it or exceeds it. In tho

case of a few comets the observations indicate an excess of

velocity, but tho excess is so minute that its reality cannot bo

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 tho return will be delayed many cen-

turies, nay, perhaps many thousand years. There are quite a

number of comets which are known to bo periodic, returning

to the sun at regular intervals in elliptic orbits. Some of

these have been observed at several returns, 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 bo no doubt of tho fact that the comet moved in

an ellipse.

In tins question of comotary orbits is involved the very in-

torosting one, whether comets should be considered as belong-
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ing to our systera, or as mere visitoi's xrom the stellar spaoei.

We may conceive of tliem as stray fragments of original neb-

ulous matter scattered through the great wilderness of spaco

around us, drawn towards our sun one by one as the long agen

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 ycara had elapsed, because the veloci-

ty it would acquire by falling towards the sun would be just

sufficient to carry it back into the infinite void from whicli it

came. Eut 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

would be changed into an ellipse more or less elongated, no-

cording to the amount of this excess. In the largo 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 tons

or hundi'eds of thousands of years. But should the comet

chance to pass very near a planet, especially a large planet

like Jupiter, the retardation might bo so great as to make the

comet revolve in an orbit of quite short period, and thus bo-

come a seemingly permanent member of our systeni. So near

an approach of a comet to a i)lanet would not bo likely to oc-

cur more than once in a number of centuries, but every tiuiu

it did occur there would bo an even chance for an additional

comet of short ]>eriod, the orbit of which would, at lirKt, iij-

most intcreect that of the planet which had deranged it. It

might not, however, bo a known comet, because the orbit

nn'ght bo wholly beyond the reach of our vision.

It is impossible, in the present state of science, to any with

certainty whether the periodic! comets were thus brought Into
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our system ; but it seems probable that they were, U'QWX th§

fact that many, if not all, of the orbits of thefte (JOinotH \nm
near the orbits of some of the planets. That the ptartetftcy

and eometary orbits in suuh a case should iutenoct now Ik IkH)

to be expected, because both would change by tho HedulHC

variations resulting from the action of the planetA, Fdtttra

research will probably throw more light on this question.

Number of Comets.—It was the opinion of Kepler that th§

celestial spaces were as full of comets as the sea of ftnth^ Pltly

a small proportion of them coming within the rango of QWV

telescopes. That only an insigniticant fraction of all exiiititi^

comets have ever been observed, we may regard m wrtttlH.

Owing to their extremely elongated orbits, they can 1)0 miW
only when near their perihelion, and as it is probable that tltd

period of revolution of the large majority of those which hav§

been observed is counted by thousands of years—If, ln()M(ii||

they ever return at all—our observations must bo uontiiMMKl

for many thousand years beforo we have seen all which «oiitn

within range of our telescopes. It is also probable that nil

which can ever be seen will bo but a small fraction oi' tli4

number which exist, because a comet can seldom be seun iin*

less its perihelion is either inside the orbit of the earth, or bull

little outside of it. There are a few exceptions to the niirt

that only such comets arc seen, the most notable oni< \m\u)^

tlmt of the comet of 1729, which, at i)erihelion, was nioru than

four times the earth's distance from tlie sun. This comet \nmi

have been one of extraordinary magnitude, us almost ust^vy

other known comet would have disappeared entirely frniit IJiu

most powerful telescopes of that time, if plu<u>d at thu diH'

tance at which it was observed.

The actual number of comets recorded as visible to tho

naked eye since fho Christian era is given in tho table on thtf

following page.*

* ThiH tiibln is tuken at socond-hand, piincipnlly IVom Arngo ("AhM'oiioihIii

Populaii'C," livre xvii., cliitp. xv.)' Arngo mentions but riijhl im vUililu iIimIii||

tho cightcentli centui>. I have coniidored the number ihirty-iix, ulvsii b/ liluliii

M more prububle.

1
1 1

' 4 til

i'lr
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YwnorourEn. Number
of Comvta.

Yean of our Era. Niiinbar

of ComeU,

From to 100 22
23
44
27
16
25
22
16
42
26

From 1001 to IKX) 30
26
2«
29
27
31
12
36
16

" 101 ' 200 1101 " 1200
" 201 " 300 1201 " 1300
" 301 " 400 1301 *' 1400
" 401 " 500 1401 " 1500
" 601 " 600 1501 " 1600
•* 601 " 700 1601 " 1700
" 701 " 800 1701 " 1800
" 801 " 900 1801 •• 1876
** 901 " 1000

In round numbers, about five hundred comets visible to tlie

naked eye have been recorded since onr 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

far short uf 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 largely on the

skill, assiduity, and good -fortune of the astronomers who
chance to be engaged in searching for them.

§ 3. Eemarkable 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 be entirely devoid of cither instruction or in-

terest, as it often happens that not even tlieir course in the

heavens is stated.

Tho 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 tho influence of the gravi-

tation of tho sun. It firat appeared in tlio autumn of 1^"«),

and continued visible most of tlio time till tho following spring.



EEMARKABLE COMETS. S85

the

jral

two

in-

liese

fall

mets

iimes

inual

[1 tUe

who

jrror,

oilier

mt in

lerally

sscrip-

\Q and

or in-

lin tbe

ale for

Kew-
gravi"

I

spring-

It fell '^own almost in a direct line to the sun, passing nearer

to that luminary tlinn 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 from that from

which it came. The observations have been calculated and

the orbit investigated by many astronomere, 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
plan8ibilii;y, that the period might be 575 years, from the fact

that great comets had been i-ecorded as appearing at that in-

terval. The tii'st of these appearances was in the month of

September, after Julius Ceesar was killed ; the second, in the

year 531 ; the third, in February, 1106 ; while that of 1680

made the fourth. If, as seems not impossible, these M'erc 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.

Hallei/s Comet.—Two years after the comet last described,

one appeared which has since become the most celebrated of

modern times. It was fii'st 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, '^at there could be no

doubt of the identity of the two orbits. So close were they

together that, if drawn on tiio heavens, the naked eye would

almost see them joined into a single line. The chances 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 appeared in 1607, and that it therefore revolved

in a very elliptic orbit, returning about every seventy-live years.

Ilia conclusion was contirmed by the fact that a comet was

observed in 1531,w]iich moved in apparently the same orbit.

Again subtracting the period of seventv-flvo years, it was
2ti
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found that the comet had appeared in 1456, when it spread

snch terror throughout 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 rise to the popular mjth of the Pope's Bull against the

Comet.

Tliis 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 75J years,

we shall find that we sometimes fall on dates when the appa-

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, in 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 yeara. This immense labor was performed by

Clairaut, 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 result was uncer-

tain by one month. The comet actually did pass its perihelion

at midnight on March 12th, 1759.

Seventy-six years more were to elapse, and the comet would

again appear about 1835. Meanwhile, great improvements

were made in the methods of computing the effects of planet-

ary attraction on the motions of a comet, so tliat mathemati-

cians, without expending more labor than Clairaut did, were

enabled to obtain much more accurate results. The French

were still the leading nation of the world in this sort of inves-

tigation, ajid the computation of the return of the comet was

undertaken independently by two of their leading astronomers,
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De Damoiscau and De Pontecoulant. Of these, the firet an-

nounced that it would reach its perihelion on November 4th,

1835 ; while De Pontecoulant, after revising his computations

with more exact determinations of the masses of the planets,

assigned November 13th, at 2 a.m., as the date. The expected

comet was, of coui'se, looked for with the greatest assiduity,

and was first seen on August 5th. Approacliing the sun, it

passed its perihelion on November 16th, at eleven o'clock in

the morning, only three days after the time predicted by De
Pontecoulant.

This was the last return of the celebrated comet of Halley.

It was followed until May 17th, 1836, when it disappeared

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

fix 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 tlie orbit of Nep-

tune, about 1873, and

that it is now on its re-

turn journey. We pre-

sent a diagram of its or-

bii, showing its position

in 1874. Its velocity

will constantly increase

from year to year, and

we may expect it to
f.o. 93.-orbit or Haiiey* comet.

reach perihelion about the year 1911. The exact date catmot

be fixed until the effect of the action of all the planets is com-

puted, and this will be a greater labor than before, not only

because greater accuracy will be aimed at, but because tlie

action of more planets must be taken into account. When
Clairaut computed the return of 1759, Saturn was the outer-

most known planet. When the return of 1835 was computed,
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Umniis had been added to the list, and its action liad to be

taken into account. Since that time Neptune has been dis-

covered ; and the astronomer who computes the i-etui-n 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.

I'lie Lost Bklu!s Comet.—Nothing could moi*e 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 yeai*s and eight 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 usual, without anything remarkable being

noticed. But in January following, the astronop^ers of the

Naval Observatory found it to have suffered an acjident nev-

er before known to happen to a heavenly body, and of which

no explanation has ever been given. The comet had sepa-

rated into two distinct parts, of quite unequal biightness, so

that there were two apparently complete comets, instead of

one. During the month 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 1852, 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 1840, 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 princi|)al

comet. The i)air passed out of view about the end of Sep-
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tember, 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 tliese returns, the rela*

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 that this might be due

to the great distance of the comet from us. In 1872, the rela-

tive positions were extremely favorable, 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 fntg-

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 Oreat Comet q/" 1843.— This remarkable comet buret

suddenly into view in the neighborhood of the sun about the

end of February, 1843. It was visible in full daylight, so that

some observers actually measured the angular distance be-

tween tlie comet and the sun. It was followed until the mid-

dle of April. The most remarkable feature of the orbit of

this comet has 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 cai-eful investigation

of it—that of Professor Hubbard, of Washington—indicated

a period of 530 yeai"8 ; but the velocity which would produce

this period is so near the parabolic limit that the difference

does not exceed the uncertainty of the observations.

Donatis, Comet of 1858.—This great comet, one of the most

magnificent o,f modern times, which hung in the western sky

during the autumn of 1858., will be well remembered by all

who were then old enough to notice it. It was firet seen at

* Just after the meteoric shower, Mr. Pogson, of Madrns, obtained observa-

tions of an object which, it was supposed, might have been a fragment of this

cnmot. But the object was some two months behind the computed position of

the comet, so that the identity of the two has never been accepted by astronomers.

!
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Florence, on Juno 2d, 1858, by Dunnti, who described it as a

very faint nebulosity, about 3' in diameter. About the end

of the month it wus discovered independently by three Amer-

ican observers : II. P. Tnttle, fit Cambridge ; H. M. Parkhnrst,

at Perth Amboy, New Joi-Hey ; and Miss Maria Mitchel, at

Nantucket. During the flrafc three months of its visibility it

gave no indications of its future grandeur. No tail was no-

ticed until the middle of Anguet, 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

month developed with great rapidity, attaining its greatest

brilliancy about the first half of October. Its tail was then

40° in length, and X0° in breadth at its outer end, and of a

curious fealher-liko form. About October 20th it passed so

far south as to bo no lunger 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

ycare or less. A careful InveHtigation of all the observations

was made by Mr. O, W, Hill, who found a period of 1060
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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 3808 ; but the uncertainty arising from the im-

perfections of the observations may amount to fifty years.

The Oreat Southern Comet of 1880.—On the evening of

February 2nd, 1880, astronomers in South America, the Cape
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. Gould, who observed it at Cordoba, in the

Argentine Republic. 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 the great comet of 1843. 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 conclusion that this comet was a return of the

former one. Notwithstanding the seeming evidence in favor

of this view, there are several difficulties in the way of its un-

reserved acceptance. In the first place, the most careful com-

putations on the comet of 1843 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 record of such a comet having been seen at the

times when its return to perihelion should have occurred. It

is true, as Dr. Gould showed, that, by supposing a continuous

cliange 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

f

ffi

.11
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from thirty-four years between the first two returns to thirty-

six years and eleven months between the hist 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 drawn into the sun thirty-seven

years in advance of the more distant one.

Great Comet 0/I88I.—This comet is so recent that most

readers will remember it. It was first 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

(legrees south declination. Curiosity respecting the object was

not, however, gratified until the morning of June 23rd, 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 neither 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 bo traced depended largely on the

acuteness of the obscrvcjr's visicm. To most observers it pre-

sented a length of ten or fifteen degrees, though some traced

it much further.

There are two very remarkable features connected with the

motion of this comet. One is, that during almost its entire

ju'riod of visibility to the naked eye it moved on the sanio

meridian as the sun, and, indeed, while passing from thcsouth-

orn to the northern hemisphere, it may have passed over the

Kun's disk. Tlio otlier feature is the remarkable resembhuK'n

between its orbit and ihai of the <'(tniet of 1807. It was this

resemblance which led Dr. (Joiild to telegraph it as a return

of this comet. The most cantful determination of the ele-

nu'iits show, ln»wev<'r, that the two bodies could not p(»HsibIy

be itlcnfical, an both were moving in orbits dilVering ho little

from a parabola that many centuries at least must elapse be-
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fore the return of either. We have, therjCore, another case

similar to that of the great comets of 1843 and 1880

—

namely, two different bodies following each other in nearly

the same orbit

§ 4. Enches Comet, and the Resisting Medium.

The comet which in recent times has most excited the atten-

tion of nstronomci's is that known as Enckc's, from the astron-

omer who firet carefidly investigated its motion. It was first

seen 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 Ilei-schcl, 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 periiielion, 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. IJut the firet astron-

omers who noticed this were unable to deciide whether this

was its iii-st return since 1805, or whether it had in tlie mean

time made several revolutions.

The motions of the comet were now taken up by Encko, of

l^erlin, and investigated with a thoroughness before unknown,

lie found the period to bo about 1200 days, four complete

revolutions having been made between 1805 and 1818. Know-

ing this, there was no longer ajiy difficulty in identifying the

comet of 1795 as also being tlio 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 boon observed at all. This result

was received by astronomers with the greatest interest, be<;a>iKo

it was the first known (miso of a (uunet of short period. Its re-

turn in 1822 was duly predicted, but it was found that when

near its greatest brilliancy it would be visible only in the

I
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southeni honiisphere. Happily, Sir Thomas Brisbane had an

observatory at Paramatta, New South Wales, and his assistant,

Rumker, was so fortunate as to find the comet. It was so

near the position predicted by Encke 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 1865. At
some returns it could not be seen, owing to its distance from

the eai th, or the otherwise unfavorable position of our planet

;

but generally very accurate observations of its course were

made, ^y a comparison of its motions with those which

would result from the gravitation of the sun and planets, he

found that the periodic time was constantly diminishing, and

was thus led to adopt the famous hypothesis of Olbere, 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 Olbera was that the

planetary spaces are tilled with a very rare medium—so rare

that it dues not produce the slightest effect on the motion of

such massive bodies as the planets. Tlie comet being a body

of extreme tenuity, probably far lighter than air, it might be

nffocted 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 fact that the

time of revolution is continually diminishing, as maintained

by the great Oorman astronomer, it docs not follow that a re-

sisting medium is the only cause to which we can attribute it.

I3ut 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 tho

subject by new and improved methods.

Such an examination was nuidn by the late Dr. Von Asten,

of Pulkowa ; and, although ho left it unfinished, it seems like-

ly, in the en<l, to confirm Enttke's results, at loost in part. Dr.

Von Asteu cumnieuced by calculating tho motion of the comet
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from the theory of gravitation during the period from 1865

to 1871, within which the comet made two entire revolutions,

and was surprised to find that during this time thera was no

deviation from tlie computed positions which could be attrib-

uted to the action of a rewi^ting medium. But on carrying

the calculation back to 1861, iiu f ind that between that epoch

and 1865 there must have been a retarding action like that

supposed by Encko. Carrying his work forward to 1875, he

found that between 1871 and 1875 there was once more evi-

dence of n retardation about two-thirds as gi-eat as that found

by Encke. The absence of such an action between 1865 and

1871, therefore, seems quite exceptional, and difficult 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 has returned a sufficient number of times,

and of which the motions have been computed with sufficient

care, to load to an entirely definite conclusion on this point,

namely, the periodic comet of Faye, which has been investi-

gated by Midler.* This comet was discovered in 1843 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, MoUor
investigated its motions with a view of finding whether its

l>eriod was affected by any resisting medium. At first ho

thought there was such an effect, his general result being of

tlio same nature with that reached by Encko. Hut on repeat-

ing liis calcjilations with the improved data afforded by a first

calculation, he found that the result arose from the im^x^rfec-

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 far

onougli from the sun to meet the orbit of Faye^s comet

* rrufuisur Axol MuUer, diioctur of tku ub^teivatury at Lund. SweUun.

ill
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§ 5. Other Periodic Comets.

We give, in No. IV. of the Appendix, a table of eleven

periodic comets which have been seen at more than one to-

turn to the sun. Of these, Biela's may be regarded as totally

lost. All the others have, however, been seen at their several

returns, when their position with respect to the earth and nun

admitted of it. Besides this, there are quite a number of com-

ets which observation ahowed were not moving in parabuUo

orbits, and which, therefore, from this fact alone, we oonohido

must return. A remarkable case of this kind is ufTordod by a

comet discovered in June, 1770, which was bright enough to

be soen by the naked eye. The astronomers of the time wore

greatly surprised to find it moving in an ellipse, with a period

of less than six years. Therefore, not only should it hivvo been

seen at previous returns, but at some twenty returns n'ume,

But not only was it never seen before, but it has never himi

seen since. Both its appearance and disappearance are now
known to bo due to the attraction of Jupiter. On returning

to its aphelion, about the beginning of 1779, it encountorod

this planet, the attraction of which was so powerful UH tu

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 attiiches to thofdlipticity

of the orbits at the present time. In other cases the obMerva-

tions are so uncertain that great doubt attaches to the reality

of the period. The following arc all the cases in which tliu

period is reasonably probable

:

'

A comet which passed its perihelion on Novemlwr 10th,

178.3, was found by Dr. C. H. F. Peters to have a period of

less than six years. But it was never soen before or nimo.

Its orbit was probaldy deranged by that of Jupiter, near

whicli it approaches.
;^

The comet of 1812 was fouml by Encko to have a perlo(l

of 8ev<Mity-one years, with an uncertainty of three ywarH, It

may, therefore, be expected that this comet will reappear he-

fore the close of 188«.
'
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The comet of 1815 was found by IJesBol to h)4V« n (W'^lo'l

of seventy-four years. Its return may, thoreforo, bu «»»|««)t«<«l

within a few years of 1889.

The third comet of 1819 was found by Enoko Ut haVM a

period of five years and seven months, but notliiiig twm ^m
ever heard of it.

The fourth comet of the same year was found by the M(t(tM

computer to have a period of less than Ave yuiirMi bi^t it Unn

not been seen again.

The fourth comet of 1819 has a period of U^nn tUnn iHiti

hundred years, but it is quite uncertain.

The same year Dr. C. H. F. Peters, at Napleg, dlwJOV«rMd ft

comet of quite short period, which should Uavo »'(itu»'»«*d W*V»

eral times before now ; but it has not again buon HUtiU.

The same statement applies to Do Vieo'ii coiutit uK I Nil,

Therefore, besides the eleven comets which have lUitmUly \m<H

observed at two returns, there are but three wUoho itt^riodM uch

certain.

Our next subject is the physical constitution of mnmin, Huf

this subject can be discussed only in connoction with muh(Im'I',

to which, at first sight, it seems to have no rtdiitioii, iltiHi^li

so curious a relation has really been discovurncl um ^rmiiy Ui

modify our views of what a comet probably iri. Wm rtiU'f lo

the phenomena of meteors, meteoric showei'M, Olid Mli«M>tilig«

stars, which next claim our attention.

§ 0. Meteors and Shoothif/sturs.

If wo carefully watch the heavens on a cloudluM iliKJltf Wtf

shall frequently seo an appearance as of a star rapidly uUmU
ing through a short space in the sky, and then Hiidduidy i|Im<

appearing. Three or four such shooting-stars inuy gitiiMmlly

bo seen in tho courso of an hour. Genurally thuy lii'u viNlldo

only for a second or two, but somotinios inovo slowly, himI iit'O

scon much longer. Occasionally thoy aro so brilliiiitt itN fo

illuininato the wli(do liuavcns, and thoy aro tlioii known m
inetooj'8—a term which is equally applicable to tlio orilinni'y

eliooting-stara. In gonoml, thoy aro scon only onu At tt tinitf,

\

'»
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and are so minnto as hardly to attract attention. Lut they

have oTi 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 meteore,

which have been brought to light by the researches of Ed-

ward Biot, Quetelet, Professor H. A. Newton, and others. As
an example of these accounts, we give one from an Arabian

writer

:

" In the year 599, on the last day of lioharrem, stars shot

hither and thither, and flew against each other like a swarm
of locusts; this phenomenon lasted until 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 remarkaole

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 tiiat the

lines in which the meteore 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 1833.

All through the Southern States, the negroes, like the Arabs of

a previous century, thought the end of the world had come at

last The phenomenon was observed very carefully at New
Haven by Professor Olmsted, who worked out a theory of its

cause. Although his ideas are in many i*espects erroneous,

they were the means of suggesting the true theory to othcre.

The recurrence of the shower at thic time suggested to the

astronomer 01])er8 the idea of a thirty-four-year period, and

led him to predict a return of the shower in 1807. A few

yeai's before the expected time, tlie 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 large-

ly due.

The phenomena of shooting-stai's hranch 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 them, nor does anything reacli

the surface of the earth from which the nature of the object

can be inferred. But on rare occasions meteors of extreme

brilliancy are followed by a loud sound, like the discharge 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-

pearing to the doubtere more likely that those who described

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 in'estigated

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-

ical elefments, yet the combinations of these elements were

quite unlike any found on the earth, so that they must have

originated outside the earth. Moreover, these combinations

exhibited certain characteristics peculiar to aerolites, so that

the mineralogist, from a simple examination and analysis of

a substance, could detect it as part of such a body, tliough

it had not been seen to fall. Great masses of matter thu&

known to be of meteoric origin have been found in various

parts of the earth, especially in Northern Mexico, where, at

some unknown period, an immense shower of these bodlea

seems to have fallen.
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Cause of Sliooling-stars.—It is now iinivei-sally conceded that

the celestial spaces aro crowded with iunwinerable niiniito

bodies moving around the sun in every possible kind of orbit.

When we say crowded, we use tlie word in a relative sense

;

they may not average moi'e than one in a million of cubic

miles, and yet their total number exceeds all calculation. Of
the nature of the minuter bodies of this class nothing is cer-

tainly known. But whatever they may be, the earth is con-

stantly encountering them in its motion around the sun. They
are burned by passing through the upper regions 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 meteoroids.

The question which may be asked at this stage is, Why are

these bodies burned ? Especially, how can they burn so sud-

denly, and with so intense a light, as to be visible hundreds

of miles away ? These questions were the stumbling-block of

investigator 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 diifera from cold air only in a more rapid vibra-

tion of its molecules, and that it conmiunicates its lieat to

othci ' odics simply by striking them with its molecules, and

thus setting their molecules in vibration. Consequently, if a

body moves rapidly through the air, the impact of the air

upon it ought to heat it just as warm air would, even though

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 through 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 degrees with a velocity of 250 feet, 16 degrees with

one of 500 feet per second, and so on. This i-esult is in exact

accordance with the mechanical theory of heat. To find the

effective temperature to which a meteoroid is exposed in mov-

ing through our atmosphere, we divide its velociity in feet per
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second by 125 ; the square of ". quotient will give tlie tem-

perature in degrees.

Let us apply this principle to the case of the meteoroids.

Tlie 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 ^ 125)' = 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. Wo
know that the meteoroids which produce the November show-

el's already described move in a direction nearly opposite that

of the earth with a velocity of 26 miles per second, so that tl ?

relative velocity with which the meteoroids nieet our atmos-

phere is 44 miles per second. By the rule we have given,

this 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 temperatui'e, but that the

air acts upon them as if it were heated up to the point men-

tioned ; that is, it burns or volatilizes them in less 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 tempera-

ture would cause by acting on the hardest known body. A
few grains of platinum or iron striking the atmosphere with

the velocity of the celestial motions nn'ght evolve as much light

and heat as are emitted by the burning of a pint of coal-oil or

several pounds of gunpowder ; and as the whole operation is

over in a second, we may imagine how intense the light jnust be.

The varied phenomena of aerolites, meteora, shooting-stars,

and njeteoric 8howei*8 depend solely on the niunber and nat-

ure of the meteoroids which give rise to them. If one of

these bodies is so large and firm as to pass through the atmos-

phere and reach the earth without being destroyed by the i>o-

27
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tential heat, we have an aerolite. As this passage only occu-

pies a few seconds, 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 iirst strikes the

denser portion of the atmosphere, the resistance 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 frequently spoken of as a fact,

and as the cause of the detonation. Really, there is good rea-

son to believe that both of these 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 mcteoroid is so small or so fusible

as to be dissi])ated in the upper regions of the atmosphere, we
have a common shooting-star, or a meteor of greater or less

l)rilliancy. Very careful observations have been made from

time to time, with a view of finding the height of these bodies

above the earth at tlieir appearance and disappearance. An
attempt of this kind was made by the Naval Observatory on

the occasion of the meteoric shower of November 13th, 1867,

when Professor ITarkness was sent to Richmond to map the

paths of the brighter meteors as seen from that point. By
comparing these paths with those mapped at Washington, the

l)arallaxe8, and thence the altitudes, of these bodies were de-

termined. The lightning-like rapidity with which the mete-

oi-s darted through their coui-se rendered it impossible to ob-

serve them with astronomical precision ; but the general re-

sult was that they were first seen at an average height of 75

miles, and disappeared at a height of 55 jniles. There was

no positive evidence that any meteor commenced at a height

much greater than 100 miles. It is remarkable that this cor-

responds very nearly to the greatest height at which the most

brilliant meteors are ever certainly seen. These phenomena

seem to indicate that our atm(>s])here, instead of termiiuiting

at a height of 45 miles, as was foi-merly supposed, really ex-

tends to a height of between 100 and 1 10 miles.
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Tlic ordinary meteors, whidi avo may soo ow every clear

ovoiiing, move in every direction, tlnis showing tliat their or-

bits lie in all possible jiositions, and are seemingly scattered

entirely at random. But the case is quite different with tliose

meteoroids which give rise to meteoric sliowers. Here we
have a swarm of these l)odics, all moving in the same direc-

tion in parallel lines. If we mark, on a celestial globe, tlie

Fio. 95,—Meteor pnUi^, ilUixtiatiii^' tho radlnnt point.

a])par(Mit paths ui the meteors wliicli fall during n shower, or

if wo suppose them marked on tho celestial sphere, and then

continue them backwards, we shall iind them all to meet in

the same point of the heavens. This is called the radinnt

p'viif. It always appears in the same j^osition, wherever tho

observer is situated, and does not partake of the diurnal mo-
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tion of the earth ; that i((, ai the stars seem to move towards

the west in their diurnal coitrie, the radiant point moves with

them. The point in qnoition is purely an eflfect of perspec-

tive, being the " vaninhing point " of the parallel lines in

which the meteoris really move. Tliese lines do not appear

in their real direction in ipaee, but are seen as projected on

the celestial sphere. A good visible illustration of the effect

in question may be alForded by looking upwards and watch-

ing falling snow during a calm. The flakes which are fall-

ing directly towards* the observer do not seem to move at all,

while the surrounding ilakci seem to separate from them on

all sides. So with the meteoric showers. A meteor coming

directly towards the obierver does not seem to move at all,

and marks tho radiant point from which all the others seem

to diverge. The great hnportance of the determination of

the radiant point arises from the fact that it marks the direc-

tion in which the meteors are moving relatively to the earth,

and thus affords sonte data ive determining their orbits.

g 7, Relaiiom of Comets and Meteoroids.

We have now. to mention u series of investigations which

led to tlie discoveiy of a eiirlous connection between meteor-

oids and comets, These investigations were commenced by

Professor Newton on tho November meteoric showere. Tra-

cing back tho historioal accounts of these showers to which

we have already alluded, ho found that the thirty-three-year

period, which had been suspected by Olbers, was confirmed by

records reaching bock a thousand years. Moreover, the show-

ers in question occurred only at a certain time of tho year : in

1799 and 1833, it was on November 12th or November 13th.

In other words, tho shower occurred only as the earth passed

a certain point of its orbit. But tliis point was found not to

be always tho same, the showers being found to occur about

a couple of days earlier every century as tliey were traced

back. Tlie principal conclusions to which tliese facts led

were as follows

;

1. That tho swarm of meteoroids which cause the Novem^
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tear: m
f 13th.

passed

not to

ir about

traced

acts led

Kovem*

ber ehowera revolve around the sun in a definite orbit, which

intersects the orbit of the earth at the point which the latter

now passes on November 13th,

2. The point of intersection of the two orbits moves for-

wards about 52" per annum, or nearly a degree and a half a

century, owing to a change in the position of the meteoric

orbit.

3. The swarm of meteoroids is noc equally scattered all

around their orbit, but the thickest portion extends along

about one-fifteenth of the orbit.

4. The earth meets this swarm, on the average, once in

33.25 yeare. At other times the swarm has not an-ived at

the point of crossing, or has already passed it, and a meteoric

shower cannot occur unless the earth and the 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 33J yeai-s. Adopt-

ing this period, it would follow that between 1799, when
Humboldt saw the meteoric shower, and 1833, when it was

seen throughout the United States, the swarm of meteoroids

had been flying out as far as the planet Uranus in a very el-

liptical orliit, 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 23d,

1800, when the earth would have passed by. Passing 11 days

later every year, it would make about 33 revolutions in 34

years, and thus would pass about the middle of November

once more, and another shower would occur. In a word, giv-

ing exact numbei's, wo might suppose that in the period of

33J years the meteoroids made one revolution, or 32;^^, 34J,

65f, or 67^^ revolutions, and the conditions of the probleu'

would be equally satisfied.

At the same time, Professor Newton gave a tCot by which

''hi
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the true time could be determined. As we have said, he

showed that the node of the orbit changed its position 52" a

century, and there could be no doubt that this change was

due to the attraction of the planets. 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 that the thirty-three-year period, and that alone, was ad-

missible.

These researches of Professor Newton were published in

1864, and ended with a prcdiction 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 ' ccome 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 comotary orbits.

Assuming the period of the November raeteoroids to bo 33J
years, ho computed the elements of their orbit from the ob-

Hcrved position of the radiant point. A similar computation

was made by Leverrier, and the results were presented to the

French Academy of Sciences on Jamiary 21st, 1867.

The exact orbit which these bodies followed through space,

crossing the earth's orbit at one point, and extending out

beyond the planet Uranus at another, Mas thus ascertained,

lint, as these bodies were absolutely invisible, no great inter-

est Boomed to attach fo their orbit until it was found that a

comet was moving in that very orbit. This was a faint tele-

scopic comet discovered by Tompcl, at Mareeilles, in Decem-

ber, 1865. It was afterwards independently discovered by

Mr. II. P. Tuttlo, at the Naval Observatory, Washington. It

pnHsed its perihelion in January, and, receding from tho sun,

vtmishcd from sight in March. It was soon found to move

in an elliptic orbit, but, owing to the uncertainty of obsorva-
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tions on such a body, e /» fliL^-^-^^^>s^^»tf?

there was at first some

disagreement as to the

exact periodic time.

The subject was taken

up by Dr. Oppolzer, of

Vienna, who, in Janu-

ary, 18G7, was able to

present a definitive or-

bit of the comet, which

was published in the As-

tron inische Nachrichten

on the 28th of that

month. Wo now pre-

sent the orbit of the

comet, as found by Op-
polzer, and that of tho

meteors, as found by
Leverrier, premising

that these orbits were

comj)utod and publish-

ed within a few days

of each other without

liny kiiowle<lge on the

part of either astronomer of tin* results obtained by tho other

Fic. (!«.—Orbltof NovonilHT inoteon ami Hie ootn«t

of 18BI.

Tli« ('iiiiirt. Mdaorulda.

I'ei'iod of revolution ;»a. iH vr«.

0.'.!()54

0.5l7rt5

wr 42'

51' 2(i'

42° 24'

.38.25 yr».

».1H)44

0.»WM)
l«5° !»'

51° 18'

Nwir nodo.

Kccontricitv

I'oi'iliolion (liHtnnco

Iiiclinntion of orbit

longitude of tlio nodo
I^iigitiido of perihelion

The similarity of these orbits is too striking to bo tho result

of clianco. Tho only element of which tho values differ ma-

terially is the iiurliiiution, and this difference proceeds from

Fxivorrior not having used a very exact position of the radiant

point in making his coniputntions. Professor Adams found

by n similar calciilatiuii that the inclination of the orbit of the

i^
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meteorcids was 163° 14', only half n degree different from that

of the orbit of Tempel's comet. The result of these investiga-

tions was as follows

:

TJie November meteoric showers arise from, the earth encounter-

ing a swarm of particles folloW'

ing Tempel's comet in its orbit.

When this fact came out,

Schiaparelli had l)een working

on the same subject, and had

come to a similar conclusion

with regard to another group

of meteors. It had long been

known that about August 0th

of every year an unusual num-
ber of meteors shoot forth from

the constellation Perseus. At
times these showers have been

inferior only to those of No-
vember. Thus, on August 0th,

1708, 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 bo

counted on the nights of the

0th, lOth, and llth. These

Atigust meteors are remarka-

ble in that they leave trails of

luminous vapor which often

lust several seconds. Assum-

ing the orbit of this group to

b(t a parabola, it was culcttlated

by8(!hiaparelli, and is substan-

tially the same with that of a

conu>t (»i)^erved in 1H(!2. The
i'ollowiiig are tlie elenirnts of

the orbits of the two bodies:
Ki<i.V7.-Uil)lt III tliu llili'd count <>t Ixtiii.
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Cojllnt II.,

I!s68.

AiiiruBt

Mettfornldi.

Perihelion disUiiice 0.»C26
113° 35'

137° 27'

344° 41'

().!)(>43

115° 67'

138° 16'

343° 28'

IiiL'liiiiitiuii of oibit

JjOiijji tilde of tlio node ,..

Longitude of the perihelion

It appears that the August meteore arc caused by a long

stream of bodies following the second comet of 1862 in its

orbit, or, rather, moving in the same orbit with it. Tiie orbit

of this comet is decidedly elliptic; the difference from the

parabola is, however, too small to be determined with great

precision. According to Oppolzer, the period derived from

the observations would bo 124 years, which, however, may bo

ro!' "iara or more in error.

' n' striking case of the connection between comets and

me, '
. .v'hich we are showing is afforded 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 parts 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. JJy calculation, the comet should have passed the point

of crossing early in September, 1872, while the earth readied

the same point between two and three months later. Judg-

ing from analogy, there was every reason to believe that the

earth would encounter a stream of mcteoroids consisting of tho

remains of the lost comet, and that a small meteoric shower

would be the result. Moreover, it was shown that the meto-

oi-s would all diverge from a certain point in tho constellation

Andromeda, as the radiant point, because that would bo the di-

rettlon from which a body moving in the orbit of the comet

would seem to come. Tho prediction was fully verilied in

every respect. Tho meteors did not compare, either in num-

bei-s or brilliancy, with tho great displays of November; but,

though faint, they succeeded each other so rapidly that tho

numt casual observer couUl not fail to noticu thum, and they

all moved in the prudictud direction.

I

f
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That the ineteoroids in these cases originally belonged ta

the comet, few will dispute. Accepting this, the [>henuinona of

the November showers lead to the conclusion that the uoniot

of 1S66, with which they are associated, was not an oi'ighml

member of our system, but has been added to it within a

time which, astronomically speaking, is still recent. Tho lep-

arato mctcoroids which form the stream will necessarily have

slightly different periodic times. Such being the case, they

will, in the course of many revolutions, gradually scatter thoui'

selves around their entire orbit; and then we shall liavo an

equal meteoric shower on every 13th of November. Thii

complete scattering seems to have actually taken place in tho

case of the August meteoroids, since we have nearly tho eanio

sort of shower on every 9th or 10th of August. But in tlio

case of the November meteors, the stream is not yet scattorod

over one-tenth of the orbit. If we suppose that the motion*

of the slowest and the swiftest bodies of the stream only dif-

fer by a thousandth part of their whole amount—which is not

an unreasonable supposition—it woidd follow that tho istreain

had only made about 100 revolutions aroimd the sun, and had

therefore been revolving only about 3300 yeare. Though thit*

number is purely hypothetical, we may say with conflilcnj'O

that the stream has not been in existence many thouHai:*!

years.

This opinion is strongly supported by the fact that tho orbit

of this meteoric comet passes very near that of iTranus an well

as that of the earth, so that there is reason to believe tluit it

was introduced into our system by the attraction of one of

these planets, probably of Uranus. If the comet is soun on itM

next return, in 1899, wo may hope that its periodic time will

be determined with sufficient accuracy to enable ut to llx with

some probability tho exact date at which Uranus brought it

into our system. Indeed, Leverrier has attempted to do tliitt

already, having fixed upon the year 126 of oiu* era an tho

probable date of this event ; but, unfortimately, neither tliu

position of the orbit nor tlie time of revolution is yet known
with such accuracy as tu innpirc confidence in tliis rodult.
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The idea that this November group is sometliinja; <?oiH|)ltl'(i'

tivcly new is strengthened by a comparison with that whioii

produces the August meteors, where we find a detiidtid iiinrk

of antiquity. Here tlie swiftest of the group litM, in thtt Moiil^

of numerous revolutions, overtaken the slowest, so thni iUo

group is now spread almost equally around tho oiitlra fivhU,

The time of revolution being, in this case, mora than a miU
tury, this equal distribution would take a much loiif^or fittio

than in the other case, where the period is only thifty'thi'Od

years ; so that we can say, with considerablo probability, thnfc

the August group has been in our system at least twtillty

times as long as the November group.

§ 8. The Physical Constitution of Cometh,

A theory of the physical constitution of comets, to \m liMth

complete and satisfactory, must be founded on the projHtrtUtit

of matter as made known to ns hero at tho surfatte nf tlui

earth. That is, we must show what forms and what (toiitbltta'

tions of known substances would, if projected Into the itehiS'

tial spaces, present the appearance of a comet. Now, this hiM

never yet been completely done. Theories without itillftlMir

have been propounded, but they fail to explain some of thtt

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 theories, and shall therefore ennihie our

attention to those propositions M'hich are to some extent sili^

taincd by facts, and which, on tho whole, seem to have molt
probability in their favor.

Tho simplest form of these bodi^n in soon in the teluseople

comets, which consist of minute particles of a cloudy or vapor*

ous appearance. Now, we know that masses which presont

this appearance at the surface of the earth, where we dhm ex^

amine them, are composed of detached particles of solid or

liquid matter. Clouds and vapor, for instance, are (loniposed

of minute drops of water, and smoke of very minute partleh«N

of carbon. Analogy would lead us to suppoM) that the lehi'

Hcopic comets are of tho same constitution. They are umwr-

i
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ally tens of thousands of miles in diameter, and yet of such

tenuity that the smallest stara are seen through them. The
strongest evidence of this constitution is, however, afforded by

the phenomena of meteoric showei-s described in the last sec-

tion. We have seen that these are caused by our atmosphere

encountering the debris of comets, and this debris 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 throughout its whole extent.

This gaseous theory derives its main support from the spec-

troscope, which shows the spectrum of the telescopic comets

to consist of bright bands, the mark of an incandescent gas.

Moreover, the resemblance of these bands to those produced

by the vapor of carbon is so striking 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 over

gone, shine by its own light until it is heated to a high tem-

])erature, far above any that can possibly exist at distances

from the sun so great as those at which comets have been

situated 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 is hardly

possible to suppose that it would separate into innumerable

widely detached pieces, as this comet did. The gaseous the-

ory can, tlierofore, not bo regarded as satisfactory. It may bo

that comets will hereafter bo 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

natin-o or in a form wholly unlike anything that we aio ac-

quainted with or can produce here on the earth. As the case
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now stands, we must regard the spectrum of a comet as some-

thing not yet satisfactorily accounted for. ;

When we turn from telescopic comets to those brilliant

ones which exhibit a nuo^ ^ and a tail, we can trace certain

operations which i"" lot ^. in the case of the o iici What
the nucleus is—whci^^er it is a ^olid body several huudred miles

in diameter, or a dense mass of the same materials which com-

pose a telescopic comet—we are quite unable to say. But

there can hardly be any reasonable doubt that it is composed

of some substance which is vaporized by the 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 layere of vapor; and when these envelopes are

watched from night to night, they are found 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 going

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 along with it,

and this for two reasons : first, it is impossible that there could

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 appeal's to move from one side of the sun to another

with a rapidity which would tear it to pieces, and send the

separate parts flying off in hyperbolic orbits, if tlio movement

were real. The inevitable conclusion is that the tail is not a

fixed appendage of the comet, which the latter carries with it,

but a stream of vapor rising from it, like smoke from a chim-

ney. As the line of smoke which we now see coming from

the chimney is not the same which we saw a minute ago, bo-

cause the latter has been blown away and dissipated, so wc do

not see the same tall of u comet nil the time, because the mat-
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tcr which makes up the tail is constantly streaming outwards,

and constantly being replaced by new vapor rising from tlie

nucleus. The evaporation is, no doubt, due to the heat of the

sun, for there can be no evaporation without heat, and the

tails of comets increase enormously as they approach the sun.

Altogether, a good idea of the operations going on in a comet

will be obtained if we conceive the nucleus to be composed of

water or other volatile fluid which is boiling away under the

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 ? 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, and entirely in accord with the properties of mat-

ter which we observe 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 spaces.

Various theories have been propounded to account for it ; but

as they do not rest on causes which we have verified in other

cases, thoy must be regarded as purely hypothetical.

The first of these explanations, in the order of time, is duo

to Kepler, who conceived the matter of the tail to be driven

off by the impulsion of the solar rays, which thus bleached

the comet as they bleach cloths here. If light were an emis-

sion of material particles, as Newton supposed it to be, this

view would have 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. Crookes might

really indicate such an action of the solar rays upon mutter

in a vacuum, but it is now found that the action exhibited is
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really due to a minute quantity of air left in the InBtrument.

Had Mr. Crookes 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 up by contact, and thus a warm current is sent

out from the comet, just 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

tail in the same way that the current of warm air rising from

a chimney carries up a column of smoke. It has long been

established that there is no medium in the planetary spaces

in which such an effect as this is possible: Newton's theory

is, therefore, no longer considered.

In recent times, Zollncr has endeavored to account for the

tail of the comet by an electrical action between the sun atul

the vapor rising from the nucleus of the comet. The various

papere in which he has elaborated his views of the constitu-

tion of comets are marked by profound research ; and wo
must regard his theories as those which, on the whole, most

completely explain all the phenomena. But they still lack

the one thing needful to secure their reception: there is no

evidence that the sini acts as an electrified body ; and until

such evidence is adduced by experiment, or by observation on

other bodies than comets, the electric theory of the comet's

tail can only be regarded as a more or less probable liypothe-

sis. Indeed, some physicists claim that any such electric ac-

tion in the planetary spaces is impossible. Before any theory

can bo definitely settled upon, accurate observations must bo

'I
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made upon the tails of comets with a view of learning the

law according to which the vapor is repelled from the sun.

Such observations were made by Bessel on Halley's comet in

1835, and by various observer on the great comet of 1858.

The former were investigated by Bessel himself, and the lat-

ter by several mathematicians, among them Professor Peii'ce,

whose results are found in a paper communicated to the

American Academy in 1859. lie found the repulsive force

of the sun upon the particles vi^hich form the front edge of

the tail to be 1^ 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

of the diminution could not be accurately fixed. The suc-

cessive envelopes were found to ascend uniformly towards

the sun at the rate of about thii-ty-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, tliat

such bodies are constantly wasting away when in the neigh-

borhood of the sun. This conclusion is strengthened by the

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 chroniclere, it has been

supposed that Ilalley's comet had a nuich 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 necessary to make the most splendid

tail is so extremely small that a comet might lose it a hundred

times over without becoming perceptibly smaller. Tliis con-

stant loss of matter through the tail affords an additional

ground for the view that comets in general are visitors intro-
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duced into onr system by the action of the planets. If, for

instance, snch a comet as Halley's had been a member of onr

system for millions of years, and had returned to perihelion a

hundred 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 but 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 invpstigations of the

comet of 1858, the comets of 1680 and of 1843 must have

been completely pulled apivrt 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 such 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 our planet. The latter might pass through

the tail of the largest 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-

i
i

out ever beins noticed. A passage througli a telescopic comet

28
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would be accompanied by ft brilliant meteoric shower, prob-

ably a far more brilliant one than has ever been recorded.

No more serious danger wonld be encountered than that aris-

ing from a possibla IttU ol meteorites. But a collision between

the nucleus of a large 6om@t and the earth might be a serious

matter. If, as ProfuMor I'elrce 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 tlie upper regions of the atmosphere,

the wliolo heavens wot»Ul be illuminated with a resplendence

beyond that of a Hiou^and iuns, the sky radiating a light which

would blind every eye tlmt beheld it, and a heat which would

melt the hardest roeks. A few seconds of this, whiL the huge

body was passii.g tlirongli the atmosphere, and the collision at

tlie earth's surface would in on instant reduce everything there

existing to fiery vapor, and bury it miles deep in the solid \

earth. Happily, the chaiicog of such a calamity are so minute

that they need not cauBO the slightest uneasiness, Tliere is

hardly a possible form of death wliich is not a thousand times

more probable than this. Ho Binall is the earth in comparison

with tlie celestial spaces, that if one should shut his eyes and

fire a gun at random In the air, the chance of bringing down
a bird would bo l»ottor tlmn that of a comet of any kind strik-

ing the earth.

§ l>. Tim Zodiacal Light.

This object consists of ft very soft, faint column of light,

which may bo seen rising from the western horizon after twi-

light on any clear winter or spring evening: it may also be

seen rising from tlio eastern horizon just before daybreak in

the summer or antunni. It really extends out on each side

of the sun, and lies nearly i?i the plane of the ecliptic. The
reason it cannot ho well Seen in the summer and autumn
evenings is, that in our latitudes the course of the ecliptic in

the soutli-west is, during those seasons, so near the horizon tliat

the light in question is extinguished by the great thickness of

atmosphere tlirough which it has to pass. Near the equator.
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where the ech'ptic 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, arid 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 the eye. Put-

ting its appearances all together, we may see that it ^^ due to

a lens -shaped appendage of some sort surrounding 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 difficult 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 nature of the substance from which

this light emanates is entirely unknown. Its spectrum has

beeji examined by several observere, 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 seetus to the writer

more likely to be correct. Accepting ii;, we shovknc Lo led to

the conclusion that the phenomenon in question I.^ ue to re-

flected sunlight, probably from an immense cloud of meteor-

oids filling up the 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 p'n-ihelion of Mercury already

described. This motion seems to prove one of two things

:

either that the sun's gravitation does not strictly follow the

I

i

> 1

an
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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 ? 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-

Bchein. 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 tlie 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 latest observations upon this phenomeiinii have been mndo nenr Philn-

delpliia by Mr. Lewis, and iire found in the American Journal of Scienee and

ArU/or 1879.

V\



PART IV.—THE STELLAR UNIVERSE.

'\ \

INTRODUCTORY REMARKS.

IlrniERTO oiir attention Ims been principally occupied with

the bodies which Burronnd our sun and make up the solar sys-

tem. Notwithstanding the immense distances at which these

bodies are found, we may regard tliem, in comparison with the

fixed stars, as an isolated family immediately surrounding us,

since a sphere as large as the whole solar system would only

appear as a point to the vision if viewed from the nearest

star. The space which separates the orbit of Neptune from

the iixed stars and the fixed, stars from each other is, so far as

we can learn, entirely void of all \ isible matter, except occa-

sional waste nebulous fragtnents of a meteoric or cometary

nature which are now and then drawn in by the attraction of

our sun.

The widest question which tlK tudy of the stara presents

to us may bo approached in this way : We have seen, in our

system of sun, planets, and satellites, a veiy orderly and

beautiful structure, every body being kept in its own orbit

th-ough endless revolutions by a constant balancing of gravi-

tating and centrifugal forces. Do the millions of suns and

<!lnsters scattered through spaco, and brought into view by the

telescope, constitute a greater Rystcm of equally orderly struct-

ure? and, if so, what is that strnoture? If we measure tlio

iniportutico of a question, not by its relations to our interests

and our welfare, luit by the intrinsic greatness of the sulijcct

to which it relates, then wo nnist regard this question as one

of the noblest with which the liinuan mind has over been

t N
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occupied. In piercing the mystery of the solar system, and

showing that the earth on wliich we dwell was only one of

the smaller of eight planets which move around the sun, we
made a great step in the way of enlarging our ideas of the

immensity of creation and of the comparative insigniticance

of our sublunary interests. But when, on extending our view,

we find our sun to be but one out of unnumbered millions, we
see that our whole system is but an insignificant part of crea-

tion, and that we have an immensely greater fabric to study.

When we have bound all the stars, nebula, and clusters whicli

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 nnivoree, considered, not in

its details, but in its widest scope.

From the time that Copernicus showed the stare to be self-

luminous bodies, sitiuvted far outside of our solar system, the

question thus presented has occupied the attention of the phil-

i»sophical class of astronomers. The original view, which has

been the starting-point of all speculation on the subject, we
have described in the Introduction as that of a spherical uni-

verse. Tlio apparent sphericity of the vault of heaven, the

jmiformity 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

lioUow sphere, having the earth or the sun in its ceiitre. This

t^phero constituted the firmament of the ancients, outside of

whi(!h was situated the empyrean, or kingdom of firo. ('oper-

ni(!us made no advance whatever on this idea. (Galileo and

Kepler seem to 1 i\e made the first real advance—the former

by resolving the Milky Way into stars with his telescoiK), the

latter by suggesting that our sun might be simply one of nu-

merous stars scattered through space, looking so bright only

on account of our i»roximity to it. In the problem of the

Mfellar system this conception held the same iniportant place

which that of the earth as a planet did in the problem of the

Mtjar system. Hut Kepler was less fortunate than Copernicus

in that he failed to conmiend hie itlea, even to his own judg-
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nient. It was by affording a starting-point for the researches

of Kant and Ilerschel that Kepler's suggestion really bore

fruit.

Notwithstanding the amount of careful research which

Ilerschel and his successors have devoted to it, we are still

very far from having reached even an approximate solution

of the problem of which wo speak. In whatever direction we
pursue it, we soon find oureelves brought face to face with the

infinite in space and time. Especially is this the case when
wc 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 boundless darkness. The glim-

mer is a little brighter for each successive generation, but

many centuries must elapse before wo can do much more

than tell how the nearer btnrs are situated in space. Indeed,

we see as yet but little hope that an inhabitant of this planet

will ever, from his own observations and those of his jjredc-

ceKsoi-s, be able to completely penetrate the mystery in which

tile 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 conjectui-es, founded on all

wo know of the general character of luitural law. In a strictly

scientific treatise, such conjectures would find no place ; and

if we had to grope in absolute darkness, they would bo en-

tirely inappropriate in any but a poetical or religious produc-

tion, lint the subject is too fiifjcinating to permit us to neg-

lect the faintest light by the aid of which wo nuiy j)cnctrato

tiio mystery; we shall therefttiv briefly set forth both what

men of the past have thought on the subject, what the scieiujo

of to day enables us to assert with some degree of [irobability,

an<l what knowlinlge it wlnilly (lem'es us. To proceed in sci-

entific order, we must commencic by laying a wide foundation

of facts. Our first step will therefore bo to deB<;ribe the heav-

ens as they apjHjar tt» the naked eye, atid as they are seen in

the telescojH). t

1 *
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CHAPTER I.

I

THK STABS AS THEY ARK SEEN.

§ 1. Number and Orders of Stars and Nebulcc,

The total number of stars in the celestial spliero visiblo

with the average naked eye may be estimated, in round niiui-

bere, as 5000. The number varies so much with the porfoo-

tion and training of the eye, and with the atinusphoric condi-

tions, that it cannot be stated very definitely. When tho tele-

scope is pointed at the heavens, it is found that for every »t>U'

visible to the naked eye there are hundreds, or even thouHaudH,

too minute to be seen without artificial aid. From tho couiitH

of stars made by Ilei'schel, Struve has estimated that tho total

number of stars visible v-ith llerechel's twenty-foot teloscopo

was about 20,000,000. The great telescopes of modern tlnuw

would, no doubt, show a yet larger number ; but n roliublo

estimate has not been made. The number is probably Huino-

wliere between 30,000,000 and 50,000,000.

At a very early age, the stars were classifitd according to

their apparent brightness or magnitude. Tlie fifteen briifhtOMt

uncs were said to bo of the first magnitude; tho fifty next in

order wore termed of the second magnitude, and so im to the

sixth, which comprised tho faintest stars visible to tlie naked

eye. The number of stare of each order of nuignitude be-

tween the north pole and tho circlo liu° south of tho oipiutor

is about as follows

:

or miignitudc 1 tliero uro ubuut 14 Hturit, •

. " i " 4H "

• i " ina "
« # •'

«!!» "

• i " HM "

** * # " 2010 "

Total viciblo to rmkcd 0)0 UlilM "
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This limit includes all the stars which., in tlio Middl§ Ht.at€M|

culminate at a greater altitude than 15°. TIiQ nuuihuc of ihu

sixth magnitude which can bo seen doponds very miMih ll|>oii

the eye of the observer and the state of the sky, Thu fot'dgu-

ing list includes all that can be seen by an ordiuury ^uod oyu

in a clear sky when there is no moonlight ; but \\\q U^t'initn

astronomer Heis, from whom these numboris aro tuktiti, ^ivtiH {%

list of 1964 more which he believes he can hcu witlKHil; a y^\^m,

The system of expressing the brightness of tho «ttt('»* liy (i

series of numbers is continued to the telescopic stiii'M, Tho
smallest star visible with a six-inch teloscopo undue orditini'y

circumstances is conunonly rated as of the thh'tcuiith niit^lil-

tude. On the same scale, the smallest stars vUlblu wilh tho

largest telescopes of the world would be of about tho hIM"

teenth magnitude, but no exact scale for these very h\\\\i PttMCM

has been arranged.

Measures of the relative brilliancy of tho stfti'K hidioAtO

that, as we descend in the scale of magnitude, tho (^iiniitity

of light emitted diminishes in a gcomctricai ratio, tho nliti'M

of each order being, in general, between two-Hftlw immI olio

third as bright as those of the order next abovo tlioin, TIiIm

order of diminution is not, however, exact, bucuiutio tlin ui'i'itiiMio

ment of magnitudes has been made by more cHliinatiuii ol' In

dividual observera who may have hit on diil'crciit mid viu'yliin<

ratios; but it is a sufHciont approach to tho truth f r coimimmii

purposes. From tho second to tho fifth maji^nltudu llio dlliil

nution is probably one -third in each magiiltiulu, allot' Hint

about two-iifths. Supposing the ratio two-tll'tliH to bit oxiiol,

wc find that it would take about

2^ stma of tlio hccoiuI miignitudo to inuko ono of ilia Di'Mt,

ti 11 tt

tl tt M '

it tt It

II it »*

tt II t«

l> II It

The number of star'* of tlio sovoral bcuIuh oC itiii^iilliiili'

vary in a ratio nut fur dift'cront from tho iiivoi'rio of lliiil ol

(1 third

IG fourth

40 flfth

100 sixth

10,000 eleventh

1,000,(Mm Hixtccnth

1

I

rf
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their brightness, the ratio being a little greater in the case of

the higher magnitudes, and probably a little less in the case

of tlie 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 tlie 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 briglitness 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 thus 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, because

otherwise there would be no limit to the total amount of light

given by the stars, and the whole lieavens would shine like

the sun.

Tiie reader will, of course, understand that this arrange-

ment by magnitude is purely artificial. Keally 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

tlie magnitude next above it. Hence, those astronomers who
wish to express magnitudes with the greatest exactness, divide

them into thirds or even tenths ; so that, for instance, stars be-

tween the sixth and seventh magnitudes arc called 6.1, 6.2,

6.3, and so on to 6.9, according to their brilliancy. Various

attempts have been made to place the problem of the relative

amounts of light emitted by the stare upon a more exact basis

than this old one of magnitudes, but this is u very dillicult

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 bo varied

until the two appear to be e(pial. Instruments for this pur-

pose are known as ])hotomotei'H, 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 ZoUncr. By

fi
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this instrument the light of the stars, as 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 instiniment, inclnding

most of the brighter stare, is one of the wants of astronomy

which we may soon hope to see supplied. The most extended

recent series of photometric estimates with v' ich the writer

is acquainted is that of Professor Seidel, of Munich, 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 ns four times as much light as any other star visible in

our latitude.

Catalogues of J^ars.—In nearly 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 Ilippar-

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. There are two or three stare 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 errore 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

Ilipparchus contains only about lOSO stare, so that ho could

not have given all that he was able to see. He probably omit-

ted many stars of the smaller magnitudes. The actual num-
ber given in the "Almagest" is still less, being only 1030.

The next catalogue in the order of time is that of Ulugli

Beigh, a son of the Tartar monarch Tamerlane, whicli dates

from the fifteenth century. For the most part, the stars are

the same as in the catalogue of Ptolemy, only the places were

.' !l
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redetermined from the observations at Samarcand. It con-

tains 1019 stars, eleven less than Ptolemy gives. Tj'cho Brahe,

having made so great an improvement in the art of observa-

tion, very naturally recatalogued the stars, determining their

positions with yet greater accuracy than his predecessors. His

catalogue is the third and last important one formed before

the invention of the telescope. It contains 1005 stars.

Our modem catalogues may be divided into two classek.
'

tliose in which the position of each star in the celestial sphere

(right ascension and declination) is given with all attainable

precision, and 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, though 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 pass unnoticed in the crowd.

Division into Constellations.—A single glance at the heavens

shows that the stars are not equally scattered over the sky, but

that great numbers of them, especially of the brighter ones,

arc collected into extremely irregular groups, known as con-

stellations. At a very early ago the heavens were rci)rescntod

as i>ainted over with figures of men and animals, so arranged
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as to include the principal 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 out their work

;

but many of the names indicate that it was during the heroic

age. Some have sought to connect it with the Argonautic ex-

pedition, from the fact that several heroes of that expedition

were among those tlius translated to the lieavens ; 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 present 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 repi'esents the figure

of a man among the stars, but a somewhat irregular 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 difficulty. 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 Sirius, 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 tlie stare. Tlie

system now most in use for the brighter stai-s was designed by

Bayer, of Augsburg, Germany, about 1610. He published a
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set of 8tar-map8, in which the individual stare of each constel-

lation were designated by the lettere of the Greek alphabet

—

a, /3, y, etc. The first letters were given to the brightest stare,

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 Arcturns, the brightest star in Scor-

pius ; a Lyra}, of the brightest star in the Lyre ; and so on.

We have here a resemblance to our system of naming men,

the Greek letter corresponding to the Chn'R^ian name, and the

constellation to the surname. When the Greek alphabet was

exhausted, without including all the conspicuous stare, 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 nunibere 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 horizon 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 that 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 stare, 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 tlic 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 m'ore marked

the condensation is. With the naked eye, the condensation is

hardly noticeable, unless by actual count : a vrry 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 tliey show are found to lie act-

ually in the Galaxy. In other words, if we should blot out

all the stars visible with a twelve-inch telescope, we should

find that the greater part of the remaining stars were 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 stars

into clusters may be seen. Indeed, some of these clusters are

visible to the naked eye, sometimes as separate stare, like the

Pleiades, but more commonly as milky patches of light, be-

cause the stars 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 stars visi-

ble in the field of the telescoi>e at once ; and sometimes the

number is so great, and the individual stars so small, that they

cannot bo counted even in the most powerful telescopes ever

made.

Nehukv.—Another class of objects uliich are found in the

celestial spaces are irregular masses of soft, cloudy light,

which are hence termed nebula. Many objects which look

like nebulae in small telescopes am found by more powerful

ones to be really star clusters. ]3iit, as we shall hereafter

show, many of these objects are not composed of stars at all,

but of immense masses of gaseous 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 description of tlio principal objects which may be seen

in the heavens at difforcMit soasons, illustrated by five maps,

showing the stars to tlio fifth magnitude inclnsive. The

reader who does not wi^h 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 circunipolar, constellations, because these

are nearly always visible in our latitude. The first one to be

looked for is Urm Majur (the Great JJear, or the Dipper), from

which the polo star ean always be found by means of the

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 M»y,,,..,.,,.,.......i.noftti of the zenith.

July and Augii8t„,,„,„„,,,,„,to the west of north, the pointers lowest.

October nnd Novemlter.,......i.«'to«e to the north horizon.

January and Fehtuary, „.,...... to the east of north, the pointers highest.

These successive positions are in the same order with those

which the constellation occupies in consecpience of its diurnal

motion around the pole. The pointers are in the body of the

bear, while the row of %iM% on the other end of the constella-

tion forms his tail.

Ursa Minor, or the Little Dipper, is the constellation to

which the polo star bolongK. It includes, besides the pole

star, another star of the second magnitude, which lies nearly

in the direction of the tail of Ursa Major.

Cassiopeia, or the Ltt<ly in the Chair, is on the opposite side

of the polo from Ursa Major, at nearly the same distance.

Tlie constellation can be readily recognized from its three or

four bright stars, disposed in a lino broken into pieces at right

angles to each other. In the ancient mythology, Cassiopeia is

the queen of Ceplions; and in the constellation she is repre-

sented as seated in a largo chair or throne, from which she is

issuing her edicts,

Perseus is quite u brilliant constellation, situated in the
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Milky Way, east* of Cassiopeia, and a little farther from the

pole. It may be recognized by a row of couspicuuns stare

extending along the MiUcy Way, which passes directly through

this constellation.

Othei" circuttipdlar constellations are Cepheus, the Gamelo-

pard, the Lynx, the Dragon (Draco), and the Lizard ; bnt they

do not contain any stars so bright as to attract especial atten-

tion. The reader who wishes ^o learn them can etisily find

them by comparing the star-maps with tlie heavens.

Owing to the annual motion of the sun among the stars, tlie

constellations which are more distant from the pole cannot be

seen at all times, but must be looked for at certain seasons,

unless inconvenient houre 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 diurnal 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. Tliis posi-

tion occura on

December 2l8t at midnight.

^
January 2lBt at 10 o'clock p.m.

February 20th at 8 o'clock p.m.

Maich 2l8t at 6 o'clock p.m.

And so on through the year. In this position, Cassiopeia and

Ursa Major are wear the same altitude, the former high up in

* In the celestial sphere the points of the compass have, of necessity, a mean-

ing which may seem different from that which we attribute to them on the earth.

Nortk always means towards the north pole ; south, from it ; wen, in the direc-

tion of the diurnal motion ; east, in the opposite direction. In Fig. 2, tlie arrows

all point west, and by examining the figure it will be seen that below the pole

north is upwards, and east is towards the west horizon. Really, these definitions

hold equally true fur the earth, the same differences being found between the

points of the compass at different places on the earth—here and in China, for in«

stance—that we see on the celestial sptiere. ^ .'.•' ^

29
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the north-west, tl)o latter in the north-east. The Milky Way
spans the heavens like an arch, resting on the horizon in the

north-north-west and south-eonth-east. We shall first describe

the constellations in its course.

CygmiSy 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 bo better seen at another

season.

Next in order come Cephens, Cassiopeia, and Pereeus, which

we have alieady described as circuinpolar constellations.

Above Perseus lies Awiga, the Charioteer, which may bo

readily recognized by a bright star of the first magnitude,

called Capelta, 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 this star is situated. About ten degress

cast of Capella is the star /3 Aurigse of the second magnitude

;

while still farther to the cast 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

«ast of Orion, the most brilliant constellation in the heavens,

having two stara of the first magnitude and four of the second.

The former are Betelguese, or a Orionis, which is highest up,

and may be recognized by its reddish color, and Rigcl, or /3

Orionis, a sparkling white star, lower down, and a little to the

west. The former is in the shoulder of the figm-e, the hitter

in the foot. iJetween the two, three stara of the second mag-

nitude, in a row, form the belt of tlie warrior.

• Cauis Minor, the Little Dog, lies just acsross the Milky Way
from Orion, and may bo recognized by the bright star I'ro-

cyon, of the first magnitude, duo cast from Betelguese.

Cains Major, the Great Dog, lies south-east of Orion, and is

easily recognized by Sirius, the brightest fixed star in the hoav-

ens. A number of bright stare south and south-cast of Siriua

belong to this constellation, nmking it one of great brilliancy.

As the Milky Way approaches the south horizon, it passes
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through Argo Navis, the Sliip Argo, which is partly below the

horizon. It contains Canopns, the next brightest star to Siri-

us; bnt this object is below the liorizon, unless the observer is

as far sontli as 35° of north latitude.

We can next trace such of the zodiacal constellations as are

high enough above the horizon. In the west, one-third of the

way from the horizon to the zenith, will be seen Arias, tlie

Ram, which may be recognized by tln-eo stars of the second,

third, and fourtli 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.

Taurus, the Bull, is next above Aries, and may bo recog-

nized by the Pleiades, or " seven stars," as the group is com-

monly called. Keally there are only six stars in the group

clearly vi-^ible to ordinary eyes, and an eye which is good

enongh to see seven will bo likely to see four othei*B, or cloven

in all. A telescopic view of this group will bo giveik in con-

nection with the subject of clustci'S of stars. Another grojjp

in this constellation is the Ilyades, the principal stars of which

are arranged in the form of the letter V, one extremity of the

V being formed by Aldebaran, a red star ranked as of the

fii-st mnguitude, but not so bright as a Orionis.

Gnmini, the Twins, lies east of the Milky Way, and may be

found on the loft side of Map II. and tiie right of Map III.

The brightest stare of this constellation are Castor and Pollux,

or a and (i, which lie twenty or thirty degrees south-east or

east of the zenith, about one-fourth or one-third of the way
to the horizon. They are almost due north from Procyon

;

that is, a line dmwn fwm PnHsyon to the polo star passes be-

tween them. The constellation extciuls from ('astttr and Pol-

lux some distance south and west to the borders of Orion.

Canrcr, the ( 'iiib, lies cast of (tomini, bnt contains no bright

star. The most noteworthy object within its holders is Pni»-

81 pc, a group of stars too small to bo seen singly, which ap-

pears as a ^M^t of milky light. To see it wi'll, the night must

Ih) {perfectly clear, and the moon not in th'> sieighborhood.

«
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Leo^ tlio Lion, contains the bright star Regulns, abont two

honra above the eastern horizon. Tliis star, with five or six

smaller ones, forms a sickle, Begulns being the handle. The
sickle is represented as in the breast, neck, and head of the

lion, his tail extendhig 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 positions of the constellations

will be different by the amount of diurnal rotation during tlie

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 soutliern ones farther west, and

the eastern ones higher up than we have described them.

Second Position of the Cekstial Sphere.—The meridian in

twelve hours of right ascension, near the left-hand edge of

Map III., and the right-hand edge of Map IV. The stare ou

Map III. are west of the meridian, those of Map IV. cast of it.

This position occura on

Min-ch 2l8t at midnight.

April 'iOtli nt 10 o'clock.

,
Miiy 2l8t ut 8 o'clock.

In this jiosition Urea Major is near the zenith, and Cassiopeia

in the nortli liorizon. 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 arc

visible in the north-west, at a considerable altitude, and Pro-

cyon in the west, about an hour and a half above the horizon.

Jx!o 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 Ilogulus, now about one hour cast of the nie-

ridian, and a little more than half-way frum the zenith to the

horizon.

fjhra, tiio Jialance, lias no stare which will attract attention.

The constellation may bo recognized by its position between

Virgo and Scorpius.
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' Scorjnus, the Scorpion, is just rising in the south-cast, and is

not yet high enough to be well seen.

• Among the constellations north of the zodiac we have

:

Coma Berenices, the Hair of Berenice, now exactly on the

itaeridian, and about ten degrees south of the zenith. It is a

close, irrflgular group of very email stars, quite different from

anything else in the heavens. In the ancient mythology, Ber-

enice had vowed her hair to the goddess Venus ; but Jupiter

carried it away from the temple in whicli it was depoaited,

and made it into a constellation.

Bootes, the Bear-keeper, is a large constellation east of Coma.

It is marked by Arcturus, a very bright but somewliat red

star, an hour and a half cast of Coma Berenices.

Canes Venalici, the Hunting Dogs, are north of Coma. Tlioy

are held in a leash by Bocites, and are chasing Ursa Major

round the pole.

Corona Borcalis, the Northern Crown, lies next cast of Bootes

in the north-east. It is principally composed of a pretty semi-

circle of stars, supposed to form a cliaplet, or crown.

Third Position of the Sjihrre.—The south"! v constellations

are those shown on Maps IV. and V., those of Map IV. being

west of the meridian, and those of Mao V. c; c of ii. This

position occurs on

Juno 2lRt fit mMnight,

July 2l8t at lOo'clocJ:.

AiiRiist 2l8t nc 8 o'clock.

etc etc.

In this position the Milky Way is once more in sight, and

scorns ti) span the heavens, but wo do not see the same part

i»f it whii'h was visible in tiie first position. Cassiopeia is

now in the nortli-cast, and Ursa Major has i)aH6cd over to the

north-west. Arcturus is two or tlirco hoi'rs high in the west,

and Corona is above it, two or three houre vest of the zonuii.

Coninicncing, as in the first position, with tl»o conBtoUationfl

whidi lie along the Milky Way, wo start upwards from *'»"

Biopeiiv, ]iass ('cphciiH and Lacerta, neither of which contains

any striking stara, and then roacli

Hi
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Cygnus, tlio Swan, now iidrtli-dast from tho zoiiitli, wliloh

may be recognized by fonr or five stare forming a (Jruas, di-

rectly in the Milky Way. The brightest of thcao etara ioiiio-

what exceeds the brightest ones of Cassiopeia. ,

Lyra, tlie Harp, is west and south-wtst of Cygntm, and neflf

the zenith. It contains the bright star Vega, or a Lyiw, of

the first magnitude, of a brilliant white color with a tingu of

blue.

Passing south, over Vuljyecula, the Little Fox, and Sugiliaf

the Arrow, the next striking constellation we reacli In

Aquila,\\\e Eagle, now midway between the zenith and tlio

horizon, and two hours east of the nieridiiin. It contAJnn n

bright star— Altair. or a Aquilie— situated betwoon two

smaller ones, the row of three stare running nearly north mid

south.

We next pass west of the Milky Way, and direct our fttt(!n-

tion to a point two hours west of the meridian, and hoiuu diH'

tance towards the south horizon. Hero wo find

l^corpius, the Scorpion, a zodiacal constellation and n <piIto

brilliant one, containing Antarcs, or a Scorpii, a roddinh nliir

of nearly the first magnitude, with a smaller star on each ^idu

of it, and a long curved row of stare to tho west.

tS(i;/itlarius, the Archer, comprises a large collection of ftoo-

ond-magiiitudc stare cast of Scorpins, and in and oant ol' the

Milky Way, and now extending from the meridian to a point

two I'ours east of it.

t\tpnr.ornus, the Goat, another zodiacal constellation, l« now
in the south cast, but contains no striking stare. The Hanio

renuirk applies to A(jiian'ns, the Water-bearer, wlilcli Iiuh juMt

risen, and /Vs(w, tho Fishes, partly below the eastern huri/on.

Leaving tho zodia(! again, we find, north of BcorpiuH and

west of the Milky Way, a very largo pair of conHtelhitinnK,

called OpfiiHchus, the Scrpeut-boarer, and SrjH'iis, tho yerpniit.

OphiiK^huH stands with one fxit on Scorpiiii*, while liitt head U
iiiiirked by a star of the sei'diid inagnifu-le twelve degreiw

north of the equator, and now on the mcri<lian. It Ih, thero*

fore, onothird or one-fourth of the way from the zenith to tho
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horizon. The Serpent, which he holds in \\U hftlulM, ]\m with

its tail in an opening of the Millty Way, southw^nfc of Aqtilla,

while its neck and head are formed by a culloatioit of Mtnni of

the second, third, and fonrth magnitndes sonie UlMtttntM) tiorth

of Scorpius, and extending up to the border* of WitiWm,

Hercules is a very large constellation, boiiiidud by domnn
on the west, Lyra on the east. Ophiuchuu on tbu HiMitb, and
Diuco on the north. It is now in the ^oulth, but ijoiitilbio no
striking stai-s.

Draco, the Dmgon, lies with his head just noi'th »>f If^tl'OtlloM,

wliile his body is marked by a long curved row of wfiti'N ox-

tending round the pole between the Great and thw Mftlo lloiir.

His head is readily recognized by a colloction of Mfttl^ of tho

second and third magnitudes which might wull my^\i,mi NUcll

an object.

FourVi Position of tlie Sphere.—The sonthorn «on»tt4ill»itl(»ni

are now found on Mai>8 V. and II.—thoBo of Map Vi wont of

the meridian, those of Map II. east of it. The tiiMUM Mi'o,'

Feptenilw 21st HI, n)MMi((lH.

t)ctol)er 'ilHt ,itt 10 »'i'l(Mi|i,

Noventlicr 2()tli lit M oVIiM'k,

Deieinbei-aist iiUI o'wlmih.

In this position Cassiopeia is junt north of tlui /(Hiiflt, whilu

lli-sa Major is gliininoring in the north liorizou, l''oll<iwliij(

tho '•'
ii<y Way from Cassiopeia towardw the w<«»(, wi« nball

cross Cephcus, ('ygnus, Lyra, and Acpiila, wlilKt Iimvhi'i|»i thu

cast we pass IVrscus and Aurign, all of which hnvu btuiii do-

scribed.

In tlic south, tho ]>riiicipal conBtellation is /^HllMll'^,iU(^ Kjy.

ing Horse, distinguished by four stars <»f tlio Mi*iiniii| iiut^lii-

tude, wliicli form a large sipmre, each side of wliinh U about

fom'teen degrees.

A ndromeihi, her bands in (ihaius, is readily fniiiul by a fn^

of thrco briglit stars extending noi-tli east fruiii tjiu uoi'lli-«<aMt

corner of I'egasus in the direction «»f I'ctrwiUH.

CV/(M, tho Whale, is a large coiiHtellat ion iii llii< icoiitli« ox-

tending fr-jm the meridian to i> point tlivee Ituurit oanl ol' It

i'H;

I
I'
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Its brightest stars are /3 Ceti, now near the meridian, at an al-

titnde of 20°, which stands by itself, and a Ceti, about 20° be-

low Aries, which is now about 30° south-east from the zenitli.

The I'eader who wishes to consult the constellations in

greater detail can readily do so by means of the star-maps.

'
- ^ S. New and Variabk Stars.

Tlie large majority of stars always appear to be of the same

brightness, tliough it is quite possible that, if the quantity of

light emitted by a star could be measured with cntii-e preci-

sion, it would be found in all cases to vary slightly, from tiino

to time. There are, however, quite a number of stare in which

tiie variation is so decided that it has been detected by cum-

j'anng their apparent brightness with that of other stars at dif-

ferent times. More than a hundred such stars arc now known

;

but in a large majority of cases the variation is so slight that

only careful observation with a practistid eye can perceixo it.

Tliere are, however, two stare in which it is so decided that

the most casual observer has only to look at the pro(>cr times,

in order to see it. These are /3 Pereei and o Ceti, or Algol

and Mira, to which we might add ij Argus, a star of the sonth-

ern hemisphere, which exhibits variations of a very striking

chara(!ter.

Vuriatims of Algol— This star, marked /3 in the constel-

lation Perseus, may bo readily found on Maps I. and II., in

right ascension 3 houre and declination 40° 23'. When once

found, it is readily recognized by its position nearly in a lino

between two smaller stare. The most favorable seasons for

seeing it in the eiirlv evening are the autumn, winter, and

spring. In autumn wil., after sunset, generally bo low

down in the north-ens.; in winter, hi;rl up in the north, not

far from the zenith; uid in spring, low down in the north-

\

west. Usually it shines ns a faint second-magnitude star: on

an accm-ato scale the mftgnitiido is about 2^. IJut at inter-

vals of a little IcsH than three days, it fades out to the foiu'th

magnitude f(»r a few hours, and then i-osunies its usual 6])len-

dor once more. These changes were llret notitied about two
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ccntnries ago, but it was not till 1782 that they were accu-

mtely observed. The period is now known to be 2 days, 20

houi*s, 49 minutes—that is, 3 houi-s 11 minntes less than three

days. It takes about four horn's and a half to fade away to

its least brilliancy, and fonr hours more are spent in recover-

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

the 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 usual.

Tiie 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 tlieory 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 thei-e 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 lose 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 entirely differ-

ent type, is o Ceti, or 3[irn (the Wonderful). It may bo found

on Map II., in right ascension 2 hours 12 minutes, declination

3° 39' south. During most of the time this star is entirely

invisible to the naked eye, but at intervals of about eleven

months it shines forth with the brilliancy of a star of the sec-

ond or third magnitude. It is, on the average, about forty

days from the tiino it first becomes visible UTitil it attains its

greatest brightness, and it then refjuiivs about two months to

become invisible; so that it comes into sight more rapidly

than it fades awiy. It is cxpectod to attain its greatest ln-ill-

iancy in November, 1877 ; in Oc'tol>cr, 187H, and so on, almut

a month earlier each year; but iho period is (juitc irregular,

ranging from ten to twelve mouths, so that the times of its

f\^

[
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appearance cannot be predicted with certainty. Its maxiinnm^

brilliancy is also variable, being sometimes of the second mag-

nitnde, and at others only of the tliird or fourth.

»j Argus.—Perhaps the most extraordinary known variable

star in the heavens is ij 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-

serxations of the variations of its light have been generally

made by astronomers who have visited the southern hemi-

8i)liere. In 1677, Ilalley, while at St. Helena, found it to be

of the fourth magnitude. In 1751, Lacaille found that it had

increased to the second magnitude. From 1828 to 1838 it

ranged between the firet and second magnitudes. The first

careful observations of its variability were made by Sir John

Hei*schel while at the Cape 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 stai*s of the lii*st magnitude in a part of the heav-

ens witli which, being perfectly familiar, I was certain that no

such brilliant object had before been seen. After a momen-
tary hesitation, tlie natural consequence of a phenomenon so

utterly unexpected, and referring to a map for its configura-

tion with other conspicuous stars in the neighborlyood, I be-

came satisfied of its identity with my old acquaintance, »i Ar-

gus. Its light, was, however, nearly tripled. While yet low,

it equalled Rigel, and, when it attained some altitude, was

decidedly greater."* Sir .Tolm states that it continued to in-

crease until January 2d, 1838, when it was nearly matched

with a Centaurl. It tlicn faded a little till the close of his

observations in April followinj;, but was still as bright as Al-

debaran. J>ut in 1842 and 1.S43 it blazed tip brighter than

ever, and in March of the latter year was secoiul only to

Sirius. During the twenty-five years following, it slowly but

i

,

^ " A»ti'onomicul Observatioiiii at tho Capo of Good IIo|)C," |>. 33.



NEW AND VARIAHLE STAliS.

steadily diminished : in 1867 it was barely visible to the naked
eye, and the year following it vanished entirely from the un»

assisted view, and has not yet begun to recover its brightness,

r 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 btars

are not so bright, and therefore would not excite so much no-

tice. Thus, the star R Andromedse 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 othera range through five or six orders

of magnitude, but o Ceti is the only one of these which ever

becomes as bright as the second magnitude.

The foregoing stara are the only ones the variations of

wliich would strike the ordinary observer. Among the hun-

dred remaining ones which astronomere have noticed, j3 Lyns
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 couree of three days,

it will rise to magnitude 3^. In the couree 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 days. This pe-

riod is constantly increasing. The changes of this star can

best be seen by comparing it with its neighbor, y Lyraj. Some-

times it will appear equally bright with the latter, and at other

times a magnitude smaller.*

• In I87r>, Professor Schiinfold, now director of the obscrvntory nt Bonn, pub-

lished a complete catalogue of known variable Btnrs, the total number being 14S.

The following are the more remarkable ones of his list. The positions are re-

ferred to the ecliptic nnt* equinox of 1875 :

T rassiopeiio : right ascension, honrs 1(5 minutes 20 seconds ; declination, 55°

«i'.0 N.—This is a case in which a star, having once been observed, was after-

wards found to be missing. Kxnmination showed that it had so far diminished

m to bo no lunger visible wiiiiout a larger telosco])e, and continued observations

I' ill
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New Stars.—It was once supposed to be no uncomiiiOi' occur-

rence for new stare to come into existence and old oneb to dis-

appear, the former being looked npon as new creations, and

the disappearances as due to the destruction or annihilation

of those stare which had fulfilled their end in the economy of

nature. The supposed disappearances of stare are, liowever,

found to have no certain foundation in fact, probably owing

their origin to errors in recording the position of stare 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 clock-time at which

it passes the meridian, and the position of the circle of his iu-

^^

showed it to innge from the seventh to the eleventh magnitude with a regular

period of 436 diiys.

B Cassiopeia! : right ascension, hours 17 minutes 52 seconds ; declination,

63' 27. N,—Tills is supposed to be tlie celebrated star which blazed out in

November, 1572, and was so fully described by Tycho Brahe. But the proof of

identity can hardly be considered conclusive, especially as no variation has, of re-

cent years, been noticed in the sfttr.

o Ceti: right ascension, 2 hours 13 minutes 1 second; declination, 3° 32'.7

S.—Wo have nlroady described the variations of this star.

j3 Fersei, or Algoi : right ascension, 3 hours minutes 2 seconds; declinii-

tioi ,
40" 28.4 N --The variations of this star, which is the most regular one

kndwn, iin.o just tiecn described.

li Aiinga; : right ascension, 6 hours 7 minutes 1 2 seconds ; declination, 53°

HG'.G N.—This star is one of very wide and complex variation, changing from the

sixth to the thirteenth magnitude in a period of about 4G5 days.

U Gemlnorum : right ascension, G hours 59 minutes 49 seconds ; declination,

22° 53'.8 N.—This star was discovered by Mr. Hind, of England, and ranges be-

tween the seventh and the twelfth magnitude in a period of 371 days.

U Gemlnorum : right ascension, 7 hoins 47 minutes 41 seconds ; declination,

22"^ 19'. 7 N.—An irregular variable, never visible to the naked eye, remarkable

for the rapidity with which it sometimes changes. Schonfeld says that in Feb-

ruary, 1 809, it increased three entire magnitudes in 24 hours. The periods of its

greatest brightness have ranged from 75 to 017 days.

1} Argus: right ascension, 10 hours 40 minutes IB seconds; declination, 59°

1'.6 S.
—

^This remarkable object has olready been described.

R Hydro;: right ascension, 13 hours 22 minutes 53 seconds; declination, 22°

38'. S.—The variability of this star wos recognized by Maraldi, in 1704. It is

generally invisible to the naked eye, but rises to about the fifth magnitude at

intervals of about 437 days. Its period seems to be diminishing, having been

about 600 days when first discovered.
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stniment when his telescope is pointed at the object. If he

happens to make a mistake in writing down any of these

numbei"s—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 ol nmbere liave to be

written down, such mistakes will sometiir ur ; and it is to

them that some cases of supposed disappearance of stars are to

be attributed. There liave, 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 ascension, 15 hours 54 minutes 16 seconds; declination, 26°

1G'.5 N.-rTliis is the "new star" wliich blazed out in the Noithern Crown in

1 806, as hereafter described. Of lute years it has remained between the ninth

and tenth magnitudes without exhibiting any remarkable variations>

T Scorpii : right ascension, 16 houre minutes 36 seconds ; declination, 22°

40'.0 S.—Tliis star was discovered by Anwers, in 1860, in the midst of a well-

known cluster. It gradually diminished during the following months, and finally

disappearod entirely among the stars by which it is surrounded.

— Serpentarii : right ascension, 17 hours 23 minutes 9 seconds ; declination,

21° 22'.4 S.—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 minutes 46 seconds ; declination, 32° SG'.O

N.—This star becomes visible to the naked eye at intervals of about 406 days, and

then sinks to the twelfth or thirteenth magnitude, so that only large telescopes will

sliow it. Its greatest brightness ranges from the fourth to the sixtli magnitude.

ti AquiliB : riglit ascension, 19 hours 46 minutes 6 seconds ; declination, 0°

41'.2 N.—This star varies from magnitude 3J to 4i, and is therefore one of

those wiiich can readily be observed with the naked eye. Its period is 7 days 4

hours 14 minutes 4 seconds.

P Cygni : right ascension, 20 hours 13 minutes 1 1 seconds ; declination, 37°

38'. 7 N.—This was supposed to be a new star in 1600, when it was firet seen

by Janson. During the remainder of the century it varied from the third to the

sixth magnitude ; but during two centuries which have since eliipsed no further

variations have been noticed, the star being constantly of the fifth magnitude.

/i Cephei: right ascension, 21 hours 39 minutes 41 seconds; declination, 58°

12'.4 N.—One of the reddest stars visible to the naked eye in the northern hcmi-

sphero. Its magnitude is found to vary from the fourth to the fifth in a very ir-

rcgultir manner.
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In 1572 an apparently new star sliowed itself in Cassiopeia.

It was first seen by Tycho Braho on November 11th, when
it had attained the first magnitude. It increased rapidly in

brilliancy, soon becoming equal to Venus, 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 remarkable star.

In 1604 a similar phenomenon was seen in the constella-

tion Ophiuchus. The star was first noticed in October of that

year, when it had attained the fii'st magnitude. In the follow-

ing winter it began to wane, but remained visible during the

whole year 1605. Early in 1606 li faded away entirely, hav-

ing been visible for more than a year. A very full history of

this star has been left to us by Kepler.

The most striking recent case of this kind was in May,

1866, when a star of the second magnitude suddenly appeared

in Corona Borealis. On the 11th and 12th of that month it

was remarked independently by at least five observers in Eu-

rope and America, one of the first being Mr. Farquhar, 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 per8on known

to have seen it was Mr. Benjamin Hallowell, a well-known

teacher near Washington, whose testimony is of such a nature

that it is hard to doubt that the star was visible several days

before it was generally known. On the other hand, Schmidt,

of Athens, asserts in the most iK)8itive manner that the star

was not there on May 10th, bocanso he was then scanning

that part of the heavens, and would certainly have noticed it.

However the fact may have been in this particular case, it is

noteworthy that none of the new stars we have described were

noticed until they had nearly or quite attained their greatest

brilliancy, a fact wliich gives color to the view that they have

all bhuud up with great rapidity.
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^ In Noveml)ei*, 1876, a new star of the third inagiutudo was

noticed by Schmidt, of Athens, in the constellation Gygnns.

It soon began to fade away, and disappeared from the unaided

vision in a few weeks. The position of the constellation Cyg
nus becomes so unfavorable for observation in November that

veiy few people got a sight of this object.

The view that these bodies may be new creations, designed

to rank permanently among their fellow-stars, is completely

I'efuted by their transient character, if by nothing else. Their

apparently ephemeral existence is in striking contrast to the

permanency of the stars in general, which endure 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

donbt 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 iitar

of 1572 was carefully determined by Tycho Brahe; and a

small telescopic star now exists within V 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 the

ninth magnitude in Argelandcr's great catalogue of the stars

of the northern hemisphei'e, completed several }-ears before.

After blazing up in the way we have described, it gradually

faded away to its former insignificance, and has shown no

further signs of brcaking forth 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 Lyrto. But the careful obser-

vations of the industrious astronomere who have devoted them-

sclvub to this subject have resulted in the discovery of stars

of nearly every degree of irregularity between these extremes.

Some of them change gradually from one magnitude to another,

in the couree of )-ears, without seeming to follow any law what-

ever, while in others some tendency to regularity can bo faintly

traced. The best connecting link between new and variable stare

is, porhap, afforded by i) Argus, which wo have just described.
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It is probable that the variations of light of wliicli we have

spoken are the result of operations going on in the star itself,

which, it must 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 measui-es 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 univeree, 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 sufficiently close view of the faces of the stars, we
should, 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 bo found to

be very different in different stara. In the cases in which the

spots covered the larger portion of the surface, their variations

in number and extent would alone cause the star to vary iu

light, from time to time. Finally, we have only to suppose

the same kind of regularity which we see in the eleven-year

oyclo of the solar spots, to have a .ariation in the brightness

of a star going through a regular cycle, as in the case of Algol

and Mira Ceti.

The occasional outbursts of stars which we have described,

in which their light is rapidly increased a hundred-fold, would

Booin nut to be accounted for on the sjwt 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 rare

occasions these spots all disappeared. But the spectroscopic

observations of the star of 1866 showed an analogy of a little

different chamcter with operations going on in our sun. Mr.

Iluggins found tho sj>cctrum of this star to be a continuous

one, crossed by bright lines, tho position of which indicated

that they proceeded partly or wholly from glowing hydrogen.

The contiimous spectrum was also crossed by dark absorption

lines, indicating that the light had passed through an atmos-

phere of comparatively cool gas. Mr. Iluggins'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 tho star, caused

the immense accession of brilliancy. Now, wo have shown

that the red flames seen around the sun during a total eclipse

are caused by eruptions of hydrogen from his interior ; more-

oxer, these eruptions are generally connected with faculae, or

portions of the sun's disk several times more brilliant than the

rest of tlie photosphere. Hence, it is not unlikely that the

blazing-furth of this star arose from an action similar to that

which produces tho solar flames, only on an immensely larger

scale.

We have thus in the spots, faculro, and protuberances of

the sun a few suggestions as to what is probably going on in

those stars which exhibit the extraordinary changes of light

which we have described. Is there any possibility that our

sun may be subject to such outbursts of light and heat as

those we have described in the cases of apparently new and

temporary stars ? We may almost say that the continued ex-

istence of the human race is involved in this question ; for if

the heat of the sun should, oven for a few days only, be in-

creased a hundred-fold, the higher orders of animal and veg-

etable life would be destroyed. Wo can only reply to it that

the general analogies of nature lead us to believe that we

need not feci any apprehension of such a catastrophe. Not

80
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the slightest certain variation of the solar heat has been de-

tected since tlie invention of the thermometer, and the gen-

eral constancy of the light emitted by ninety-nine stars out of

every hnndred may inspire us witli entire confidence that no

sudden and destructive variation need be feared in the case

of our sun.

§ 4. Doubk Stars.

Telescopic examination shows that many stars which seem

single to the naked eye are really double, or comjxjsed of a

pair of stara lying side by side. There are in the heavens

several pairs of stars the components of which are so close

together that, to the naked eye, they seem almost to touch

each other. One of the easiest and most lieautifnl of these

is in Taurus, quite near Aldebaran. Here the two stars 0'

Tauri and 0* Tauri are each of the fourth magnitude. An-

other such pair is a Gapricorni, in which the two pairs are un-

equal. Here an ordinary eye has to look pretty carefully tp

see the smaller star. Yet another pair is c Lyree, the com-

ponents of which are so close that only a good eye can dis-

tinguish them. These pairs, however, are not considercd as

double stars in astronomy, because, although to the naked eye

they seem so close, yet, when viewed in a telescope of high

l)ower, they are so wide apart that they caimot be seen at tlio

same time. The telescopic double stars ara formed of com-

I)ouent8 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 tliey exceed the latter limit, they

are no longer objects of special interest, because they may
be really without any connection, and appear together only

because they lie in nearly the same straight line from our

system.

The most obvious question which suggests itself hero is

whether in any case there is any real connection between the

two stars of the pair, or whether they do not apjKiar close to-

(^thor, simply because they chance to lie on nearly the same
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straight line from the earth. Tliat some stars do appear dou-

ble in this way there is no doubt, and such pairs are called

" optically double." But notwithstanding the immense num-
ber of visible stars, the chance of many pairs falling within

a few seconds of each other is quite small ; and the number
of close double stars is so great as to preclude all possibility

that they appear together only by chance. If any further

proof was wanted that the stars of these pairs are really phys-

ically connected, and therefore close together in reality as well

as in appearance, it is found in the fact tliat many of them

constitute systems in which one revolves round the other, or,

to speak more exactly, in which each revolves round the cen-

tre of gravity of the pair. Such paire are called binary sys-

lemsy 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, requiring 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 their predecessors; for instance,

when the elder Struve compared his observations with those

of Ilcrschel, and when Dawes or the younger Struve compared

with the elder Struve, a great number of pairs were found to

be binary. As every observer is constantly detecting new
cases of motion, the number of binary systems known to as-

tronomera is constantly increasing.

A brief account of the manner in which these objects are

measured may not be out of place. For the purpose in ques-

tion, the eye-piece of the telescope must be provided with a
" filar micrometer," the important part of which consists 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. The 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 turns the micrometer round until the spider-lines are

parallel to the line joining the two stars, 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 diurnal motion, the difference of

the two angles shows the angle which the line joining the

two stars makes with the celestial parallel. To obtain the

distance apart of the stars, the observer tnras the micrometer

90° 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

P
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which the direction of one star from another is reckoned is

this: Imagine a line, SN^ in Fig. 100, drawn due north from

the brighter star, and another, «SP, drawn through the smaller

star. Then the angle NSP wliich these two lines make with

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 of 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,—The following table shows
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the periods of revolution in the case of those stars which have

been observed through a complete ravolution, or of which the

periods have been well determined:

43 ComsB 26 years.

{Herculis 35 "
Striive,812l 40 "

qCoronsB 40 "

Sinus 60 "

K Cancri 68 "

i UrssB Mnjoris 68 years.

V Coronas Borealis 67 "
a Centauri 77 "

fiUphiachi 92 "
X Ophiuchi 96 "

5Scorpu 98 "

Two or three othei-s arc suspected to move very rapidly, but

they are so very close and difiicult 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 id Siriiis, 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 Autvers that they could be

completely reprasented by supposing that a satellite was re-

volving around the p\anet in a certain orbit. The 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 wei-e actually seen v ith the telescope. But,

before the time of which we speak, u ; one had ever seen it.

Indeed, although many observera musk. 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 nntil February, 1862,

wheti Messrs. Alvan Clark & Sons, of Cambridgeport, were

completing their eighteen-inch glass for the Chicago Observa-

tory. Turning the glass one evening on Sirius, 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 cast from the bright star, and dis-

tant about 10". This was exactly the predicted direction for
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that time, thoiigli the dUcoverers knew nothing of it. As the

newa went round the world, all the great telescopes were

pointed on Siriui, and it was now found that when observei-s

knew where the cotnpnuion was, many telescopes would show
it. It lay in the oxaut direction which theory had predicted

fur that time, and it wai now observed with the greatest inter-

est, in order to lee whether it was moving in tlie direction of the

theoretlanl lateUlte. Four years' observation showed that this

was really the eaie, so that hardly any doubt could remain that

this almoit invisible objeat was really the body whicli,by its at-

traction and revolution around Sirius, had caused the inequal-

ity in its motion. At the same time, the correspondence has

not sineo proved exaet, the observed companion having moved
about half a degree per annum 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 dlftieuU observations from which the movements of the

theoretical eompanlon were computed.

The visibility of this very interesting and diiBcult object

depends almost as tnneh 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 cases of its

being seen nnder extraordinarily favorable conditions with tel-

escopes of six inehes aperture or less. These favorable condi-

tions are indicated to the naked eye by the absence of twinkling.

A case of the same kind, except t'uat the disturbing satellite

has not been seen, Is fonnd in Procyon. Bessel long ngo sus-

pected that the position of this star was changed by some at-

tracting body In its neighborhood, but he did not reach a defi-

nite conolnilon on the subject. Auwers, having made a care-

ful investigation of all the observations since the time of Brad-

ley, found that the star moved around an invisible centre \"

distant, whieh was probably the centre of gravity of the star

and an invisible satellite. This satellite has been carefully

searched for with groat telescopes during the last few years,

but without suouess.
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Tri2)le and Multiple iS!!ar«.— Besides double stare, groups

of three or raoi*e stare are frequently found. Such objects

are known as triple, qnadrnple, etc. They commonly occur

through one of the stare of a wide pair being itself a close

double star, and very often the duplicity of the component
lias not been discovered till long after it was known to form

one star of a pair. For instance, ju Herculis was recognized

as a double star by Sir W. Ilerechel, the companion star being

about 30'' distant, and much smaller than /u itself. In 1856,

Mr. Alvan Clark, trying one of his glasses upon it, found that

the small companion was itself double, being composed of two
nearly equal stare, about 1" apart. This close pair proves to

be a binary system of short period, more than half a revolu-

tion of the two stare around each other having been made
since 1856. Another case of the same kind is y Andromedee,

which was found by Ilerechel to have a companion about 10"

distant, while Struve found this companion to be itself double.

Many double and multiple stare are interesting objects for

telescopic examination. We give in the Appendix a list of

the more interesting or remarkable of them.

§ 5. Clusters of Stars.

A very little observation with the telescope will show that

while the brighter stare are scattered nearly equally over the

whole celestial vault, this is not the case with the smaller ones.

A number of stare which it is not possible to estimate are

found to be aggregated into clustere, in which the separate

stare are so small and so numerous that, with insufficient tele-

scopic power, they present the apjiearance of a mass of cloudy

light. We find clustere of every degree of aggregation. At

one extreme we may place the Pleiades, or "seven stare"

which form so well-known an object in our winter sky, in

which, however, only six of the stare are plainly visible to the

naked eye. There is an old myth that this group originally

consisted of seven stare, one of which disappeared 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

J
:•

i;
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fifty to a hundred more, according to its power. We present a

view of tliis gronp as it appeai-s throngh a small telescope.

No absolute dividing-line can be drawn between such wide-

ly extended groups as the Pleiades and the densest clusters.

Fio. 101.—Telescopic view of the Pleindcs, after Eiigelmnnn. The six larger Btars are thope

enNily seen by ordiimry eyes without n telescope, while the fonr next in nize, hnviii<;'

four rays each, can be seen by very giMid eyes. Abont an inch from the npper right-

baud corner la a pair of small stars which n very keen eye can see as a single star.

The cluster Pi-ffisepe, in the constellation Cancer (Map III.,

right ascension, 8 hours 20 minutes ; declination, 20° 10' N.),

is i)lainly visible to the nalied eye on a clear, moonless night,

as a nebulous mass of light. Examined with a small tele-
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Gcope, it is found to consist of a group of stars, ranging from

the seventh or eiglith luagnitude upwards. For examination

with a small telescope, one of the most beautiful groups is in

the constellation Pereeus (Map I., right ascension, 2 houre 10

minutes ; declination, 57° N.). It is seen to the best advantage

with a low magnifying jwwer, 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 clustera. Many of them

are so distant that the most poweiful telescopes ever made
show them only as a patch of star-dust, or a mass of light so

faint that the separate slat's 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, there is nothing that we know of to

prevent our supposing each of them to be tlie centre of a

group 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 sj-stems an holding intercourse with each other.

Yet, were we transported to one of these distant clusters, and

stationed on a planet circling one of tlie suns which compose

it, instead of finding the neighboring suns in close proximity,

we should only see a firmament of stare 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

oui-s; but the inhabitants of the neighboring worlds wonld 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 plurality of worlds might be

as insolvable as it is to us.

To give the roader an idea what the more distant of these

star clusters looks like, we present two views from Sir John I; '

ij
: i

,1

1

1,

:t1I
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Ilerscliers observations at the Capo of Good IIoimj. Fig. 102

shows the cluster numbered 2322 in Ilerschel's catalogue, and
known as 47 Toucani. That astronomer describes it aa "ft

most glorious globular cluster, the stars of the fourteenth mag*

nitude immensely numerous. It is compressed to a blaze o£

light at the centre, the diameter of the more compressed part

being 30" in right ascension," Fig. 103 is No. 3504 of Ilor-

schel :
" The noble globular cluster tu Centauri, beyond all

comparison the richest and largest object of the kind in tho

heavens. The stars are literally innumerable, and as their

Fio. 102.—Clnntor 4T Toncniil. RIelit nocon-

bIoii, n houi-8 18 mloutea; decUuntloii,

T!i° 46' 8.

Fio. 108.—CliiBtcr m Centanrl. IllRht atcen*

vioii, la hourii 80 niluutei ; ileclluatiun,

40' B2' S.

total light when received by the naked eye affects it hardly

more than a star of the fifth or fourth to fifth magnitude, tho

miimtoucss of each star may be imagined."

§ 6. Nehuliv.

Nebulae appear to us as masses of soft diffused light, of

greater or less extent. Generally these masses are very ir-

regular in outline, but a few of them are round and well

defined. These are termed planrtari/ mimln: It may sonie-

timea be impossible to distinguish between star clustera and

ncbulro, because when tho power of tho telescope is so low

that tho separate stars of a cluster cannot bo distinguished,

they will ]ue8ent tho appearance of a nebula. To tho naked

oyo tho cluster I'nusepe, d.'scribod in the last chapter, looks
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exactly like a nebula, though a very small telescope will re-

Bolve it iuto stars. The early observers with telescopes de-

scribed ujany objects as nebulae which the more powerful in-

Btruments of Ilerschel showed to be clustera 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 this distinction would depend partly on

the telescope, since a nebula which was irresolvable in one

telescope nn'ght be resolvable in another telescope of greater

power. This suggests the question whether all nebulai may
not really be clustera of stare, those which are irresolvable ap-

])oaring so merely because their distance is so great that the

Beparato stars which compose them cannot be distinguished

with our most powerful telescopes. If this were so, there

would be no such thing as a real nebula, and cver}'thing

which appears as such should bo classified as a star cluster.

The spectroscoiie, as we shall presently show, has settled this

question, by showing that many of these objects are imnienso

masses of glowing gas, and therefore cannot be stara.

Classification and Forms of Ncbuke.—The one object of this

class which, more than all othere, has occupied the attention

of astronomers and excited the wonder of observers, is the

great nebula of Orion. It surrounds the middle of the three

Btare which form the sword of Orion. Its position may bo

found on Maps II. and III., in right ascension 5 honra 28

minutes, declination C° S. A good eye will perceive that

this star, instead of looking like a bright point, as the other

Btara do, has an ill-defined, hazy appearance, due to the sur-

rounding nebula). This object was first described by Iluy-

ghons in 1C59, as follows

:

" There is one i)henoinen()n among the fixed stars M'orthy

of mention which, so far as I know, has hitherto been noticed

by no one, and indeed cannot be well observed except with

largo telescopes. In the sword of Orion are three stars (piite

close together. In 1050, as I chanced to bo viewing tlie mid-

dle one of those with the tele8co|)e, instead of a bingle star,

If
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twelve showed themselves (a not uncommon circumstance).

Three of these almost touclied each other, and, with four oth-

61*8, shone through a nebula, so that the space around thcni

seemed far brighter than the rest of the heavens, which was

entirely clear, and appeared quite black, the effect being that

of an opening in the sky, through wlii'ih a brighter region

was visible."*

Kia. 104.—Tbe great uebiila of Orion, no driiwii by Trouvolot with the twciity-slz-luch

Waiihtii};tim tolencoiM,

Since that time it has been studied with large tele8c<)|)cs

by a great number of observei-s, including Messier, the two

* Si/ttrnia SdtHrniuHi, ]>. H, TIic lust remnrk of llii_v(j1ions RPcmx to Imvo pio-

<liK'C(l lliu iinprosHion tliat ho or hoiiio oI' tlio vmly oltscrvoiH I'onsidorvd tlio nolmliu

to \m rciil o|iuiiinKA in tlio nriimintMit, tliroiiKli wliicli llioy K«t Kliin|iKCi« of tlio

Klory uf iliu oin|>yraiin. Hut it may l>o tloiihlcd ulictluM' (he old idciis of the lirinn-

mont iiml the onipyrcitii were cnturliiinud hy niiy iiMtronomiM' iiftci- tho itivoiilioii

oftho t(>lc!irn|>o, nnd Ihrro is iioiIiIiik in iho nuiiiiik of IlnyKlu'nii to iiuliciito that

ho tliuiight the opoiiing ruully uxltitud. Hi:* wordv uio rutlicr ubbcuro.

11
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Plerscliels, Rosse, Struve, and the Bonds. The representation

which we give in Fig. 104 is from a drawing made by Mi*.

Trouvelot with the great Washington telescope. In brilliancy

and variety of detail it exceeds any other nebula visible in

the northern hemisphere. The central point of interest is oc-

cupied by four 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 be 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 so many stars that they would almost

constitute a cluster by themselves.

In the winter of 18()4-'65, the spectrum of this object was
examined by Huggins. Ho had previously discovered that

the spectra of other nebula) were gaseous, and now found that

that of the nebula in Orion consisted of three bright lines.

The position of one of the lines was near that of a lino of

nitrogen, while another seemed to coincide with a hydrogeu

lino. There is, therefore, a certain probability that this object

is a mixture of hydrogen and nitrogen gas, though this is a

jioint 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,

hours 35 minutes ; declination, 40° N.). The observer can

see at a glance with the naked eye that this is not a star, but

a ni .sa of diffused light. Indeed, untrained observer have

sometimes very natin-ally mistaken it for a comet* It was

first described by Marius, in 1C14, 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 tliat

of an object not Pclf-luminous,but translucent, and illuminated

by a very brilliant light behind it. With a small teloscoiw, it

ill

• A ii1ii|)-cii|)tniii will) liiut oi'ossod tlio Allnntic onre visited tlio rnml>riil){o Olt-

erviitory, to tell I'rofessor Hoiul ilint lio Imd seen ii smnll ooiiicf. wliicli roiniiinnti

ill siKlil during liis cnlii'o voviifjc. 'I'lic dIiJim'I piovod to be tlic nebula of An-

di'onicda.
ill!

!!«

•
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is easy to imagine it to be a solid like horn ; bnt witli a largo

one, the eflFect is much moi'e that of a great mass of matter,

like fog or mist, which scatters and reflects the light of a brill-

iant body in its midst. That this impression can be correct,

it would be hazardous to assert ; bnt the result of a spectrum

Fill. Wb. The niimilni' iiobiilu In Lyni, Uriiwii liy I'lofutimir B. H. HoKlcu.

analysis of tlic lij:;lit of the ni'bnlii (^ortiiinly socnis to favor it.

Uitiiku most of tliu nchulio, its t^iicc^truiii is a continiions one,

similar to the onliiiiiry spectra from liciitod bodies, thus indi-

cnting tiiat the lijj,ht emanates, not from a i;l(t\ving gas, but

fri>m matter in the solid ur liipiid state. This would suggest
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the idea that the object is really an immense star- cluster, so

distant that the most powerful telescopes cannot resolve it.

Thongh we cannot positively deny the possibility of this, yet

in the most powerful telescopes the light fades away so softly

and gradually that no such thing as a resolut'on into stars

seems possible. Indeed, it looks less resolvable and more like

ii gas in the largest telescopes than in those of moderate size.

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 tlirough 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 stare /3 and y. In the older telescopes it

looked like a perfect ring; but the larger ones of modern times

show that the opening of the ring is really tilled with nebu-

lous light ; in fact, that we have here an object of very regular

outline, in which the outer portion is brigliter than the inte-

rior. Its form is neither circular nor exactly elliptic, but egg-

shaped, one end being more pointed than the other. A mod-

erate-sized telescope will show it, but a large one is required

to see it to good advantage.

It would appear, from a comparison of diawings made at

different dates, that some nebulie ai'e subject to great changes

of form. Especially does this hold true of the nebula sur-

rounding the remarkable variable star ij Argus. In many
other nebulivi changes have bocji suspected ; but the softness

and indistinctness of outline which characterize most of tlicHc

objects, and the great diiTercnco of their aspect when seen in

telescopes of very different powers', make it ditlicult to prove a

change fron> mere differences of drawing. One of the strong-

est cases in fav(tr of change has been made out by Professor

llolden from a study of diawings and descriptions of what is

called the "Omega nebula," from a resemblance of one t»f

ill
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Flo. 106.—The Omegn iiebHln ; HorRclicl 20i!S. Right opcciibIoii, IS hours 13 mlmiter

;

dcclinntlou, 10' 14' 8. After lloldoii and Trouvelot

its branches to tlie Greek letter Q. Wc present a figure of

this object as it now appears, from a drawing by Professor

Ilolden and Mr. Trouvelot, with the great Washington tele-

8co]>e. It is the branch on the Icft-liand end of the nebula

M'hich was formerly supposed to have the form of £2.

As illustrative of the fantastic forms which nebnlse some-

times assume, wo present Ilcrechers views of two more neb-

ula). 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-

ern hemisphere.

Di'stribulion of (he M'hnhv.— A rcnmrl<ablo feature of the

distribution of the ncbuhc 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 nebuhv <limin-

ish in number. Sir John llcrschel remarks that one-third of
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of the

uneroiis

inker as

(liinin-

third of

Fio. lOT- -NelxilK Horfchcl 3T22. night ascensfon, IT hnnra M mlnuteB; declination, 24'

21' S. Alter Sir .T<ihn Herscliel.

the nebulous contents of tlie lieavcns ai-c congi-egated in a

broad, irregular patch occupying about one -eighth the sur-

face of the celestial sphere, extending from lli-sa Major in the

north to Vii'go in tlio south. If, however, we consider, not the

true nebulw, but star clusters, we find the same tendency to

condensation in the Milky Way that we do in the stai-s. We
thus have a cleai'ly mai'ked dis-

tinction between nebula^ and

stai's as regards the law of their

distribution. The law in ques-

tion can be most easily iuidei'-

rttood by the non-inatheniatical

I'oader by supposing the starry

sphei-e in such a position that

the Milky Way coincides with

the horizon. Then the stars and

stai' clustei's will be fewest at the

zenith, and will increase in nutnber as we appioach the horizon.

Also, in the invisible heinisplieie the same law will hold, the

stai-s and clnstei-s being fewest Jinder our feet, and will iiu^reaso

as we approach the horizon. Tint the true nebuhv will thou

Fia. lOS.—The looped nebuln : Herschel

2041. KlKht ascension, S hotira 40 min-

uter ; declination, 60' 6' B.
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be fewest in the horizon, and will increase in number as we ap-

proach the zenith, or as, going below the horizon, we approach

the nadir. The positions of the nebulae and clusters in Sir John

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 nunibera show part of his re-

sults. Imagine a belt thirty degrees wide extending around

the heavens, including the Milky Way, and reaching fifteen

degrees 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 stara or nebulte were equally distrib-

uted, nearly one-fourth of them would be found in the belt.

Instead, however, of one-fourth, we find nine-tenths of the star

clnstei's, but only one-tenth of the nebulae.

The discovery that the nebulae are probably masses of glow-

ing gas was ma<le by Mr. Huggins in the autumn of 1864.

It is of capital importance as tending to substantiate the

material out of which suns and systems are forming. This

view was necessarily an almost purely speculative one on the

part of that distinguished astronomer ; but unless we suppose

that the nebulas are objects of almost miraculous power, there

must be some truth in it. A nebulous body, in order to shine

by its own light, as it does, must be hot, and must be losing

heat through the very radiation by which we see it. As it

cools, it must contract, and this contraction cannot cease un-

til it becomes either a solid body or a system of such bodies

revolving round each other.

/

§ 7. Proper Motions ofUie Stars.

To the unassisted eye, the stare seem to preserve the same

ralative positions in the celestial sphere generation after gen-

eration. If Job, llipjiarchus, or Ptolemy should again look

upon the heavens, he w:>uld, to all appearance, see Aldebaran,

Orion, and the Pleiades bmctly as he saw them thousands of

years ago, without a single star being moved from its place.

Hut the refined methods of modern astronomy, in which the
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telescope is brought in to measure spaces absolutely invisible

to the eye, have shown that this seeming unchangeability is

not real, and that the stars are actually in motion, only the

rate of change is so slow tliat 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 hp ve moved, while it woiild take a hundred thousand years

to introduce a very noticeable change in the aspect of the con-

stellations.

As a general rule, the brighter stare 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, Groombridge 1830—is of the

seventh magnitude only. Next in the order of proper motion

comes the pair of stare 61 Cygni, each of which is of the sixth

magnitude. Next are four or five othere of the fourth and

fifth magnitudes. The annual motions of these stare are as

follows

:

Groombridge 1830 7".0

61 C)-gni 5".2

Lnlande 21185 4 ".7

i Indi 4".

5

Lalande 212ri8 4".4

o'Eridani 4".l

|i Cassiopeiae 3".8

a Centauri 3".

7

The firet of these stare, though it has the greatest proper

motion of all, would require 185,000 years to perform the

circuit of the heavens, while ft Cassiopeiee would require near-

ly 340,000 yeare to perform the same circuit. Slow as these

motions are, they are very large compared with those of most

of the stare of corresponding magnitude. As a general rule,

the stare of the fourth, fifth, and sixth magnitudes move only

a few seconds in a hundred yeare, and would therefore 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 curva-

ture can be perceived in the short arc which has been do-

•' a
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Btii'ibed i»iit6@ Acciimto duterminations of the positions of the

stara begAit to be made. So far as mere observation can in-

form UR, tbei'e ii no reason to suppose that the stars are sever-

ally moving ill definite orbits of any Icind. It is true that

Mttdler attomptyd to show, from an examination of the proper

motloTiR of ths itars, that the whole stellar nuiverse was revolv-

ing aronnd tha itar AU^one, of the Pleiades, as a centre—

a

theory tho grandeur of which led to its wide diffusion in popu-

lar wrillngs, lint not the slightest weight has ever been given

it by niitronomem, who have always seen it to be an entirely

baselei^A speettlation. If the stars were moving in any i-egnlar

circukr urblti whatever having a common centre, we could

traao lome rogtdnrity among their proper motions. But no

such rognlarity can be seen. The stars in all parts of the

heavens tneva in all directions, with all sorts of velocities. It

ia true tliat, by ftvornging the proper motions, as it were, wo
can traee a eertain law in them ; but this law indicates, not a

partieiilar kind of orbit, but only an apparent proper motion,

common to all tlm stars, which is probably due to a real mo-

tion of our Rtm atid solar system.

The Sniiir Atntion.^—An our sun is merely one of the stars,

and ratlior a small star too, it may have a proper motion as

well as tlie ether stai-s. Moreover, when we speak of the

proper motion of a etar, we mean, not its absolute motion, but

only its motion rolatlvo to our system. As the sun moves, ho

carriPR the earth and all the planets along with him ; and if

wo observe a star at perfect rest while we ourselves ave thus

moving, the 8tar will appear to move in the opposite direc-

tion, m we liave already shown in explaining the Cofternican

system, Ileiiee, 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 tho star. If, however, we should observe a

groat nnmber of stars on all sides of us, and find them all ap-

parently moving in tho same direction, it would be natural to

uonobtde tJiat it was really our system which was moving, and

not tho stars. Now, M-hen Ilcrschel averaged tho 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 op[K)site 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. Herechel'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 astronomei*s, whose results for the point of the

he&vens towards which the sun is moving are as follows:

Argelander ,

O. Struve
Lundahl ,

Galloway
M&Uler
Airy and Dunkin

Right Atceniioo. DMllniUon.

257° 49' 28° 50' N.
261° 22' 37° 36' N.
252° 24' 14° 26' N.
2«0° 1' 34° 23' N.
261° 38' 39° 64' N.
2(!2° 29' 28° 58' N.

It will be seen that while there is a pretty wide range among
the authorities as to the exact point, and, therefore, some un-

certainty as to where we should locate it, yet, if we lay the

different points down on a star-map, we shall find that they

all fall in the constellation Hercules, w^hich 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 33".5 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 cases 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 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 Slar-drijl. Besides those we have mentioned, there

are cases of close groups of stars, like the Pleiades, and of

pail's 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 tlie star is or is

not changing its distance from our system. If it be moving

directly towards us, or directly away from us, 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 undulatory

theory of light, by which this motion may be detected with

more or less probability by means of the spectroscope, and

which was tiret successfully applied by Mr. Huggins, of Eng-

land. According to the usual 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 communicates only

certain definite vibrations to the ether. The rate of vibration

is determined by the position of the bright line in the spec-

trum of the gas. Now, if the vibrating body be moving

through the ether, the light-waves which it throws behind it

will be longer, and those which it throws in front of it will be
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ehoi'tor, than if tlu' body were at rest. The result will be, that

in the fortner 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 than it should be, it is

concluded that the star from which it emanates is approach-

ing lis, 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 ? IIow do we know but that it may
be due to some other gas which emits light of slightly differ-

ent refrangibility ? The reply to this must be, that absolute

certainty on this point is not attainable ; but that, from the

examination of a number of stare, 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 sub-

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

sufficiency of which is probable.

Mr. Iluggins's system of measurement has been introduced

by Professor Airy into the Royal Observatory, Greenwich,

where very careful measures have been made during the past

two yeai*s by Mr. Christie and Mr. Maunder. To show how
well the fact of the motion is made out, we give in the tables

on the following page the results obtained by Mr. lluggius

and by the Greenwich obscrvere for those stars in which the

motion is the largest

:
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STARS RECEDIMO FROM US.

By Mr. Hugicim. By arMowich,

Sirius 20 miles per sec.

22 " "
15 " '«

25 "
15 "

25 miles per sec,

20 " "
19 " ••

25 " ••

30 " •'

a Orionis*

3 Ononis
a Geminorum
a Leonis

STARS APPROACHING US.

By Mr. HufrgEnt. By Greanwich,

Arcturus 55 miles per sec.

50 " "
89 *' '
49 "
4G " "

41 miles per sec,

32 " "
36 " "
22 *• ••

approaching.

a Lyru
a Cygni
3 Geminorum

i

There are several collateral circutnsiances which tend to

confirm these lesults. One is that the general amount of ino'

tion indicated is, in a rough way, about what wo should expect

the stars to have, from their observed proper motions, com-

bined with their probable parallaxes. Another is that those

stara in the neighborhood of Hercules are mostly found to bo

approaching the earth, and those which lie in the opposite dl>

rection to be receding from it, which is exactly the effect which

would result from the solar motion just described. Again, tho

five stare in the Dipper which we have described as having a

common proj)er motion are also found to have a common mo-

tion in the line of sight. The results ot this wonderful and

refined method of determining stellar motion, therefore, sootri

worthy of being received with some,confidence bo far as tho

general direction of tho motion is concerned. But tho dis-

placement of the spectral lines is so slight, and its moasuro-

ment a matter of such difiiculty and delicacy, that wo aro far

from being sure of tho exact numbers of miles per second

given by the observers. Tho discordances between tho results

of Greenwich and those of Mr. Iluggins show that numerical

certainty is not yet attained.

A necessary result of these motions will be that thoHo HtiHM

whiuh are receding from us will, in the course of iiges, appear

less brilliant, owing to their greater distanco, while those which
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are approaching ns will, as they come nearer, appear brighter,

always supposing that their intrinsic brightness does not vary.

But so innnense is the distance of the stars, that many thou-

sands of years will be required to produce any appreciable

cluinge 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 underetood that the velocities found by

the spectroscopic method are not the total velocities with

which the stai*s are moving, but cnly the i*ate 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 bo combined with the telescopic velocity found

from the ob8er\ed proper motion of the star, which is tlie ve-

locity at right angles to 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 Cygni is the one which is coming most directly

towards us. 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 lino of sight

will hardly amount to one-third of a milo i>er second. If the

spectroscopic determination is correct, then, after an interval

which will probably fall between one hundred thousand and

throe hundred thousand years, a Cygni will pass by our sys-

tem at something like a hundredth of its present distance,

and will, for several thousand years, bo many times nearer and

brighter than any star is now.
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CHAPTER II.

THE 6TRUCTURE OF TIIK UNIVEHBE.

Having in the preceding chfipter described those features

of tlie univeree which the telescope exhibits to us, we have

now, in pursuance of our plan, to inquire what light telescopic

discoveries can throw upon tlie 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 conclu-

sions must be more or less hypothetical, and liable to be modi-

lied or disproved by subsequent discoveries. Wo 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 caimot be kept from speculating

upon and wondering about the order of creation in its widest

extent, and science will bo doi:ig 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 tifty millions of stara visible in the most pow-

erful telescopes arranged in space? Wo kuow, fI'om direct

observation, how they are arranged with respect to direction

from our system ; and we have seen that the vast m.'ijority of

small stars visible in great telescopes are foinid in a I'olt s])an-

ning the heavens, anil known as the Milky Way. Ihit this

gives us no complete iufonnatiou respecting their absolute po-

sition : to determine this, we nnist know the distance as well

as the direction of each star. Diit beyoiul 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 stars and the probable

laws of their arrangement. If the stare were all of the same
intrinsic brightness, we could make a very good estimate of

their distance from their apparent magnitude ; but we know
that such is not the case. Still, in all reasonable probability,

the diversity of absolute magnitude is far less than tliat of the

apparent magnitude; so that a judgment founded on the lat-

ter U much better than none at all. It was on such consider-

ations as these that the conjectures of the first observere with

the telescope were founded.

§ 1. Views of Astronomers before Jfcrschet.

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 univeree had on the minds of men, so that even

Copernicus was fully possessed with it, and probably believed

the sun to be, in some way, the centre of this sphere. Before

any step could bo taken towards foruiing a true conception of

the universe, this idea had to be banislied from the mind, and

the sun 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 detci-red from completely accei)ting

the idev by an inc(UTect estimate of the relative brilliancy of

the stars, lie reasoned that if the sun were one of a vast

number of fixed stare of equal brilliancy scattered uniformly

Un'oughout space, there coiUd not be more than twelve which

were at the shortest distance from us. Wo should then have

another set at double the distance, another at triple the dis-

tance, and so on ; and since the more distant they arc, the

fainter they would appear, we should speedily reach a limit

beyond whicli no stars could be seen. In fact, however, wo
often see numerous stars of the same magnitude crowded

closely together, as in the belt of Orion, while the total num-

ber of visible stare is reckoned by thousands*, lie therefore

: !

Ml
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I

concludes that the distances of the individual stai-s from each

other are much less than their distances from our sun, the lat-

ter being situated near the centre of a comparatively vacant

region.

Ilad Kepler known that it would require the light of a hun-

dred stara 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 double distance, nine times at the treble dis-

tance, and so on, until, within the tenth sphere, there would

have been more than four thousand stars. The 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 him that the

hypothesis of a uniform distribution was quite accordant with

observations. It is true th.at, where many bright stare were

found crowded together, as in Orion, iheir distance from each

other is probably less than that from our sun. But this ag-

glomeration, being quite exceptional, would not indicate a gen-

eral crowding together of all the stars, as Kepler seemed to

suppose. In justice to Kepler it must bo said that ho put

forth this view, not as a well-founded theory, but only as a

surmise, concerning a question in which certainty was not

attainable.

IcUas 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, ho was tlie author of a theory

of the stellar system which, with some moditicutions, has been

very generally held until the present time. Seeing tlio Gal-

axy encircle the heavens, and knowing it to be produced by

the liglit of iinunnerable stare too distant to be individually

visiltle, ho concluded that the stellar system cxicnded much
farther in the direction of the Galaxy than it did elsewhere.

In other words, he concteived (lie stars to be; arranged in a

comparatively thin, flat layer, or stratum, our sun being sonio-

wliero near the centre. When we look edgewigc along this

Wi
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stratum, we see an immense number of stara, but in the per-

pendicular direction comparatively few are visible.*

This thin stratum suggested to Kant the idea of a certain

resemblance to the solar system. Owing to the small inclina-

tions of the planetary orbits, the bodies which compose this

system are spread out in a thin layer, as it wei-e ; and we have

only to add a great multitude 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 Mai's 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-

scope into small planets, just as the Galaxy is resolved into

small stars. The conclusion that two systems M-hich were so

similar in appearance were really alike in structure would

have seemed very well founded in analogy.

As the planets are kept at their proper distances, and pre-

vented from falling into each other or into the sun by the

centrifugal force generated by their revolutions in their or-

bits, so Kant supposed the stare 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 there-

fore could not bo in motion around a centre. To this Kant's

roply was that the time of revolution was so long, and tho

motion so slow, that it was not perceptible with tho imper-

fect means of observation then available. Future genera-

tions would, he doubted not, by comparing their observations

if

IS
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* The oi'iftinnl idcn of thift tlicory Ih nttribntcd by Kniit to Wiiglit, of Diirliiiin,

F<ng!.iiul, n writer whoRo worku nio entirely imknown in this country, nnd wlioso

nuthorship of tiio theory has l)een very gonornlly forgotten.
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with those of their predecessors, find that there actually was a

motion among the stars.

This conjecture of Kant, that the stars would be found to

have a proper 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 stara 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 have 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 arranged orbits, as

Kant supposed. A defender of Kant's system might indeed

maintain that, as it is only in r< few of the stars nearest us

that any proper motion has been detected, the great cloud of

stais 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 bo formed of the immense stratum of

stars which make up the Galaxy and stud our heavens, and

to include all the Dtars separately visible with our telescopes.

But he did not suppose this system, immense though it is, to

constitute the whole material universe. In the ncbuloe ho

saw other siinihr svstems at distances so immense that the

combined light of their millions of suns only appeared as a

fuint cloud in the most powerful telescopes. This idea that

the nebulaj were other galaxies was more or less in vogue

among popular writers until a quite recent period, when it

was refuted by the Bpectro8co|>e, which shows that these ob-

jects are for the most part masses of [T^oW'.'f gas. It has,

l>owo\cr, not received supjiort among astronomers since the

time of Sir William Ilerschol.

^aii^
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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 univeree to be arranged in

systems of different ordere. 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'cvolving

around it, so that there are as many solar systems as stars.

These systems are not, however, scattered at random, but ai-e

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 bo 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 gi-eater than that of those which

revolve around it. This feature Lambert supposed to extend

to other systems. As the planets are larger than their satel-

lites, and the sun larger than its planets, so he supposed each

stellar cluster to have a great central body around 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 gi-eatest, were supposed to be bound

together by the < o universal law of gravitation.

As not the slightest evidence favoring the existence of these

opaque centres has over been found, wo are bound to say that

this sublime idea of Lambert's has no scientific foundation.

Astronomei-s have handed it over without reservation to the

lectiirera and essayists.

§ 2. Researches of Ilcrschd and his Successors.

Ilerschel was the first who investigated the structure of

the stellar system by a long-continued series of observations,

executed with u definite end in view. Uis plan was that of 1:1

ii
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" star - gauging," which meant, in the fii-st place, the simple

enumeration of all the stars visible with a powerful tele-

scope in a given portion of the heavens. He emplo^^ed 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 stf^rs 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 tho 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 tho 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 hypothjsis, contain

eight times as many stars. So, when IIei*schel found tlr stare

eight tiines as numerous in one region as in another, he con-

cluded that the stellar system extended twice as far in the

direction of the firet region.

To count all the stare visible with his ielescope, Ilerschel

found to be out of the question. He wouM have had to point

his instrument several hundred thousand times, and count all

the visible stare at each pointing. lie therefore extended his

survey only over a wide belt extending more than half-way

round the celestial sphere, and cutting tho Galaxy at right

angles. In this belt he counted the stars in 3400 telescopic

fields. Comparing the average number of stare in different

regions with the position of tho 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.

First zone 90° to 75° from Galaxy 4 stars per field.

Sccondzone 75° " 60° " " 5 " "
Third zone 60° " 45° " " 8 " "

Fourth zone 45° " 30° " " 14 " "

Fifth zone 30° " 15° " " 24 " "

Sixth zone 15°" 0° " " 53 " "

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 the same magnifying

power. His results were

:

First zone 6 stars per field.

Second zone 7 " "
Third zone 9 •' "

Fourth zone 1 3 stars per field.

Fifth zone 26 " "

Sixth zone 59 " "

The reader will, perhaps, more readily grasp the significa-

tion of these numbera by the mode of representation which

was suggested in describing the distribution of the nebulae.

Let him imagine himself standing 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

:;2
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opposito or Invisible hemisphere, which he would see if the

earth wore reiiiovod. In this hemisphere the fii-st, or thinnest,

zone wonlU bo directly opposite the thinnest zone in the ob-

gervor'i ^eititlt ; that is, it would be directly under his feet.

The huooomIvo zones would then be nearer the horizon, the

sixth or Inst onelrollng it, and extending 15° below it on every

Bido,

The nunibors wo have given are only averages, and do not

give All ftdecpmto Idea of the actual inequalities of distribu-

tion in Dpoolal regions of the heavens. Sc^metimes there was
not a Bolltary star in the field of the telescope, while at oth-

ers thoro wore many hundreds. In the cirde of the Galaxy

itself, the stars aro more than twice as thick as in the average

of the ttrst /iOiio, which includes not only this circle, but a

space of 15^ on onch side of it.

Adopting tho hypothesis of a uniform distribution of the

stars, IIorNuhol ounchided fnnn his first 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

tho Gftlftxy as In the direction perpendicular to it. The most

important tiiodification ho made was to suppose an iuunense

cleft oxtondliig edgewise into the system from its circumfer-

ence about half-way to the centre. This cleft corresponded to

tho division In the Milky Way which commences in the sum-

mer oonstollatlon Oygnus in the north, and passes through

Acpilla, tho fe^orpont, and Scorpius far into the southern hemi-

sphere. Kitimating tho distance by the arrangement and ap-

parent inagnltildo of tho stars, he was led to estimate the mean
thickimHH of tho etollar stratum from top to bottom as 155

units, and tho diameter as 850 units, the unit being the aver-

ago distanoo of a star of the firet magnitude. Supposing this

distance to bo that which light would travel over in 16 years

—a supposition which is founded on the received estimate of

tho mean parallax corresponding to stars of that magnitude

—

then It would take light nearly 14,000 years to travel across

the system from one border t(» the other, and 7000 yeai-s to

vmi'\\ m from tho extreme boundary.



UESEARVUES OF HERSCHEL AND HIS SUCCESSORS!. 483

Tlio 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. Farther study show-

ed Herschel that this assump-

tion might be so far from cor-

rect that his conclusions would

have to be essentially modi-

fied. Binary and other double

stars and star clustere evident-

ly offered cases in whicli sev-

eral stare were in much closer

association than were the stai's

in geneml. To show exactly

on what considerations this

change of view is founded, we
remark that if the increase of

density in the direction of the

Milky Way were quite regu-

lar, 80 that there were no cases

of great difference in the thick-

ness of the stars in two adjoin-

ing regions, then the original

view would have been sound

so far as it went. But such ir-

regularities are very frequent,

and it would lead to an obvi-

ous absurdity to explain them

un Ilerschel's firet hypothesis

;

for instance, when the tele-

scope was directed towards

the Pleiades there would be fio. loo.-HeHchei-* view of the form of the

nulvei'se.

iH
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found, probably, six or eight times as many stare as in the ad-

joining fields. But supposing the real thickness of the stars

the same, the result would be that in this particular direction

the stars extended out twice as far as they did in the neigh-

boring parts of the sky ; that is, we should have a long, nar-

row spike of stars pointing directly from us. As there are

many such clusters in various parts of the sky, we should have

to suppose 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 narrow chasms reaching through towards our sun. Thus
the stellar system would present the form of an exaggerated

star-fish with numerous deep openings, a form 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 stare 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 stare 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 cource, partly made
up of a great number of irregular cloud-like masses witli com-

paratively dark spaces between them. The conclusion is un-

avoidable that we have hei-e real aggregations of stare, and

not merely a region in which the bounds of the stellar-sys-

tem are more widely extended. Whether Herechel clearly saw

this may be seriously questioned ; but however it may have

been, he adopted another method of estimating the relative

distances of the stare visible in his gauges.

This method consisted in judging of the distances to which

his telescope penetrated, not by the number of stare it brought

into view, but by their brightness. If all the stare were of the

same intrinsic brightness, so that the differences of their ap-

parent magnitude arose only from their various distances from

us, then this method would enable us to fix the distance of

each separate star. But as we know that the stare are by no
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distance of

s are by no

means equal in intrinsic brightness, tho method cannot be

safely applied to any individual star, a fact which Herschel

himself clearly saw. It docs not follow, however, that we
cannot thus form an idea of the relative distances of whole

classes or groups of stara. Although it is quite possible that

an individual star of the fifth magnitude may be nearer to us

than another of the 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 tolerably 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 stare visible to the naked

eye; that is, if we suppose

that portion of the space of

the stellar system occupied

by the six thousand 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

unity. Then, suppose a series

of larger spheres, all drawn

around our sun as a centre,

and having thn radii 3, 5, 7,

9, etc. The contents of the

spheres being as the cubes

of their diametera, the first

': in

sphere will have 3x3 x 3=27
Fig. 110.—Illustrating Herachel'B orders of dU-

touce of thu stare.
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times the bulk of the unit sphei-e, and will therefore bo large

enough to contain 27 stars; the second will have 125 tliiieH

the bulk, and will therefore contain 125 stars, and m with

the successive spheres. Fig. 110 shows a section of portionfi

of these spheres up to that with radius 11. Above the centre

ai-e given the various rders of stare which are situated bO'

twcen the several spheres, while in the corresponding ipaeeM

below the centre are given the number of stare which the re-

gion is large enough to contain ; for instance, the spliere of

radius 7 has room for 343 stare, but of this space 125 parts

belong to the spheres inside of it : there is, therefore, room fur

218 stai-s between the spheres of radii 5 and 7.

Ilerschel designates the several distances of these layerii of

stars as orders ; the stare between spheres 1 and 3 are uf the

liret order of distance, those between 3 and 5 of the second

order, and so on. Comparing the room for stare between the

several spheres with the number of stare of the several ntagiiU

tudes, he found the result to be as follows

:

,

Order of

Dlnlinca.

Nuinlwr of Niiinbitr of

Stan lhir>

is room ft'r.

Mllgnlluila. 8Un of lliHl

niffnltuili.

1 2« I 17
2 {>8 2 B7
a 218 3 204(

4 38C ( 464
n 602 r. iini
» 86U <i •1108

7 1178 7 ttl40

H ir.38

There is evidently no correspondence between the oaloulat-

od ordera of distance and the magnitudes aa estimated on tlie

usual scale. But Ilerachel found that this was becauM) the

magnitudes as usually estimated corresponded to an entirely

different scale of distance from that which ho adopted. In

his scale the several distances increased in arithmetical pro-

gression; while in the order of magnitudes the incroaM in

in geometrical progression. In conseqjience, the stars of the

sixth magtn'tude corrosix)nd to the eighth, ninth, or tentli order

of distances ; that is, wo should have to remove u star of the
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first magnitude to eight, nine, or ten times its actual distance

to make it shine as a star of the sixth magnitude.

Attempting on this system to measure the extent of the

Milky Way, Herechel 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 900 times as far as the average of those of the

first magnitude. He does not seem to have made any very

extended examination with his forty-foot telescope, but con-

cluded that it would leave him in the same uncertainty in

respect to the extent of the Milky Way as the twenty-foot one

did. This unrivalled man, to whom it was given to penetmte

farther into creation than 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 estimate the time it would require light to come from

the utmost limit to which he believed his vision to extend,

we shall find it to bo about fourteen thousand yeare, or more

than double that deduced from his former gauges. We cai\

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 Ilerschel's esti-

mate of the extent of the Milky Way may be far too great, be-

cause it rests on the assumption that all stai-s are of the same

absolute brightness. If the smallest stars visible in his tele-

sco|)e were, on the average, of the same intrinsic brilliancy as

the brighter ones, the conclusion would be well founded. Ihit

if we suppose a boundary, it is impossible to decide from Iler-

schors data whether the minuteness of those stars arises from

their great distance or from their small magnitude. Notwith-

Btat\ding this uncortuinty, it has been maintained by some, not-

ably by Mr, Proctor, that the views of llerschel respectiiiji the

constitution of the Milky Way, or stellar system, were mdical-

ly changed by this second method of star-gauging. I see no

evidence of any radical change. Although llerschel docs not

I

ii
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express himself very definitely on the subject, yet, in his last

paper on the distribution of the stars {Philosophical Trans-

actions for 1817), there are several remarks which seem to im-

ply that he still supposed the stellar system to have the gen-

eral form shown in Fig. 109, and that, in accordance with that

view, he supposed the clustering of stare to indicate protuber-

ant parts of the Milky Way. He did, indeed, apply a differ-

ent method of research, but the results to which the new meth-

ods led were, in their main features, the same as those of the

old metliod.

Since the time of Herschel, one of the most eminent of the

astronomers who have investigated this subject is Struve the

elder, formerly dii-cctor of the Pulkowa Observatory. His re-

searches were founded mainly on the numbere of stars 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 Herechel in his later

researches, in so far that he supposed the magnitude of the

stare to furnish, on the average, a measure of their relative

distances. Supposing, after Herechcl, a number of concentric

spheres to be drawTi around the sun as a centre, the successive

spaces between wliich corresponded to stare of the several

magnitudes, he found that the farther out he went, the more

the stare were condensed in and near the Milky Way. This

conclusion may bo drawn at once from the fact we have al-

ready mentioned, that the smaller the stare, the more they are

condensed in the region of the Galaxy. Struve found that if

wo take only the stare plainly visible to the naked eye—that

irt, those down to the fifth magnitude—they are no thicker in

the Milky Way than in other parts of the heavens. But those

of the sixth magnitude are a little thicker in that region, those

of the seventh yet tliickcr, and so on, the inequality of distri-

bution becoming constantly greater as the telescopic power is

increased.

Krom all tiiis, Struve concluded that the stellar system might
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be considered as composed of layers of stars of varions densi-

ties, all parallel to the plane of the Milky Way. The stars are

tliickept in . nd near the central layer, which he conceives to

be spiL. 1 r t as a wide, thin sheet of stars. Our sun is situ-

ated near uie middle of this layer. As we pass out of this

layer, on either side we find the stars constantly growing thin-

ner and thinner, but we do not reach any distinct boundary.

As, if we 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 wo could

mount up 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 Ilei'schcl's telescope

could penetrate

:

•

Mean OUtnnro
DliUnco from PrlnclpRl Plnuo. Denilty. twtwern Nul)(ll-

hitriiiK i^Urt.

In tlie DrinciDfll Dlatiu 1.0000
0.48rif)8

1.(MH)

1.2720.05 from principal piano

0.10 " " 0.332H8 1.458

0.20 •' " 0.23H0.-. I.OIl

0.30 " " 0.17!»80 1.772

0.40 " " 0.13021 l.1>73

0.50 " " 0.0864G 2.2(il

0.(iO " " 0.05510 2.(!28

070 " " 0.03079 a.l'.M)

O.HO •* " 0.01414 4.131

O.HCO " " 0.00582 5.721)

This condensation of the stars near the central plane, and

the gradual thinning-out on each side of it, are only designed

to bo the expression of the general or average distribution

of those bodies. The probability is that even in the central

])]ai)e the stars are many times as thick in some regions an in

otiicrs, nnd that as we leave the plane, the thinning-out would

bo fouiid to proceed at very different rates in different re-

gions. That there may be a gradual thinning- out cannot be

denied ; but Struvp's attempt to form a table of it is open to

the serious objection that, like llorschcl, he sn|)pu8ed the dif-
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ferences between the niagiiitudes of the stars to arise entirely

from their different distances from us. Although where the

scattering of the stars is nearly uniform this supposition may
not lead us into serious error, the case will be entirely differ-

ent where we have to deal with irregular masses of stars, and

especially where our telescopes penetrate to the boundary of

the stellar system. In the latter case we cannot possibly dis-

tinguish between small stars lying witliin the boundary and

larger ones scattered outside of it, and Struve's gradual thin-

ning-out of the stara may be entirely accounted for by great

divereities in the absolute brightness of the stars.

Among recent researches on this subject, those of Mr. R.

A. Proctor are entitled to consideration, from being founded

on facts which were not fully known or understood by the

investigators 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 stars 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 stars which had been supposed widely sep-

arated are 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 Ilcrschel.

IIow far the considerations brought foi'ward by Mr. Proc-

tor should make us modify the views of the subject hitherto

held, cannot be determined without further observations on the

clustering of stare of different magnitudes. We may, howev-

er, safely concede that there is a greater tendency among the

stars to be collected into groups than was formerly supposed.

A curious result of Mr. J. M. Wilson, of Rugby, England, re-

specting the orbits of some binary stars, throws light on this

tendency. It was found by Struvo that although the great

common proper motion of the j)air of stars 01 Cygni, cele-

brated for tiie dotcnniiuitions of their paraUax, was such as to

leave no roasoiuvble doubt that they were physically connect-

ed, yet not the slightest deviation in their courses, arising
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from their mutual attraction, could be detected. Mr. Wilson
has recently confirmed this result by an examination of the

whole series of measures on this pair from 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. Bnt, as just stated, they move too nearly

together to permit of the belief that fhey 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 apparent diam-

eter, and in which the time of revolution is counted by thou-

sands of years. Two thousand years hence they will be so

far apart that no connection between them 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 Geminorum.
Mr. Wilson finds the orbit of this binary to be apparently

hyperbolic, a state of things which would indicate that the

two stars had no physical coimection whatever, but that, in

pursuing their courees 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 bo 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 difiicult to distinguish be-

tween a large and elongated elliptic orbit and a hyperbolio

orbit. Tlie common proper motion of tlie 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 stare moving around a

common centre of gravity, in orbits of immense extent, sug-

gest the probability that there exist in the heavens great num-

bers of paire, clusters, and systems of this sort, the members

of wliich are so widely separated that they have never been

i'i

't
it

hi
it
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suspected to belong together, and the widely scattered gronps

having a common proper motion may very well be systems of

this kind.

§ 3. Prohable Arrangement of the Visible Universe.

The preceding description of the views held by several gen-

erations of profound thinkers and observers respecting the

arrangement of the visible universe furnishes an example of

what we may cal\ tlie 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 first outline bears but a

rude resemblance 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 doore, 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 suc-

cessive improvements in his sketch, from the first rough out-

line to the finished picture, do not consist in effacing at eacli

step everything he has done, but 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 wliich the vast fabric is constructed, that wo cannot

pass beyond a few rough outlines. Still there are a few feat-

ures which wo 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-
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bility.

heads

:

We may include these under the following seven

1st. Leaving the nebulae out of consideration, and confining

ourselves to the stellar system, we may say, with moral cer-

tainty, that the great mass of the star's 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 Struve. In fact, it forms the fundamental base

of the structures reared by these several investigatore. When
Kant saw, in this ari'angeinent, 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 stars 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 stars are not

scattered uniformly, ' Ait are for the most part collected into

irregular clusters or masses, with comparatively vacant spaces

between them. These collections have generall}' 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.

3d. Our 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 stars in any two opposite quartere of the

heavens.

4th. The six or seven thousand stars 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

Efr.!
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clustera, the component stars of whicli are few in number and

pretty widely separated. Such are the Pleiades, Coma J3erc-

nices, and perhaps the principal stai-s 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 clustere or the stellar system, and the

number of comparatively vacant regions 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 inaj', however, be called the galactic region.

6th. On each side of the galactic region the stars are more

evenly and tl'.inly 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 boun-

daries, not only from our ignorance of the exact distance of

the smallest stare wo 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 region wc have

a nebular region, in which we find few or no stars, but vast

numbere of nebulae. The nebulre diminish greatly in num-

ber as we approach the galactic region, only a very few being

found in that region.

The general arrangement of the stare and nobulaj which we
liave described is seen in Fig. Ill, which shows what is prob-

ably the general aspect of a section of the visible nniveree per-

pendicular to the Milky Way. In the central part of the fig-

ure we have the galactic regfon, in which the stars are mostly

aggregated in large masses. Of the arrangement of these

masses nothing certain is known ; they are, thci-efore, 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 whether

Fio. 111.—Probable arranfremeut of the Htiirs mid iiehnlie vUiblo with the telescope. lu

the Galaxy the stars are uot evenly scattered, but are agglomerated into cUieters.

the stars visible with the naked eye are part of one of the

masses which make np 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

research. When wo described Sir William Ilcrschers ar-

rangement of the stars in concentric sjihcres, we saw that in

the more distant spheres the stai-s were vastly more dense

i

i ' 1
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aroimd tlid gnlttotlc belt of each sphere than they were in

otlioi' parts of It. To answer the question which has been

presentod, we nuist compare the densities of the stars at the

cii'«Hnifoi'eiioai of these spheres with the density immediately

around iii. In other words, the question is, Suppose a human
beln|( «ouUl dart out in the direction of the Milky Way, and

paM through aome of the masses of stars composing it, would

\\Q find i\m\\ thicker or tliinner than they are in the visible

heavens around ub ?

A question still left open is, whether all the celestial objects

visible with the telescope are included within the limits of the

throe regions we have just indicated, or whether the whole

tiftlaxy, with everything which is included within its limits,

is simply one of a great number of widely scattered stellar

systems. BItiee any consideration of invisible galaxies and

systems would be entirely idle, the question may be reduced

to this: Are the most distant star clusters which the telescope

shows us situated within the limits of the stellar system or far

without tliem, a great vacant space intervening? The latter

alternative is the popular one, firot suggested by Kant, it be-

ing supposed that the most distant nebulsB constituted other

Milky Ways or stellar systems as extensive as our own.

AUIiougll the poisibility that this view is correct cannot be

denied, yet the arrangement of the star clusters or resolvable

nebultu militates against it. We have shown that the major-

ity o£ 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 He In one direction as in another, and the probabil-

ity against the grout mass of them lying in one plane would
bo very great. The most probable conclusion, therefore, is

that they eonstlttJto part of our stellar system. They may, in-

deed, be soattored oround or outside of the extreme limits with-

in whloh single stars can be seen, but not at distances so great

that they should bo considered as separate systems. The most

probably eoneluslon, in the present state of our knowledge.
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seems to be that the scheme shown in Fig. Ill includes the

whole visible nniverse.

The differences of opinion which now exist respecting the

probable arrangement and distance of the stai-s arise mainly

from our uncertainty as to what is the probable range of ab-

solute magnitude of the stars, a subject to which we have al-

leady 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 curioiis 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. Zollner

found, by comparing the light of the sun with that of Capella,

or a Aurigse, that it would have to be removed to 236,000

times its present distance to appear equally bright with that

star, which 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 find stars with a measurable parallax which are only of

the fifth, sixth, or even tlie seventh magnitude. Altogether, it

appears that the range of absolute brilliancy among the stars

extends through eight or ten magnitudes, and that the largest

ones emit several thousand 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. Do the Stars reallyform 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

33

ftla
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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

would run its couree during endless ages. This speculation

was not followed np by Herachel and Struve, 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

yeare whicli would be necessary for the stare to perform a

revolution around one centre. But, as in describing the con-

stitution of the stellar system, we found certain features on

which we could pronounce with a high degree of probability,

so, in respect to the motions aiid orbits of tlie stars, there are

some propositions which we may sustain with a near approach

to certainty.

Stahility 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 that the solar system is stable.

By a stable system we mean one in whicli each star moves

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 bodies

which compose it. It is almost necessaiy 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 wliich the separate collec-

tions of stars revolve ; or is thoro any centre around which ail

the stars which compose the visible univeree revolve ? In all



DO THE STARS REALLY FORM A SYSTEM f 499

hat the

a\ plan,

jvhich it

jculation

oceeding

- to learn

to decide

absence of

jnt of tbe

what will

mmiona of

perform a

ng the con-

features on

probability,

,rs, there
are

ear avproa*^^^

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 thua

the other stars, but brighter in a yet greater proportion. It

is, of course, possible to conceive of immense dark bodies,

such as Lambert supposed to exist, but we 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 magnitndes, there are none of 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

round 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 that

the gravitation of all the kuown 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.

! I
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tion of any known star. The most cai'eful determination! of

its parallax seem to show that its distance is so immense thai

tlie parallax is only about a tenth of a second ; tliat is, a Uuo
drawn from the snn to the earth would snbtetid an angle of

only a tenth of a second when viewed from tliis star, But
the apparent motion of the star, as we actually see it, i» mot'6

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 sun 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 groatei*.

Leaving this out of account, we see l^at the star would pnii

from the earth to the sun in about fivr days, so that it» voloui-

ty probably exceeds two mmdred miles per second.

To underetand what this enormous velocity may imply, we
must advert to the theorem of gravitational astronomy that

tlie velocity which a body can acquire by falling towa?'dA an

attracting centre is, at each point of its path, limited. Fur ox«

ample, a body falling from an infinite distance to the earth's

surface, and acted on by tlio attraction of tlio earth aluno, would

acquire a velocity of only about seven miles jier second. V/i'n

verm, a. body projected from the earth with this velocity would

never be stopped by the earth's attraction alone, liiit would

describe an elliptic orbit round the sun. If the velocity ex-

ceeded twenty-seven miles per second, the attraction of the Hiiti

hiinself could never stop it, and it would wander forever

through the otellar spiiccs. The greater the distancto from the

sun at which the body is started, the less the velocity whieli

will thus carry it forever away from the sun. At the orbit of

IJranuH the required velocity would be only six miles per wjo-

(>u<1 ; at Neptune, it would be less than live miles per Hccotid
;

half-way between the sun and a Centauri, it would be a niilu

in twelve seconds, or a fourth the speed of a cannon-ball. If

we knew the ninsHcs of each of the starB, and their arrange*

nient in spucc, it would be easy to compute this limiting ve-

locity for a body falling from an infinite distance to any point

of the stellar s^ctom. 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 course through iniinite 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 tho tel-

escope. The number of stars actually visible with the most

powerful telescopes probably falls short of fifty millions ; but,

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 camiot

see them, making one hundred millions in all. We shall also

suppose that these stars have, on the average, five times tho

mass of the sun, and that they are spread out in a layer across

the diameter of which light would require thirty thousand years

to pass. Then, a mathematical computation of the attractive

power exerted by such a system of masses shows that a body

fulling from an infinite distance to tho centre of the system

M'ould acquire a velocity of twenty -five miles per second.

Vice versa, a body projected from tho centre of such a system

with a velocity of more than twenty-five miles per seciond in

any direction whatever would not only pass entirely through

it, but would fly off into infinite space, never to return. If tho

body were anywhere else than in the centre of the system, tho

velocity necessary to carry it away would bo leas than tho

limit just given. But this calculated limit is only one-eighth

tho probable velocity of 1830 Groombridgo. The force re-

(piircd to impress a given velocity on a body falling through

any distance is proportional to tho sq\iarc of tho velo(;ity, four

times tho force being required to give double tho 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, then, tho star in <iuoRtion belongs to our stelliir pyrttem, the

masses or extent of that system must bo many times greater

than telescopic observation and astroiuunical research indicate.

Wo may place the dilemmu in a concise form, as follows

:

. I
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Either the bodies which compose our universe are vastly

more massive and numerous than telescopic examination

seems to indicate, or 1830 Groombridge 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 straight

forward forever, it is impossible to say.

Much the same dilemma may be applied to the past history

of this body. If the velocity of two hundred miles or more

I)er 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 of 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

wo have spoken in iwme regular orbit. Wo answer, no. To
secure such stability, stars equally distant from the attracting

centres must move with nearly the same velocity. An at-

tracting centre siiftlciontly powerful to bring a body moving
two hundred miles per second into a regular orbit would

diaw most of the other stars moving with small velocities itito

its immediate neighborhood, and thus subvert the pystom. Wo
thus meet tlio double difficulty that we have good reason to

doubt the existence of thcF opaque, dark bodies, and that if

they did oxiHt, they would not fulfil our requirements.



DO THE STARS REALLY FORM A STSTEMf 503

vastly

ination

,y star,

ih such

iniverse

1
cannot

lor bent

limit to

consider

ree mill-

.ttractive

J carried

1
BtraigUt

st history

i or more

, could be

li the nni-

igh space

finite dis-

the first

;i9 of im-

icir being

general

of which

r, no. To
attracting

An at-

y moving

hit would

scities into

\U)m. Wo
reason to

,nd that if

Tlie general result of onr 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 courees depending on their situation in respect

to the surrounding stare, and probably changing as this situa-

tion changes. If there were no motion at all among the stare,

they would all fall to a common centre, and univereal 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 neighbore. 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 univeree

shall exist under its present form.

To those who have been enraptured with the sublime specu-

lations of Kant and Lambert, this may seem an misatisfactory

conclusion; while to those who look upon the material uni-

veree as something made to last forever, it may seem improba-

ble. But when we consider the immense periods which would

bo required for the mutual gravitation of the stare to effect

any great change in the stellar system, we may be led to alter

siich views as these. We have shown that tens of thousands

of yeare would bo required to make any great change in the

arrangement of the stare which we see with the naked eye.

The time required for all the stare visible with the telescope

to fall together by their own attraction is to be counted by

millions of yeare. If the universe had existed in its present

state from eternity, and were to exif.t forever, the immensity

of these periods would not bo at all to the point, because a

million of yeare is no more a part of eternity tha>i a single

day. But all modern science seems to point to the finite

dnration of our system in its present form, and to carry us

back to the time mIicu neither sun nor planet existed, save as

a mass of glowing gas. How far bacjk that was, it cannot tell

us with certainty ; it can only pay that the ]»eriod is counted t
-^ t r

I :
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by millions of yeare, but probably not by hundreds of mill-

ions. It also 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 calculated ; but it is probably not so great that the 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 securc the system

from subversion during the time it is to last, much 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. The 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

mfluence of which they move, there must be a disarrangement

of the movement long before the engine wears o\it. Thus,

although the present arrangeni?nt of the stare may be studied

without any reference to their origin, yet, when we seek to

penetrate tlie laws of their motion, and foresee the changes

of state to which their motions may give rise, wo are brought

to face the question of their duration, and hence of their be-

ginning and end.
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CHAPTER III.

THE COSMOGONY.

The idea that the world has not endured forever in the

form in which we now see it, but that there was a time when
it either did not exist at all, or existed only as a mass "with-

out form, and void," is one which we find to have been always

held by mankind. The " chaos" of the Greeks—the rude and

formless materials, subject to no law, out of which all things

were formed by the creative power—corresponds in a striking

manner to the nebulous masses of modern astronomy. These

old ideas of chaos were expressed by Milton in the second

book of "Paradise Lost," befoi-e such a thing as a nebula

could be said to be known, and 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,

Illimitable ocean, without bound,

Without dimension, where length, breadth, and height,

And time and place, arc lost ; where eldest Night

And Chaos, ancestors of Nature, hold

Eternal anarchy amidst the noise

Of endless wars, and by confiitiion stand

:

<

For hot, cold, moist, and dry, four chnmpions fiorcs,

Strive here for mastery, and to buttle bring

Their cmbryon atoms.

Chaos umpire sits.

' And by decision more embroils the fray

By wliich he reigns : next him, high arbiter,

Chunce governs all. Into tiiis wild abyxs

The womb of Nature, and perhaps her grave,

Of neither sea, nor shoro, nor air, nor fire,

But all thoxo in their pregnniit causes mixed

Confusedly, and which thus must ever flght.

it '"

f:A
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Unless the almighty Maker them ordain

His dark materials to create more worlds

—

Some tumultuous cloud

Instinct with fire and nitre."

If WO classify men's ideas of the cosmogony according to

the data on which they are founded, we shall find them divis-

ible into three classes. The first class comprises those formed

before the discovery 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.

The 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 tlie mode of thought of the

minds in which they originated tlian aiy 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 egg as large as the

universe, out of which the latter was slowly evolved, is not

founded on even the cr\idest observation, but is purely a result

of the speculative tendency of the Hindoo mind. Tiie Jew-

ish cosmogony is the expression of the monotheistic views of

tliat people, and of the identity of their tutelary divinity with

tlic maker of heaven tind earth. Hipparclius and Ptolemy

BJiowed tlic scientiHc turn of their minds by confining them-

selves to the examination of the universe as it is, without mak-

ing any vain effi>rt to truce its origin.
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Thongh 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

tiir Thus, the views of Swedenborg, though they belong

to tu^ ^ass in question, ai ^ '-..aarkably 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 produced, we shall consider in historical order the works

of those who have actually contributed to placing the laws of

coRinogony on a scientific foundation.

§ 1. The Modern Nebular Hypothesis.

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 sun in circles, not only in the same direction

in which the sun himself revolves on liis axis, but very nearly

in the same plane. This common feature of the motion of

so many bodies could not, by any reasonable possibility, have

been a result of chance ; we are, therefore, forced to believe

that it nuist 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 be

without effect on the planetary motions. Tlicre is, therefore,

i-: • t
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no material connection now existing between the planets

through which they might have been forced to take np 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 the 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 bodies 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 othere, and would thus gather

around them the rare matter which tilled 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 examine the result of this liypothesis 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 [)roduced indirectly by the repul-

sive forces acting among the rarer masses of the condensing

matter, which would give "ise to a whirling motion. But the

laws of mechanics show that the sum total of rotar}' motion in

a system can never bo increased or diminished by the mutual

action of its separate parts, so that the present rotary motions

of the suti and ]»1anets must bo the equivalent of that which

they haJ from the beginning.
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HerscheVs Hypothesis.— It Is remarkable that the idea of

the gradual transmutation of nebulae into stara seems to have

been suggested to Herschel, not by the relations of the solar

system, but by his examinations of the nebulae 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 be gradually condensing, each around its

own centre, or around tliose parts where it is most dense, until

it sliould be transmuted into a star or a cluster of stara. On
classifying the numerous nebulse whicli 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

nebulae, 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 stare had actually begun

to form ; and, finally, star clustere in which the condensation

was complete. As Laplace observes, Herschel followed the

condensation of tho nebulae in much the 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

sanie time. The spectroscopic revelations of the gaseous nat-

ure of the true nebulae tend to strengthen these views of Her-

schel, and to confirm us in the opinion that these masses will

all at some time condense into stare or clusters of stars.

Laplace's Vieio of the Nebular llijpolhesis.—Laplace was led

to tho nebular hypothesis by considerations very similar to

those presented by Kant a few yeare before. The remarkable

uniformity among the directions of rotation of the planets be-

ing something which could not have been the result of chance,

he sought to investigate its probable cause. This cause, ho

thought, could bo nothing else than the atmosphere of the sun,

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 tho play of

attractive and repulsive forces, but with the sun, surrounded

by this immense fiery atmosphere. Knowing, from mechan-

m
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iofll IflWi, tliflfc tho Biim total of rotary motion now seen in tho

plflnetflry syitetn must have been there from the beginning, lie

coneelvos tho immense vaporous mass forming the sun and

hfi atinoiphere to have had a slow rotation on its axis. The

mftsi being intensely hot would slowly cool off, and as it did so

would (sontmot towards the centre. As it contracted, its ve-

locity ©f rotation would, in obedience to one of the funda-

inODtal Inwi of mechanics, constantly increase, so that a time

would ftprlvo when, at the outer boundary of the mass, the cen-

ti'lfugftl forea duo to the rotation would counterbalance the at-

ti'ttoHvo force of the central mass. Then, those outer portions

would l>o loft behind as a revolving ring, while the next inner

portions would continue to contract until, at their boundary,

tho oeiltrlfugftl and attractive forces would be again balanced,

when A iiocoud ring would be left behind, and so on. Thus,

iiistoftd of a continuous atmosphere, the sun would be sur-

roiuidod by a eeries 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

thns the rhig would be composed of a mixed mass, partly solid

and jmrtly vaporous, the quantity of solid matter constantly

hu!i'Ofl*lfig, and that of vapor diminishing. If the ring were

poi'feotly uniform, this condensing process would take place

Oipifllly all 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

mwm portions of the ring would be much denser than othere,

and tho denser portions would gradually attract the rarer por-

tions around it until, instead of a ring, we should have a sin-

gle inasi, composed of a nearly solid centre surrounded by an

liMUiouso atmosphere of fiery vapor. This condensation of the

I'Ing of vapor around a single point would have produced no
ohftligo In tho amount of rotary motion originally existing in

tho ring ; tho planet, surrounded by its fiery atmosphere, would

thoreforo bo in rotation, and would be, in miniature, a repro-

diu^tlnn of tho case of tho sun surrounded by his atmosphere

with which wo set out. In tho same way that the solar at-



THE MODERN NEBULAR HYPOTHESIS. 511

n tUo

ig,he

\ and

The

did so

its ve-

fimda-

a time

he cen-

the at-

)ortion8

tt inner

lundary,

alanced,

.
Thns,

be sur-

apor.

As they

first, and

rtly solid

onstantly

•ing were

ike place

roken np

between

general

an othere,

rarer por-

ave a sin-

ded by an

ion of the

)duced no

pxisting in

ere, would

,, a repro-

ttmosphere

solar at-

mosphere formed itself first into rings, and then these rings

condensed into planets, so, if the planetary atmospheres were

sufficiently 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 bo perfectly uniform

that there could be no denser portion to draw the rest of

the ring ai'ound it, and thns 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

either 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 tlie planets, not only on account of

their extreme rarity, but because their motion would be the

same as that of the planets which move among them.

Such is the celebrated nebular hypothesis of Laplace which

has given rise to so nnich discussion. It commences, not with

a purely nebulous mass, but with the sun surrounded by a

liery atmosphere, out of which the planets were formed. On
this theory tiifs 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 Iiis 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 flat, 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 energy 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 Laplace's theory of the for-

mation of rings. He supposed that when the centiifugal and

I 1
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centripetal 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 wo see that each planet is, on the whole, nearly twice

as far as the one next within it. But there being no cohe-

sion between particles of vapor, such throwing-off of immense
masses of the outside portions of the revolving mass was im-

possible. The moment the forces balanced, the outer portions

of the mass would, indcc<l. 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

tlie 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 outer 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. Hut there would probably be no marked



PROGRESSIVE CHANGES IN OUR SYSTEM. 513

imit of

rotn the

le plac-

ing was

) nearly

owti off,

rly twice

no coUe-

immense

3 was im-

X portions

B sun, and

it; then

)
would be

portions, so

been a flat

ng rings all

all see t\iat

,t the inner

oiiter ones

:ate,wlienit

plar system,

i-ly
spherical,

•ifugal force

ed the form

had gone so

ivly
balanced

BS, the result

of the equa-

)olar regions,

towards the

ive a constant

was reduced

[ate itself into

imo way that

,e no marked

difference in the age of the planets
;
quite likely tlie 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 vaporous mass, from which the

planets were formed, the features presented by this system

could be accounted for. We sre now to show Isow our mod-

ern science reaches a similar i'esult by re^^oning backward

from actions which we see going on before our eyes.

.

.

§ 2. Progressive Charu/es in oxo System.

During the short period within which accurate < iioervations

have been made, no actual permanent change has been rb-

served in our system. The earth, sun, k'! 1 planets remaii> of

the same magnitude, and present the s^me o^ppearance as al-

ways. Tlie stare retain their brilliancy, and, for the most part,

the nebulee their form. Not 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 bnilu'rig, to find a clock running. If

he is ignorant of mechanics, a. ivill see no reason why it may
not have been running just as he now sees it for an indefinite

period, and why the pendiilum may not continue to vibrate,

and the hands to go through their revolutions, so long as the

fabric shall stand. ITo 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

34
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pendulnm in motion. He will then find that this foroo If

transniitted to the pendulum through a train of wlieeU, each

of which moves many times slower than that in front of it,

and that the first wheel is acted upon by a weight, with wliioh

it is connected by a cord. He can see a slow motion iu the

wheel which acts on tlie pendulum, and perhaps in the one

next behind it, while during the short time he has for exami-

nation ho can see no motion in the others. But if ho sees how
the wheels act on each other, he will know that they nimi nil

be in motion ; and when he traces the motion back to the Hr«t

wheel, he sees that its motion must be kept up by a gradual

falling of the weight, though it seems to remain in the ftanio

position. He can then say with entire certainty: " I do not see

this weight move, but I know it must be gradually npproaelw

ing the bottom, because I see a system of tnoving machinery,

the progress of which necessarily involves such a slow fitlling

of the weight. Knowing the number of teeth in each wheel

and pinion, I can compute how many inches it falls each day

;

and seeing how much room it has to fall in, I can tell how
many days it will take to reach tlte 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 pendulum 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 (!un

calculate its ix)sition backward as well as forward. I)y this

calculation I see backward to a time when the weight was

at the top of its course, higher than which it could not be.

Thus, although I see no motion, I see with the eye of reason

that the weight is running through a certain course frwin the

top of the clock to the bottom ; that some power must liavu

wound it up and started it; and that uuIchh the same power

intervenes again, the weight must reach the bottom In a cer-

tain number of days, and the clock must then stop."

The oorre8{>onding progresHivo cliange oxhii)lt(*d by the

operations of nature consists in a constant transforinatioii of

motion into heat, and the coimtant loss of that hoat hy radia'

tion into space. As Sir William Thomson has expressed it,
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a constant "dissipation of energy" is going on in nature.

We all know that the sun has been radiating heat into space

during the whole course 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 pei'forming

its function, is radiated off into space by the earth itself. The
portion of the sun's radiant heat i-eceived 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 beara to the whole celestial 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 sun.

The heat received from them, when condensed in the focus of

a telescope, has been rendered sensible by the thermo-multi-

plier, and there is every reason to believe that stellar heat and

light bear the same proportion to each other tliat 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 aUo. Thus wo have a contin-

uous radiation from all the visible bodies of the universe,

which miist have been going on from the beginning.

Until quite <.cently, it was not known that this radiation

involved the expenditure of a something necessarily limited in

supply, and, consequently, it was not known but that it might

continue forever without any loss of power on the part of the

sun and stars. But 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 foreo is necessarily limited. One of the best-estab-

Hsliod doctrines of modern science is that force can no more

l)e produced from nothing than matter can : to find it so pro-

duced would be as complete a miracle as to see a globe created

from nothiug before our eyes, llonco, this radiation cannot

go on forever unless the force exiwndcd iu producing the heat

bo returned to the sun in sonie form. That it is not now

,:i
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BO returned we may regard as morally certain. There is no

known law of radiation, except that it proceeds out in straight

lines from the radiating centre. If the heat were returned

back to the sun from space, it would have to return to the

centre from all directions ; the 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 case

;

indeed, there ia 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 sun,

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 I'eceived 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 onward course through space forever.

8. It may, through some agency of which we have no con-

ception, be ultimately gathered and returned to the sources

from which it emanated.

The first of those 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 caimot bo

created; and the inductive procesROs on which the latter doc-

trine is founded are almost as unim])oachabIo as those from

which wo con«!liulo that matter catinot be created. At the

same time, it might bo maiiitaiticd that all these doctrines ru-

spccting the uncrcatablencss and itidestructibility of matter

and force can liavo no proper foimdation except induction

from exjwriment, and that the absolute truth of a doctrine

like this cannot l)c proved by inducticm. Especially may this

Ik) claimed in respect of fon-o. The most careful measures of

force whi(!h we can make under all circuiuiitances show that it
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is suhject to no sensihie loss by either transmission or transfor-

mation. But this alone does not prove that it can be subject

to no loss iu 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 trace 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 this idea of the separate identity of each molecule

of matter that our opinion uf the indestructibility of matter is

founded, because matter cannot be destroyed without destroy-

ing individual molecules, and any cause which could destroy a

single molecule might equally destroy all the molecules in the

univeree.

But neither parts nor identity is possible in force. A cor

tain amount of Iieat may be expended in simply raising a

weight. Hero heat hns disa]ii>earcd, nnd is replaced by a

mere change of jiosition— something which cannot be con-

ceived as identical with it. If we let the weight drop, the

same amount of heat will bo 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 in identical with that which was evapo-

rated to form the steam. If tneasiu'es showed it to be less

in (luantity, we eouKl tiot nay there was a destruction of an

identical sumething which pieviounly existed, as we could if

the condensed steam were not e(iual to the water ovapctrafed.

Therefore, while the doctrine of the indestructibility of force

is univei'Hully received as a scientific principle, it can hiiidly

be claimed that induction hiui established its absolute correct-

Ml
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iiess; and, in a case like the present, where we see something

which transcends scientiiic explanation, the failure of the

widest induction 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 conce)>-

tions. We actually receive heat from the most distant star

visible in our telescopes, and this heat has, according to tho

best judgment we can foru], been travelling thousands of

yeara without any loss whatever. From this point of view,

every radiation which has evef^anated 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, duo to some modern writer. If

an intelligent being had an eje so keen that he could see tho

smallest object by the faintest light, and a movement so rapid

that he could pass from one bound of the stellar system to tiie

other in a few years, then, by viewing the earth from a dis-

tance much less than that of the farthest star, ho would see it

by liglA wliich Ixad left it several thousand ycai-s before. By
simply watching, he would see the whole drama of human his-

tory acted over again, except whore the actions had been hid-

den by clouds, or under other obstacles to tho radiation of light.

The light from every human action performed under a clear

sky is still pursuing-its^^course among the stare, and it needs

only the pbwore we have mentioned to place a being in front

of the ray, and let Iiim see the action again.

If the hypothesis now under consideration be the correct

ono, then the heat radiated by the sun and stars is forever lost

to them. There is no known way by which tho heat thus sent

off can be returned to the sun. It is all expended in produc-

ing vibrations in tho ethereal medium which constantly ex-

tend out farther and farther into space.

Tho third hyi)othcsiB, like tho iirst, is a simple conjocturo

]>ermittcd by tho necessary imperfectiuii of our knowledge.
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All the laws of radiation and all onr conceptions of space

lead to the conclusion tliat the radiant heat of the sua can

never be returned to it. Such a return can result only from

space itself having such a cm'vature that what seems to us a

straight line shall return into itself, a& 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 first idea is too purely speculative to admit of dis-

cussion, while the other two suppositions transcend onr science

as completely as does that of an actual annihilation of force.

§ 3. The Sources of the Sun's Heal.

We may regard it as good as an observed fact that the sun

has been radiating heat into void space for thousands or even

millions of yeare, without any apparent diminution of the sup-

ply. One of the most difficult questions of cosmical physics

—

a question the difficulty of which was not seen before the dis-

covery of the conservation of force—has been,How is this snp-

* This ideii belongs to that trnngcendental branch of geometry which, rising

above those conceptions of space derived from our experience, investigates what

may 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 axioms of geom-

etry has no really sound logical foundation, and that the question of the limita-

tions within which they are true is on to be settled by experience. Especially is

this true of the theorem of parallels, no really valid demonHti-ation either that two

parallel straight 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-Euclidian Geometry. The most celebrated and re-

markable of these systems is that of Kiemann, who showed that although we are

obliged to conceive of space as unbounded, since no position is possible which has

not spiice on all sides of it, yet there is no necessity that we shall consider it as

iii^finite. It may return into itself in something the manner of the surface of h

sphere, which, though it has no boundary, yet contains only a finite number of

S(|uare feet, and on which one who travels straight forward indefinitely >«'ill finally

arrive at his starting-point. Although this idea of the finitnde of space transcends

our fundamental conceptions, it does not contradict them, and the most that ex-

porienco ran tell us in the matter is that, though spare bo 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? If we calculate at what rate the tem-

perature of the suu would be lowered annually by the radia-

tion from its surface, we shall find it to be 2^° Fahrenlieit per

annum, supposing its specific heat to be the same as that of

water, and from 5° 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 forn)ation 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 fires are kept up, is out of the question, as new fuel

would have to bo 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

bo enormously greater than any that would arise from the

combustion of the falling 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 are 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 350 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 meteoi-s upon his

sui-face. The fact that the earth in its course around the sun

encounters millions of meteoroids every day is shown by the

frequency of Rliooting- 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 bu|v

posed that great numbei's 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 settled by calculation. It is
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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 cannot be thus accounted for.

Only a minute fraction of all the meteoroids or other bodies

circulating through spuoe or revolving around the sun could

strike that luminary. In order to reach the sun, they would
have to drop dii*ectly to it from space, or be thrown into it

through some disturbance of their orbits produced by planet-

ary attraction. If meteors were as thick as this, the 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 up.

The Contraction Theory.— It is now known that there is

really no necessity for supposing the sun 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 contraction will suffice to make up almost the 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 sun

I'adiates in the form of heat, it is easy, from the mechanical

equivalent of the heat thus radiated, to find by what amount

ho must contract to make it up. It is thus found that, with

the present magnitude of the sun, his whole diameter need

contract but 220 feet a year to produce all the heat which ho

radiates. This amounts, in round numbers, 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
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gaseous bodies, and one which, at firet 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 solidifv or liquefy, this action

ceases to hold, and further contrat n is a cooling process.

We cannot yet say whether the sun has or has not begun to

solidify or liquefy 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 the 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 sufiicient 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 yeare ago than he is now by

four miles, and yet larger in preceding centuries. Knowing

* TliiH curious law of cooling mnsses of gas was discovered by Mr. J. Homer
Lnne, of Washington. This gentleman's paper on the theoretical temperature of

the sun, in the American Journal of Science for July, 1870, contains the most

profound discn^sion 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

is condensed to one-half its primitive diameter, the central attraction upon any

part of its mass will be increased fourfold, while the surface upon which this at-

traction is exercised will be reduced to one-fourth. Hence, the pressure per unit

of suiface will be increased sixteen times, while the density will he increased only

eight 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 may still bo in equilibrium when the diameter is reduced one-half.

A similar paradox is found in the theorem of celestial mechanics—that the eifect

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 apiu'oiich exceeds that lost by the resistance.
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the law of his contraction, we can determine his diameter at

any past time, jnst as 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

great 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-

giiuiing, filled all space, the amount of heat generated by hia

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, mi the mean time, received a miraculous accession

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 teach us that no body can acquire

heat except by changes in its own mass akin to contraction of

its parts, or by recei\ing 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

acquii*e from internal change, and this quantity, as just stated,

would last only 18,000,000 years. In order that the sun

il
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ihoiild reeelve heat from another body, it is not merely neces-

sary that that body should be hotter than the sun, but it would

liAVO tg b@ §0 much hotter that the small fraction of its radi-

ant htiat which reached the sun would be greater than all that

tliO SHti himself radiated. To give an instance of what this

condition roqiiires, we remark that the body must radiate

moi'O hoat tluui the sun in the proportion that the entire vis-

ible uelestiul sphere bears to the apparent angular magnitude

of tlto body as seen from the sun. For instance, if its appar-

ent dlttinoter were twelve degrees, it would seem to fill about

IfAtf Pftl't of ti"' ''elestial sphere, and in order to warm the

flint tit till it Would have to radiate more than three thousand

tiinei Wi tnticli heat as the sun did. Moreo^ er, in order to fur-

nish sufHoloiit heat to last the sun any given length of time,

it would lla^o to stay in the sun's neighboriiood so long that

tlte excess of what the sun received over what he radiated

would fiirttiBh a supply of heat sufficient for that time. We
ciinnot suppose the sun to have received even a supply of a

thousand yoni's of heat in this way without the most extrava-

gant iisstunptiotis respecting the volume, the temperature, and

tlio motion of the body from wliich the heat was received

—

assumptions which, in addition to their extravagance, would

involve tlto complete destruction of the planets by the heat of

tlio Itody, and the total disarrangement of their orbits by its

attraction, if we suppose them to have been in any way pro-

teeted from this heat.

Tito foregoing computation of the limit of time the sun can

liavo been radiating heat is founded on the supposition that

tlte anunint of heat radiated has always been the same. If

wo BUj>pose this amount to have been less formerly than now,

til© perl(»d of tlio sun's existence may have been longer, and

ill the contrary case it may have been shorter. The amount

In question depends on several causes, the effect of which can-

not bo acoiiratcly computed—namely, the magnitude, tcmper-

atiiro, and condition of the solar globe. Supposing a uniform

radiation, tlio diameter of this globe was twice as great nine

niiliioni of years ago as it is now. Its surface was then of
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four times its present extent, so tliat, if it was of the same

nature and at the same temperature as now, there would have

been four times the radiation. But itff density would have

been only one-eighth 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 hesu radiated was no greater than at

present. The probability would seem to be 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

freeze, 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

earth is hotter titan 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

tliat 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 of 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, that it received 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 earth

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. Respecting 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 the 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 yeare. The kernel

of the difficulty 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 the globe was molten, there

would be constant currents between its 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 tlie crust,
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and the latter, thongh only a few feet thick, would operate as

a screen to prevent the 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 ihat 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 yeara; 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. The 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-lumi-

nous, were they not surrounded by immense atmospheres, filled

with clouds aTid vapore, which shut off a great part of the

internal heat, and thus delay the cooling process.

m m
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§ 5. General Conclusions respecting the Nebular HypotlmU,

It would seem from what has been said that the wideRt \w-

dnctions of modern science agree with the specuIatioiM (if

thinking minds in past ages, in presenting the creation of tho

material universe to our view as a process rather than act.

This process began when tho present material universe WiM n

mass of fiery vapor, filling the stellar spaces ; it is litill going

on in its inevitable couree, and it will end when sun and Htura

are reduced to dark and cold masses of dead matter. Tho
thinking reader will, at this stage of the inquiry, very natu-

rally inquire whether this view of the cosmogony U to be

received as an established scientific fact, or only as a ruitult

which science makes more or less probable, but of the validity

of which opinions may reasonably differ. Wo conuldor that

the latter is the more correct view. All scientific coucIunIouh

necessarily rest on the postulate that tho laws of natiii'U arc

absolutely unchangeable, and that their operations have novur

been interfered with by tho action of any supornatiu'al cauHO

;

that is, by any cause not now in operation in nature, or op-

erating in any way different from that in which it has alwayi

done. Tho question of tho correctness of this postulate (h onu

of philosophy and common-sense rather than of science; and
all we can say in its favor is that, as a general rule, tho but-

ter men understand it, the more difficulty they find in doubting

it. And all we can say in favor of the nebular hypothe»iit

amounts to this : that the operations of nature, in their wIduHt

range, when wo trace them back, seem to load u« to it, tM

tho mode of running of tho clock leads to tho conclusion that

it was once wound up.

Ilclmholtz, Thomson, and others have, as wo have explain-

ed, inndo it evident that by tracing back the cooling proccHHtm

we now SCO going forward in nature, we are le<l tu a tiniu

when tho planets were onvelo()cd in the fiery atinoHphiuu of

the Bun, and were therefore themselves in a molten or vapor-

ous form. But tho reverse problem, to show tiiat a nubiijouii

mass would or miglit condense into a Hystom poiwesMing tho
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wonderful symmetry of our solar system—tho planets revolv-

ing round the sun, and the satellites round their primaries

in 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

since been discovered. Laplace's explanation of how the

planets might have been formed 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, filling the whole space now occupied

by tlie planets. Again, when we examine the actual nebulte,

we find very few of them to present that symtnetry of outline

which would lead to their condensation into a system so sym-

metrical as that to which our planet belongs. The double

stars, revolving in orbits of every degree of eccentricity, and

the rings of Saturn, composed apparently of a swarm of small

particles, offer better examples of what we should expect from

tho nebular hypothesis than do the planets and satellites of our

fc}stem.

These difHculties may not be insurmountable. Tho greatest

of them, perhaps, is to show how a ring of vapor surrounding

tlio sun could condense into a single planet encircled by satel-

lites. Tho conditions under which such a result is posBiblc

require to bo investigated mathematically. At tho present

time wo can only say that the nebular hypothesis is indicated

by tho general tendencies of tho laws of nature ; tliat it has

not been proved to bo inconsistent with any fact; that it is

almost a necessary conspqueneo of tho only theory by which

wo can account for the origin and conrfcrvaiion of tho sun's

heat; but that it rests on tho assumption that tliis cojiservation

is to bo explained by tho laws of natur(», us wo now soc thorn

in operation. Should any one bo sceptictal as to tho sufhcionoy

of those laws to account for tlio present state of tilings, rtn'oiu-o

ran furnish no rvidtMice strong enough to overthrow liis doubts

until tho sun hIuiII bo found growing sintillor by actual moas-

l^
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urement, or the nebulae be actually seeu to condense into stars

and systems.

• § 6. The Plurality of Worlds.

When we contemplate the planets as worlds like our 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
question whether other planets are, as a general rule, thus

peopled, is one of the liighest interest to us, not only as in-

volving our place in creation, but as showing 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 tliat 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 modern science is wholly adverse

to speculation on questions for the solution of which no scien-

tific evidence is attainable, and the cutnnion answer of astron-

omers to Jill questions respecting life in other Avorlds would

be that they knew no more on the subject than any one else,

and, having no data to reason from, had not even 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 largo planets, on

one of winch we live. Our telescopes show us other sunj, in

such numbers that they defy count, amounting certainly to

many millions. Are these suns, like our own, centres of plan-

etary systems? If our telescopes could be made jwwerful

enough to show such planets at distanctcs so immense as those

of the lixt'd ntarn, the question would at once bo settled ; but

all the plaiuts of our system would disappca"' •entirely from

the reach of the most powerful telcscoj)es we can ever lio|)e to
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make at a distance far less than that which separates us from
the nearest fixed star. Observation can, therefore, afford us

no information on the subject. We must have recouree to

cosmological considerations, and these may lead to the con-

clusion 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

just shown that the symmetry of foi-m and arrangement seen

in our system is something we could rarely expect to result

from the condensation of masses so irregular as those which

make up the large majority of the nebului, while tlie irreg-

ular orbits of the double stare 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 wo have of their habitability ? 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, oolhing on which oiga.iic life can

be supported. The specuini 'is sometimes indulged in re-

specting the possible hftbitr c '?fy » f the other side of the

moon, which we can never t-.3e> are nothing more than plays

of the imagination. The ;.rimary planets are all too distant

to enable us to form mv carta'n juJ^jinent of the nature of

their surfaces, and tiu. lit^'le '.ve c.tn see indicates that their

constitution is extremely varied. Marc has uvery appearance

of being like our earth in many particulars, and is, therefore,

the planet which we sliould most expect to find inhabited.

Most of the other planets give indications of being surround-

ed by immense atmospheres, filled with clouds and vapors,

through which sight cannot penetrate, a'^d wo can reach no

certain knowledge of what may be under those clouds. On
the whole, wo may coiiBiiler the chmres to bo decidedly

against the idea that any considerable fraction of the heav-

enly bodies are fitted to bo the abode of such atiiuiJils as wo

have on the earth, and that the lunnber of them which have

) il
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the requisites for supporting civilization is a very small frac-

tion indeed of the whole.

This conclusion rests on the assumption that the conditions

of life are. 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 coti-

ditions which surround it, and that the immense 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

inconclusive. 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 cureory examination shows

that while there are no well-defined limits to what may bo

considered as life, the higher forms of animal life are very

far from existing equally under all conditions, and the high-

er the form, the more restricted the conditions. We know
that no animal giving evidence of self-consciousness is devel-

ojHid except under the joint influence of air and water, and

between certain narrow limits of temperature; that only forms

of life which are intellectually very low are developed in the

ocean ; that there is no adapting power exercised by nature 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 our race. The conclusion which we may draw from this

is that, if great changes should occur on the surface of our

globe, if it should bo cooled down to the temperature of the

polos, 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 tttato of things, and no new forms of life of equal ele-

vation would take the place of those destroyed by the change.

Tiiere is not tlio slightest reason for believing that anything

more intelligent than a fish would over live under water, or

anything more intellectual than the Esquimaux ever be sup-

ported in regions as cold as the poles. If wo apply this con-

I
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sideration to the question which now occupies us, we are led

to the conclusion that, in view of the immense diversity of

conditions which probably prevails in the univeree, 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 tlie 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 bo seen by reiiecjting on the brev-

ity of civihzation on our globe, when compared with the exist-

ence of the globe itself as a planet. Tlie latter has probably

been revolving in its orbit ten milVions of years; man has

probably existed on it less than ten thousand years; civiliza-

tion less than foiu' thousand; telescopes little more than two

Inmdred. Had an angel visited it at intervals of ten thousand

ycare to seek for thinking beings, he 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 thousand planets.

It seems, therefore, so far as we can reason from analogy,

that the ]>robabilities are in favor of only a very small frac-

tion of the planets being peopled with intelligent beings.

Ihit when wo reflect that the possible number of the planets

is counted by hundreds of millions, this small fraction may
bo really a very large number, and among this mimber many

may bo peoj)UHl by beings much higher than ouraelves in the

intellectual scale. Hero we may give free rein to our imagi-

nation, with the moral certainty that science will supply noth-

ing tending either to pro o or to disprove any of itn fancies.

W
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LIST OP THE PRINCIPAL GREAT TELESCOPES OP THE WORLD.

A. Reflecting Teleseopet.

Owner, and Place.

The Earl of Rosse, ParBonstowii,'!

Ireland /
A. A. Common, Esq., Ealing,^

England ./
The Observatory of Melbourne,^

Australia /

The ObBervatory of Paris

The Earl of R(>b««-, Parsonstown.'t

Ireland /

Professor Henry Draper, Dobbs^
Feriy, New York /

Tlie Observatory of Toulouse.i

Fmnce /
The Observatory of Mariseilles,^

France /
Mr. liossell, Maidenhead, Eng-\

land /

Cuustmctlun.*

Newtonian

Newt.,S.G.

Gassegr.

Newt.,S.G.

Newtonian.

Cass., S. G.

S.G.

S. G.

Newtonian.

Apertnie.

6 feet.

37 in,

4 feet.

47 in.

3 feet.

28 in.

31.5 in.

31.5 in.

2 feet.

When bmlt, and by whom.

Earl of R.. 1844.

(The owner and
Mr. Culver.

Mr. Grubb, 1870.

{M.Martin and M.
Eichens, 1875.

The owner.

The owner.

M. Poucault.

pi. Foucault and
\ M. Eicliens.

The owner.

I'

MS

B. Refracting Teleseopet.

Owner, and Place,

Tlio Lick Observatory, Mount Hamilton,^
Calif riiiaf j

The In»i)erial Observatory, Pulkowa, Russiaf •

Tlic Iinijerial Observatory, Vienna

U. S. Naval Obsurvatory, Washington

Tlie Universitv "f Virginia

Mr. R. 8. Nuwall, (jatoshcad, England

The Observatory of Strasburg, Gonnoiiy ....

The Observatory of Chicago

Mr. Van tier Zee, Uuffiilu, New York ,

Apertare.

Tno Obm rvutoiy of Hirvard dillo^e, Cain-

hridgis MasH

36 in.

30 in.

27 in.

20 in.

20 in.

25 in.

19 ill.

IH .')in

18 in.

15 in.

Maker, and date.

/A. Clark and Sons,

\ 1882.

/A. Clark and Sons,

\ 1882.

Mr. Grabb, 1881.

!A. Clark and Sons,

1873.

A. Clark and Boub,

1881.

jT. Cooke and Sons,

\ 1870.

Morz and M&hlcr.

j\. Clark and Suns,

\ 18tl2.

Mr. Fitz. ofN. Y.
/Mi'rz and Milhler,

\ 1843.

* In thiR column. "Cumgr." KlKtilflpK the CnHtcftmnUn conntruotlu:., (li^rilnKl on piif(«

ia». S « KiKnlllni tliM till' iiilrror UiifHllvi'Ml kI'"".
* TImm- tvU'M.'oi w. III' whtuh tlio ultJvwt-gliiaii'H uiily ani by tlio Clitrkt, aru still uiiUuislied.

if

ii
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Owner, and Place.

The Royal Observatory, Pulkowa, Russia

Mr. William Huggins, London, England* . . .

.

Lord Lindsay, Aberdeen, Scotland

The Observatory of Lisbon, Portugal

The Observatory, Markree Castle, England . .

.

Hamilton College, Clinton, New York
The Paris Observatoryf
The Allegheny Observatory, Pennsylvania . .

,

Mr. L. M. Rutherfurd. New York
The Dudley Observatory, Albany, New York.

.

The Royal
land^...

Observatory, Greenwich, Eng-

:1

Michigan University, Ann Arbor

Vassar College, Poughkeepsie, New York

The Physical Observatory, Oxford, England . . .

.

The Imperial Observatory, Vienna

The Cambridge Observatory, England
The Royal Observatory, Dublin
Professor Henry Draper, Dobbs Ferrv, New )

York \

The Pritchett Institute, Glasgow, Missouri

Mr. 8. V. White, Brooklyn, New York
The Radcliffu Observatory, Oxford, England.

.

The Lick Observatory, San Jose', California .

.

The Observatory, Bothkamp, Germany
The Observatory, Cordova, South America . .

.

The Observatory, Munich, Germany
The Observatory, C()penhageit Denmark
Tiie Observatory of Cincinnuti, Ohio
Middk'town University, Go'>nectiout

Aperture.

16 in.

16 in.

16 in.

14.8 in.

14 in.

13.6 in.

13 in.

13 in.

13 in.

13 in.

12.6 in.

12.6 in.

12.3 in.

12.2 in.

12 in.

12 in.

12 in.

12 in.

12 in.

12 in.

12 in.

12 in.

11.7 in.

11.2 in.

11 ill.

11 in.

11 in.

12 in.

Maker, and Date.

iMerz and Mahler,

1840.

Mr. Grubb.
Mr. Grubb.
Merz and Miihler.

Mr. Spencer.

M. Eichens.

The owner.

Mr. Fitz, of N. Y.
(Merz and Sons,

1860.

Troughtou and
Simms.

Mr.Fitz,ofN. Y.

j Mr. Fitz, of N. Y.

( A. Clark and Sons.

Mr. Grubb.
{A. Clark and Sous,

1876.

M. Cauchoix.

M. Cauchoix.

j A. Clark and Sons,

( 1876.

] A. Clark and Sons,

j 1876.

A. Clark and Sons.
M. Cauchoix.
/A. Cltrk and Sous,

\ 1881.

Schroeiler.

Air. Fitz, of N. Y.
Merz.
Merz.
Murz.
A. CI irk and Sons.

Bi'sidcs those, the following two telescopes are projected : A fjfreat refractor

for I lie Palis Observatory, to be fijj;ured by tiio brothrrs Henry, of Puris; u
refr.-ctor uf 28 juclies for Yulu CulK ge, by A. Clurk and Sons.

• Tills tclcscoiie belongs to tho Koyul Society, but Is in (xisseMion of Mr. HiiKKins.
+ The ol)|wt.Klii«s Is un old one, but tlio niouiitinit is iii'W, bv I'Mcliciis.

X riiL' ubject-^lusg is by Murz, of Muuiuli, thu luuuutluj; by i'roughtuu MiX Siiiuus.
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and

II.

LIST OF THE MORE REMARKABLE DOUBLE STARS.

COMPILED BT S. W. BURNHAH.

Name.
RiKhtAKtn.

1880.

Dwlination

1880.

Fotiti'n

Angle.
DUtance. Magnltades. Nutea.

H. M. S.
e / • //

S5 Piscium . . . 8 47 8 9 149.8 11.63 6.2 7.8
( White, S. Pale-white:

( violet, Smyth.
38 " ... 11 13 8 12 237.6 4.69 7.0 8.0

42 " ... 16 13 12 49 338.0 29.73 6.8 10.7
( Yellow: blue -green,

( Herschel.

White : ashy.51 " ... 26 12 6 18 82.3 27.42 5.0 9.0

55 "... 83 86 20 47 192.7 6.37 5.0 8.2
( Yellow : deep - red,

Dembowslii.

1} Cassiopeae. .

.

41 43 57 11 140.0 6.86 4.0 7.6 Yellow : purple.

36 Andromeda). 48 32 22 59 36a9 1.34 6.2 6.8 Binary, 349.1 years.

Piscium .... 1 7 14 23 57 227.5 7.98 4.7 10.1 White: blue.

42Ceti 13 41 -1 8 361.4 1.25 6.2 7.2

Polaris 13 45 88 40 210.1 18.27 2.0 9.0

t Sculptoris... 40 1 -25 39 69.6 6.63 6.0 10.0 White : dull red.

a Piscium .... 65 50 2 11 322.2 3.12 2.8 8.9

y Andromeda). 56 82 41 45 62.4 10.33 8.0 6.0
(Yellow: blue. B
( again double, 0".5.

Yellow : blue.1 Trianguli.. .

.

2 5 25 29 45 80.5 3.68 5.0 6.4

I Cassiopea). .

.

19 10 66 62 266.1 2.01 4.2 7.1 A and B.
{

A and C. f• * • • 107.3 7.62 8.1

84Ceti.... ... 35 4 -1 12 324.7 4.63 6.0 9.2 Yellow : ashy.

yCeti 37 5 2 44 289.2 2.67 8.0 6.8 Yellow: blue.

e Arietis 52 21 20 52 201.9 1.26 6.7 6.0 Binary.

( Light - green : ashy.

JPersci 3 46 35 31 32 207.6 12.47 2.7 9.8 \ Other small stars

( in the field.

£ Persei 49 48 89 40 9.2 8.81 8.1 8.3 Pale-white: lilac.

3'J Eridani 4 8 41 -10 83 163.7 6.26 6.0 9.1 Yellow : blue.

Tauri 12 68 27 4 246.6 63.78 6.0 8.0 Red : bluish.

o Urionis 5 7 1 2 48 63.4 7.06 4.7 8.5 Yellow : blue.

^ " 8 46 -8 20 198.8 9.14 1.0 8.0

23 " 16 32 8 26 28.1 31.71 6.0 7.0

n " 18 27 -2 30 83.8 1.11 4.0 5.0 Discovered by Dawes.
X " 28 32 9 61 40.3 4.23 4.0 6.0 Yellow: purple.

0' " ..... 29 23 -5 28 j Sextuple. In the great

} nebula of Orion.

ff " 82 43 -2 4t» 236.5 11.00 4.1 10.8 A and B. |

A and C.
j

* . . * • • * 84.6 12.86 t

?.5

iOrioiiis'.".... 84 42 -2 161.3 2.66 2.0 6.7 Yellow : light-purple.

1 1 Monocerotis. 6 23 -6 57 130.0 7.25 6.0 6.6 A and B. >

B and C.
J

• • • • • • • 101.7 2.46 (1.0

12 Lyncis 36 38 69 34 163.7 1.53 5.2 6.1 A and B.
[

A and C.
\

304.2 8.67 7.4

, 'I
,

.i>.
!
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Nmmi Itlght Aietn,

ISM,
OMllullon

1880.

PoiUi'n

Anglt.
DUUnce. MignitndM. VotM.

M. M. S. ' o .-

ft (}ittilN Maj. .

,

as 6 43 42 17.1 66.88 6.0 9.0 White: blue.

60 80 -13 63 343.6 3.22 4.7 8.0

S (iMtiilnorutn

.

1 12 67 22 12 196.!i 7.14 3.2 8.2

Gni»U>f ,.,,,,, ae 67 82 9 239.3 5.49 2.7 8.7

ANitvk 43 19 -11 64 17.6 3.82 6.3 7.4

(UftHeri, 8 6 19 18 1 180.1 0.74 6.0 6.7 A and B. )

A and C. j"
1 1 t $ t 1 • « 1 • * • • 182.0 6.48 6.6

nnhymii 9 11 28 87 19 240.2 2.69 4.0 6.7

86 HextAHtU .

.

10 18 20 20 27 111.2 3.18 2.0 8.6 Yellow: greenish.

87 7 6 23 240.5 6.72 6.1 7.2 Yellow: blue.

1 ^rm m.

.

, 11 11 48 32 13 317.6 1.09 4.0 4.9 Binary.

M iUm ftfaj.

.

48 61 47 9 36.4 8.71 6.0 8.3 Yellow: blue.

gUom» 68 8 22 8 240.6 3 73 6.0 7.6
It 11

U " 12 29 6 19 2 271.9 20.42 4.7 6.2 « u

y VlrKiiils , . ,

,

m Uotiw
86 86 -0 47 169.3 4.77 3.0 3.0 Binary.

47 28 21 64 25.3 1.43 6.0 7.8 A and B.

)

A and C.
S

1 1 1 1 J 1 « • • • • • * • 124.7 28.60 9.0

M VIpgtnU... 18 87 2 4 9 235.3 3.39 6.8 8.2 Yellow : blue.

14 86 26 14 16 .303.2 1.02 3.5 3.9

« " 89 46 27 36 320.6 2.63 3.0 6.3 Yellow ; blue or green.

« " 46 61 19 86 301.6 6.44 4.7 6.6 Yellow: reddish purple.

44 " 69 61 48 7 239.8 4.80 6.2 6.1 Yellowi«)h : bluish.

ft
" 16 19 68 87 48 171.9 108.46 4.0 A and B. | Binary.

B and C.
)

f 1 1 1 J 1 • • t • • • < 141.9 0.69 6.7 7.8

S Horitentlfl .

.

. 29 6 10 66 196.9 2.66 3.0 4.0 Binary.

HWtm 67 46 -11 8 173.1 1.06 4.9 6.2 A and B. ) Binary.

A and C.
)

1 1 1 t 1 * • • • < * • • 70.3 7.05 7.2

X\Mrm, 16 22 2 -26 10 268.7 3.46 1.0 7.0 Red: green.

Hit 0|tliltidil .

.

17 7 69 -26 25 227.3 6.56 6.0 6.0

a iI«<r«ullM,,. . 9 10 14 32 118.6 4.66 3.0 6.1 Yellow : emerald.

p " .... 19 83 87 16 307.2 3.60 4.0 6.1

70 Ophiui<lil .

.

69 28 2 33 83.7 3.48 4.1 6.1 Yellow : purple. Binary.

i' l-yne 18 40 22 39 83 26.0 8.03 4.6 6.3

\
«• " 40 24 39 29 156.2 2.67 4.9 6.2

i " 40 88 37 29 149.7 48.71 4.2 6.6

?«::;::
19 26 63 27 42 66.7 34.29 3.0 6.3 Golden yellow ; blue.

48 89 18 61 312.8 8.49 6.7 8.8 Light-green: blue.

( Draeuiilri . , .

,

48 84 69 68 364.5 2.79 4.0 7.6 Yellow: blue.

dHfittittie

4««ij'K»il

20 4 89 20 33 326.7 11.40 6.0 8.3

80 11 31 63 49.4 2.74 6.0 8.1 Yellow: blue.

« K<(iiuy 68 6 3 60 283.9 0.06 5.2 6.2 A and B. )

A, B, and C. S1 t 1 4 i 1 > < • • • t • • 76.2 10.83 7.1

lit AuuAflL ,

.

67 44 -6 18 189.6 2.66 6.6 7.7 Yellowish : blue.

«U'yKiil

fi Hp|)IibI , , .

,

21 1 14 38 8 116.6 19.65 5.3 6.9

27 6 70 2 260.0 13.57 3.0 8.0 Light-green : blue.

4i Aqiinrll,..

.

22 7 40 -21 40 119.4 4.08 6.0 8.6 Yellow: blue.

ftU " , , .

.

20 8 -17 21 304.6 8.20 6.0 6.3 White: yellow.

« " .... 22 39 -0 38 3.S4.5 3.40 4.0 4.1 Binary.
|L "

, ,

,

28 9 36 -9 44 312.2 49.63 4.6 8.5 Yellow: blue.

»f f«|tKlt»|H'»' . , 62 66 66 6 323.4 3.01 5.4 7.5 White: blue.

Nrttifc-

mifth,

'the BigH minus (-) bcfoio dccliuatluns menus sotUh; without the sign, it is
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III.

LIST OF THE MORE INTERESTING AND REMARKABLE NEBULA AND
''TAR CLUSTERS.

Lc Bign, It is

47 Toucani cluster

Great nebula of Andromeda

,

Nebula

Tempers variable nebula. . .

,

Hind's variable nebula

Globular cluster

Great nebula of Orion ,

Chacomac's variable nebula

Nebula around t Orionis . . .

Looped nebula

Cluster and nebula Mess. 46

Star cluster

" " Mess. 67

Planetary nebula

Nebula

Planetary nebula
<i <(

U II

Spiral nebula
II II

Nebula
II

Star cluster

Bifid nebula

Cluster around w Ccntauri

.

Spiral or ring nebula

Spiral nebula
II II

Cluster

R. A. 1880. Dm. 18«0.

H. M. o <

19 72 46 S.

86 40 37 N.

42 25 67 S.

3 29 36 32 S.

S 39 23 23 N.

4 15 19 14 N.

6 9 68 55 S.

6 10 40 11 S.

6 29 6 29 S.

6 30 21 8 N.

6 30 1 17 S.

6 39 69 10 S.

1 36 14 32 S.

7 48 38 13 S.

8 46 12 15 N.

9 11 36 7S.
9 18 57 47 S.

9 46 69 38 N.

10 2 39 51 S.

10 19 18 2 S.

11 8 55 40 N.

12 13 16 5 N.

12 17 16 29 N.

12 34 10 57 S.

12 36 33 12 N.

13 7 18 48 N.

13 18 42 23 S.

13 20 46 41 S.

iZ 25 47 49 N.

13 30 29 16 S.

13 32 17 16 S.

13 37 28 69 N.

! ij

If

i

a
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ObjMt. R. A. 1880. Dm. 1680.

Cluster

H. M.

16 12

16 38

16 10

16 37

16 41

16 61

16 62

16 64

17 14

17 22

17 31

17 66

17 67

18 14

18 29

18 49

19 6

19 64

20 11

20 17

20 40

20 68

21 27

21 84

28 20

o <

2 88 N.

37 23 S.

22 41 S.

86 42 N.

1 44 S.

8 64 S.

44 29 S.

29 66 S.

38 21 S.

23 89 S.

3 10 8.

28 2 8.

24 21 8.

16 18 S.

24 OS.

82 63 N.

60 N.

22 24 N.

80 12 N.

19 44 N.

80 17 N.

11 60S.

1 22 8.

23 48 S.

41 68 N.

u

Resolvable nebula

Great Cluster of Hercules

Cluster.

ti

«

ti

Small annular nebula
II II 11

Cluster

Trifid nebula

Nebulous cluster.

Hooked nebula

Cluster

Annular nebula of Lyra

Variable nebula

Dumb-bell nebula

Small annular nebula

Planetary nebula

Nebula around k Cygnl

Planetary nebula

Cluster
ti

Blue nlanetarr nebula

To fucilitato the fliuling of the above nebnlie and olnsters, their posU

tiuns mo marked uu the Htur-uiaps with small cii*cle8.
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VI.

ELEMENTS OF THE SMALL PLANETS.

COMPILED BY D. P. TODD.

Sign mi Nmne.

(I) Cere

(8) Pallas

(8) Juno

(4) Vesta.

(6) Astraa

(8) Hebe
(T) Irli

(8) Flora.

(») Metis.

(10)U7gela

(II) Partbenope

(12) Victoria....

(13) Egeria

(14) Irene

(IB)Eanomla...

(16) Psyche

(IT) Thetis

(15) Melpomene.

(1») Fortuna. . .

.

(<0)Massalia...

(81)Lntetla

(S9)Callinpo....

(2a) Thalia

(24) Themis.....

(in) I'hociea

(2(1) Properpino

.

(27) Euterpe....

(28) Bcllona . . .

.

(20) Amphltrilo.

(30)Urmila

II

1801

1802

1804

180T

1846

1847

1847

1847

1848

1849

1800

1860

1360

1861

1861

1868

1868

1808

1868

1863

1863

1863

1868

1861)

1863

1S63

1S68

1864

1 864

lS6t

DiKoverer.

Plazzi

Olbers

Harding

Olbers

Hencke

Uencke.

Hind
Hind
Graham
Qasparla

Oosparis

Ulud
Oosparis

Hind
Oasparis

Oasparis

Lnther.

Hind
Hind
Oaspnris. . . .

.

Onldscbmidt

Hind
Hind
Oaspnris

Cbacornnc...

Lnther.

Hind
Lnther

Mnrth

Illiid

h

8.98

8.48

3.86

2.67

8.06

8.98

3.94

3.66

2.08

8.49

8.70

3.84

8.80

8.01

8.14

8.88

8.79

3.80

8.88

2.76

8.88

8.20

8.84

8.63

8.01

8.89

8.76

8.80

2.T1

2.00

8.66

8.11

1.98

2.16

8.10

1.98

1.88

1.86

8.09

8.80

3.81

1.83

8.86

8.17

8.16

8.68

8.16

1.80

3.05

8.06

8.04

3.08

8.08

8.76

1.79

8.42

1.94

3.36

2.84

2.INI

II

770.8

768.9

814.1

977.8

866.9

989.9

903.6

1086.8

963.8

036.4

9840

994.3

867.0

861.0

83B.4

710.8

918.4

1080.1

980.1

948.9

088.6

716.8

888.4

030.0

964.8

819.7

980.7

766.0

800.0

07ft.4

II

Yn.

4.61

4.62

4.36

3.63

4.14

8.78

8.09

8.87

a69

6.68

8.84

8.67

414
417
4.80

4.99

8.80

8.48

3.88

8.74

8.80

4.90

4.87

6.60

8.73

483
8.00

468

4.0U

:i.n4

0.077

0.238

0.267

0.080

0.186

0.808

0.381

0.166

0.128

0.109

0.100

0.319

0.087

0.103

0.187

0.189

0.139

0.818

0.169

0.148

0.163

0.101

0.881

0.184

0.866

0.08T

0.174

0.168

0.074

0.127

ll

160.0

138.0

64.9

360.9

184.9

16.8

41.4

88.9

71.1

238.8

817.9

801.7

120.8

180.3

87.9

16.1

861.8

16.1

81.1

99.1

827.1

60.9

128.8

1441

808.8

230.4

88.0

182.4

60.4

32.1

.3
°

o

80.8

178.8

170.9

103.6

141.6

188.7

360.8

110.8

08.6

886.6

136.8

836.0

43.2

86.3

893.9

160.6

126.4

160.1

811.6

806.0

80.6

66.6

07.7

86.S

8148

46.9

08.9

144.7

.160.7

8»8.l

10.6

34.7

18.0

7.1

6.8

148

6.6

6.0

6.6

8.8

46
8.4

10.6

0.1

11.7

8.1

6.6

10.8

1.6

0.7

8.1

13.7

10.8

0.8

21.6

8.6

1.0

0.4

0.1

8.1

"I

8.760

8.771

2.003

8.361

8.679

8.424

8.886

8.201

8,887

8.144

8.462

8.334

8.877

8.601

8.644

8.081

3.473

3.200

2.442

2.400

8.486

2.0O9

8.620

8.1.10

2,400

3.or>o

2.347

2.777

2.626

2.306
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1 l|
-

1

o

10.6 8.T09

34.T 2.TTI

13.0 1 2.003
1

T.l 2.801

6.S S.6T9 1

r 14.8 2.424 1
1 6.6 8.886

6.9 2.201

t 6.6 2.88T

\ 3.8 8.144

4.0 2.482

8.4 2.884

10.6 2.67T

9.1 2.891

U.T 2.6*4

) 8.1 2.981

1 6.6 2.4T3

I 10.2 2.290

i 1.6|2.44'2

1 0.T 2.409

8.1 8.486

1 18.T 2.909

1 10.8 8.029

0.8 8.180

I
41.6 2.400

8.6 3.080

1.0 2.S47

9.4 '2.T77

0.1 2.82ft

g.l 8.808

Sign and Nftm*.

(81) Enpbroeyne

.

1864

(88) Pomona 1864

(88) Polyhymnia. 1884

(84) Circe 18C6

(86) Leacothea. .

.

1866

(3<) Atalanta .

.

(87) Fides

(88)Leda

(89)L«Btitla....

(40) Harmonia.

(41) Daphne

.

(48)Iei8

(48) Ariadne.

(44)Ny8U

(46) Eugenia.

(46)He8tla...

(47)Ag1aia...

(48)Oori8....

(49)Palei>....

(60) Virginia.

(61)Nemnnea....

(68)Europa

(68) Calypso

(64) Alexandra. .

.

(66) Pandora.....

(66) Melete

(87) Mnemosyne.

(68) Concordia.

.

.

(69)Elpi8

(60) Echo

(61)Daua6....

(69) Erato

(68) Ansonli).

.

(64) Angelina.

(66) Cybele . .

,

(66) Mala

(67) Asia

(68)Leto

(69) Ilesperia

.

(70) Paiiopan.

(7l)Niol»e....

(78) Feronia ,

.

(T8)0lytla....

(74) Galatea...

(7e)Enrydice.

1866

1868

1860

1886

1866

1866

1866

1867

1867

1867

1867

1887

1887

1887

1867

186S

1S8S

1868

1868

1868

1867

1869

1860

1860

1860

i860

1800

1861

1861

1861

1861

1861

1861

1801

1801

1861

1801

1862

1868

1868

DiMOTerer.

Fergn»on

OoldBchmidt.

.

Chacornac...

Chacornac. . .

.

Lntber.

Goldschmidt .

.

Lnther

Chacornac

Chacornac

Goldschmidt. .

.

Guld«cbmidt...

Poggon

PogFon... ....

Giildechmidl...

Ooldschroidt. .

.

Pogeon
Lnther.

Ooldschmidt.

GoldBchmidt. .

.

FergnsoD...

Lanrent

Goldschmidt.

.

Luther.

Goldschmidt.

.

Searle

Goldschmidt.

Luther

Lnther

Chacornac. .

.

Ferguson....

Ooldschmidt.

Foerster

Gaeparis

Tempel
Tempel

o5

Tuttle

Pogsou

Luther.

SchlAparelli.

.

Goldschmidt.

Lnther,

.

Peters..

Tuttle..

Tempel.

Peters,.

8.86

2.80

B.S3

8.97

8.66

8.67

3.11

3.16

3.08

2.37

8.61

2.99

2.67

•i.79

2.04

2.94

.1.26

3.33

8.81

3.41

8.62

8.36

8.16

8.26

3.16

8.21

3.80

2.81

8.i»

8.83

3.47

H.07

2.09

3.02

3.80

8.09

a.h7

B.B()

8.49

a.oo

8.88

8.84

8.78

8.44

H.49

.. 8

5

2.46

8.87

1.89

8.40

2.38

1.92

2.17

2.32

2.46

2,16

2.08

1.80

1.88

2.00

2.80

8.11

2.60

2.89

8.86

1.90

8.81

8.70

8.08

8.17

8.87

1.98

2.S1

8.80

8.40

1.08

2.60

2.60

2.10

2.34

8.08

2.21

1.97

2.20

8.47

8.14

8.88

1.99

2.88

8.18

1.R8

tl

639.3

862.6

738.8

806.8

OS8.0

780.0

826.4

7S2.1

769.8

1080.3

778.3

9.10.9

10S8.0

940.6

791.0

SS4.0

728.9

646.4

686.8

821.6

978.4

661.2

830.8

798.6

774.0

848.1

638.0

79».fl

794.0

968.3

687.6

040.9

988.6

808.8

688.9

824.6

941.8

-1)6.8

089.9

839,6

778.4

1040.1

S15.4

708.0

S12.8

Yn.

6.69

4.16

4.84

4.41

6.18

4.86

4.30

4.64

4.61

8.42

4,69

3.81

8.27

8.78

4.49

4.02

4.89

6.49

6.48

4.38

8.64

6.46

4.86

4.46

4.69

4.19

8.01

4.44

4.47

B.70

6.16

6.84

3.78

4.89

0.88

4.38

8.77

4.04

6.18

4.28

4.88

8.41

4.88

4.64

4.37

0.888

0.088

0.340

0.107

0.824

0.308

0.177

0.184

0,111

0.047

0.870

0.226

0.107

0.161

0.0S8

0.166

0.130

0.071

0.286

0.886

0,067

0.109

0.204

0.199

0.148

0.836

0.109

0.048

0.117

0.184

0.162

0.173

0.124

0.188

0,110

0,106

0,180

0.188

0.170

0.183

0.178

0.120

0.042

0.238

0.306

SI

93.4

193.4

342,4

148.7

208,4

42.9

66,8

101.2

8.8

0.9

880,0

318.0

278.0

112.2

829.0

864.2

312.8

70.3

81.6

10.1

176.8

107.1

894.3

18.1

894.6

84.1

189,2

18.4

98.6

844.1

88,8

870.4

128.7

260.8

46.4

806.4

846,8

108.8

29t».8

221.3

808.0

67.0

8.6

33^^

•2 *

-I

o

81.6

220.7

9.8

184.8

866.8

869.4

8.8

896.4

167.4

98.6

179.8

84.6

264.9

181.1

14S.8

181.6

4.8

186.2

290.7

178.8

176.0

189.7

144.0

813.8

10.9

194.1

800.2

161.4

170.4

198.1

884.8

126.7

888,0

311.8

168.8

8.8

202.8

48.0

1.S7.2

48,0

316.8

207.8

7,9

107.9

35!Mt

96.6

6.6

1,9

6.4

8.2

18.7

8.1

7.0

10.4

4.8

16.0

8.6

3,6

8.7

6.6

8,8

6.0

6.6

3.1

8.8

10,0

7,4

6,1

11.8

7,8

8.0

18,2

6.0

8.6

3.6

18.2

8.8

6.8

1.8

8.6

8.1

6.0

8.0

8.8

11.6

88.H

84
8.4

4.0

8.0

8.148

S.68T

8.861

8.686

8.994

8.746

2.648

2.740

9.7T0

8.86T

2,761

2,440

8.208

2,428

2.720

2.886

2.880

3.118

8.084

8.662

2.866

8.026

2.620

2.7«)0

2.760

2.696

8.186

8.700

2.713

8.393

2.987

8.180

2.81)8

8.081

3.428

8.680

8.422

2.781

2,980

2.614

8.786

8.266

8066

2.7SO

2.072

I

I
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Sign ud Name.

(T6) Freia

(TT) Fiigga

(T8) Dinna

(T9) Eiiryuome..

(80) Sappho

(81) Terpsichore

(82) Alcnieue . .

.

(83) Beatrix.....

(84) Clio

(86) lo

(86) Semele

(87) Sylvia

(88) Thisbe

(89) Julia

(90) Antiope....

(91) ^gina
(92) Undiiia

(93) Miuerva....

(94) Aurora

(96) Arethusa...

(96) iEgle

(97) Clotho

(98) laiithe

(99) Dilte

(lUO) Ileliatc

(101) Helena

(102) Miriam

(103)Uera

(104) Clyineiie . .

.

(106) Artemis....

(t06)Diuiie

(t07) Camilla....

(108) Hecuba
(109)Fellcita8...

(nO)Lydia

(111) Ate

(112) Iphlgeuia .

.

(US) Amitlthea .

.

(114) Cassandra..

(116)Thyra

(116)8iroDa.

(117)Lomla

(lt8)Peltho

(110) Althnn

(120)LaclicHl8....

1868

1368

1868

1868

1864

1864

1864

1865

1866

1866

1866

1866

1866

1866

1866

1866

1867

1867

1867

1867

1868

1S6S

1868

1868

1868

1868

1868

1868

1868

1868

1868

1868

1809

1869

1870

1870

1870

1871

1871

1871

1871

1871

1878

1872

1872

DiKOTflrer.

D'Arrest

Peters

Luther

Watson
Pogson

Tempel
Luther

Gasparis.

Luther.

Peters

Tiefjen

Pogson
Peters

Stephan

Luther

Stephan

Peters

Watiiou

WutsoD

Luther.

Coggla

Tempel
Peters

Borelly

Wats^/U

Watson
Peters

Watson

Watsou
Watson

Watson
Pogson

Luther

Peters

Borelly

Peters

Peters

Luther

Peters

Watson

Peters

Borelly

Luther

Watson
Borelly

II

4.00

3.08

3.16

2.99

8.76

8.45

3.88

8.64

2.92

3.16

8.76

8.76

8.81

8.01

8.68

8.87

3.61

8.14

8.44

3.68

8.48

8.86

3.eo

8.46

8.60

8.94

8.47

8.08

8.70

179

8.73

4.00

3.64

8.60

8.94

8.86

2.74

2.68

S.06

2.84

3.16

8.06

2.83

2.79

3.27

- 8

n
5

8.88

8.31

8.08

1.97

1.84

2.25

8.16

2.82

1.80

8.15

2.46

8.81

2.32

8.09

8.61

8.81

2.86

3.37

8.89

2.«3

2.08

1.98

8.18

t.13

8.68

8.83

1.86

8.48

8.60

1.96

8.69

3.18

8.88

1.89

8.68

8.32

8.12

2.17

8.80

1.92

2.87

8.92

2.06

2.86

2.97

tl

It

663.7

812.8

836.3

988.9

1019.8

736.3

771.4

936.7

•76.9

820.7

•46.3

646.0

770.8

870.8

636.3

861.8

023.7

776.6

630.7

667.7

666.8

814.2

804.8

769.7

652.5

864.8

817.0

799.1

636.0

970.1

631.6

628.3

616.4

8U2.0

785.4

849.9

084.7

068.8

810.0

966,9

770.0

086.0

931.9

866.0

643.R

Yn.

6.30

•1.37

4.26

8.82

3.48

4.82

4.60

&79
3.63

4.83

6.49

6.60

4.61

4.08

5.58

4.17

6.69

4.67

6.03

5.40

5.38

4.36

4.41

4.68

6.44

4.16

4.36

4.44

5.59

3.66

6.68

6.78

6.76

4.43

4.62

4.18

3.80

3.06

438
8.67

4.60

5.18

8.81

4.16

6,52

0.174

0.134

0.206

0.194

0.800

0.811

0.831

0.086

0.836

0.191

0.310

0.079

0.160

0.180

0.169

0.108

0.108

0.140

0.086

0.144

0.140

0.268

0.189

0.238

0.164

0.188

0.303

O.OSO

0.174

0.176

0.181

0.128

0.103

0.300

0.077

0.105

0.128

0.087

0.140

0.194

0.148

0.028

0.161

0.088

0.047

o

92.8

60.4

181.8

44.4

866.8

48.7

188.4

191.8

839.3

382.6

89.7

836.4

809.8

853.4

801.1

80.8

330.8

274.7

40.0

81.2

65.6

147.6

840.0

807.7

827.4

864.6

321.0

68.8

248.8

27.0

112.8

173.6

66.0

336.8

108.7

838.3

198.7

103.1

43.0

162.8

48.8

77.6

13,4

214.0

o

318.2

8.0

884.1

206.7

318.7

8.7

37.0

27.6

387.5

203.9

88.1

76.1

277.6

311.7

71.4

11.1

108.0

6.1

4.0

344.8

163.8 ^33.8

160.7

354.4

41.7

138.8

843.7

312.0

136.3

44.0

188.0

63.4

176.T

358.4

4.9

67.8

306.8

824.0

188.8

164.4

309.1

64.4

349.6

47.5

204.0

343.9

o

8.0

8.6

8.6

4.0

8.6

7.9

8.9

6.0

9.4

11.9

4.8

10.9

5.8

16.8

3.3

3.1

9.9

8.6

8.1

18.9

16.1

11.8

15.6

13.9

6.4

10.2

6.1

6.4

8.9

81.6

4.6

9.8

4.4

8.0

6.0

4.9

8.6

6.0

4.9

11.6

3.0

16,0

7.8

5.R

7.(1

a 8

8.409

8.672

3.623

2.444

8.296

3.863

8.700

2.430

8.308

3.664

8.112

8.433

3.769

8.661

8.146

8.580

8.187

8.754

8.163

3.076

8.060

2.663

2.689

2.797

8.092

3.684

2.662

8.701

8.149

8.374

8.160

8.660

8.312

8.605

3.738

8.503

3.433

8.870

8.676

3.879

2.767

8.991

2.488

2.680

8.121
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8.0

8.fi

8.6

4.0

8.6

S.409

8.6T2

8.623
I

8.4441

8.896

T.9 8.6B8

8.9 1 8.T00

S.0 8.430

9.4 8.303

U.9 1 8.664

4.8 8.118 1

10,9 8.432'

6.2 8.T69|

16.2 2.6BI

2.8 8.145
I

2.1 1 8.B89 I

9.9 8.18T

8.6 8.7M

11 8.1 8.103
j

( 12.9 8.0T6

16.1 8.060

11.8 1 2.663

16.6
I

2.689
I

13.9 2.797

6.4 8.092
I

|l0.2 2.B84I

6.1 2.662

D.4 8.701 I

8.0

181.5

8.149

8.874

4.6 8.160

9.8 8.660

4.4 3.812
I

8.0 8.606

6.0 8.738

4.9

8.6

^o
4.9

8.593

8.488

8.870

8.670

1
11.6 8.379

L41 8.0 2.707
I

U 15.0 a.wi

1.6 7.8 2.488 1

|.ol B.8 2.680

7.0 8.121 I

81(0 Mid Num.

(181)Hennioue..

(188)aerda

(128) Bruubtlda.

,

(ia4)Alceste

(126)Liberatr!z..

(186)Telleda....,

(187) Johauua....

(123) Nemesis....

(189) Antigone..

c

(180) Electro

(131)Vala

(132)iBt]u'a

(133)Cyrene

(134) Snptarosyne,

(136)HerUia

(130)AnBtria...

(137) Mellboea.

(138)Tolo8a...

(139) Jnewa...

(140)SIwa

(141)Liimeu...

(142)Pi>liiiia...

(143)Adria

(144)Vibilia....

(146) Adeona .

.

(146) Lnclna .

.

(147) Prutogeueia

(148) Gallia...

(149) Medusa.
(160)Nuwa...

(161) Abundaiitia.

(162) Aula....

(163) Hilda....

(154) Bertha...

(lB6)Scylla...

DIscoTcrer.

(166) Xanthippe.

(ie7)DeJanira...

(168) Coroiiie .

'.

.

(15B),£mina...

(too) Una

(161)Athor

(168) Lanreutia

.

(16S)Erigone...

(164) Eva

(186) Lor«1«7 . ,

.

1378

1878

1878

1878

1878

1872

1878

1872

1878

1873

1873

1373

1878

1878

1874

1874

1874

1374

1874

1874

1876

137S

1875

1376

1875

1376

18V6

1376

1875

1376

1376

1875

1876

1875

1376

1375

1875

1876

1876

Watson
Peters

Peters

Peters

Prosper Henry.

Paul Henry. . .

.

Prosper Henry,

Watson

Peters

Peters

1876

1376

1876

1876

1876

Peters. .

.

Watson..

Watson.

Luther .

.

Peters. .

,

Pallsa...

Polisa. .

.

Perrotin.

Watson..

Palisa. .

.

Paul Henry..

Palisa

Palisa

Peters

Peters

Borelly

SchnlhoC

Prosper Henry,

Perrotin

Watson 3.37

Palisa

Paul Henry. . .

.

Palisa

Procper Hctiry.

Palisa

1876 Peters.

Palisa

Borelly

Knorre

Paul Henry...

Watson
Prosper Henry.

Perrotin

Pant Henry...,

Peters

3.89

3.34

3.08

2.83

2.9C

8.70

2.94

8.10

3.47

3.77

8.R0

8.48

2.87

2.98

8.43

8.78

2.86

3.27

3.32

8.23

2.74

2.06

3.87

8.00

2.91

3.22

8.28

8.39

.. S

H

2.68

3.41

403
3.40

8.06

8.S4

8.13

3.08

8.45

2.90

8.69

3.66

3.U
3.36

3.36

8.02

8.09

2.87

8.43

3.53

2.18

8.59

8.40

8.23

8.47

8.88

1.00

8.03

8.20

1.93

8.09

2.48

2.05

8.29

8.14

2.10

2.10

8.60

8.03

2.83

2.53

3.06

2.26

1.88

2.59

8.60

2.36

8.27

2.92

661.6

015.6

801.3

882.0

780.7

931.0

776.3

777.8

727.2

042.9

042.3

846.4

603.0

804.0

93ai

1020.4

041.9

9260

706.8

786.1

814.6

942.9

773.0

881.3

815.4

Yn.

0.43

5.76

4.48

4.86

454

8.81

4.68

4.56

488
6.52

8.77

419
5.86

410
8.78

8.40

5.53

3.S3

468
451

486
8.76

4.69

432
4.36

1

789.') 449

O."'-,' J6.66

7.'..'-; -.01

1139.21 t.ll

689.3 ii.\B

860.7

039.0

461,0

022.4

3.17 718.8

2.24

2.04

2.7?

8.77

8.66

8.05

3.49

1.99

1.78

3.89

670.8

864.8

780.6

647.7

787.2

070.0

073.1

981.1

829.7

642.1

417
6.66

7.86

6.70

407

6.29

4.15

4.80

&43
461

8.66

6.27

3.62

423
6.63

I u
a;

0.126

0.040

0.188

0.077

0.077

0.107

0.067

0.128

0.208

0.203

aosi

0.883

0.140

0.118

0.306

0.034

0.208

0.102

0.177

0.317

0.211

0.133

0.073

0.236

0.130

0.070

0.020

0.136

0.110

0.181

0.036

0.087

0.173

0.034

U.860

0.864

0.811

0.068

0.110

0.063

0.186

0.177

0.160

0.347

0.070

868.6

304.6

70.0

344.8

373.9

847.8

120.0

10.8

241.8

80.5

267.9

168.8

847.3

67.6

819.9

816.1

308.0

311.4

164.6

800.8

18.9

219.9

822.6

7.3

118.6

810.1

80.0

80.1

846.7

867.1

167.8

84.9

386.8

184.4

82.0

166.0

107.4

68.0

101.8

56.0

818.8

146,8

93.8

369.6

277.0

70.8

178.7

808.5

183.4

109.6

33.1

81.8

76.6

137.9

140.0

66.8

268.7

321.1

846.4

848.9

186.1

204.4

548
8.4

107.1

319.1

292.3

833.7

76.8

77.7

84.2

261,2

146.2

100.1

207.6

88.9

41.6

326.3

87.7

42.9

846.2

62,6

381.8

186.8

0.4

18.8

8a3
168,1

77.6

304.1

T.6

1.0

6.4

8.9

46

8.9

8.3

6.3

12.8

82.9

48
24.9

7.2

11.6

8.3

9.6

13.4

8.8

11.0

8.8

18.0

3.8

11.6

48
18.8

13.8

1.9

86.4

1,1

3.1

8.6

13.8

7.9

81.0

141

7.6

12.0

1.0

6.1

8.0

9.9

8.2

47
24,4

11.2

l|

8.469

8.216

2.695

2.680

2.744

2.440

8.766

8.751

8.876

8.183

8.480

2.600

8.058

8.608

3.428

8.286

3.126

2.449

3.779

8.731

2.667

2.419

2.762

8.653

8.666

2.722

8.187

2.770

2.133

8.081

8.681

3.136

3.962

8.191

2,918

3.088

3.683

8.868

3.107

8.729

8.874

8.089

8.868

2.636

8.126

•

i

i ^
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41*

8I|B ind Num.

(IM) Rbodope...

(187)UrdB

(168) Sibylla....

(169)ZeUa

(170) Maria

(ITl) Ophelia...

(178) Baucis

(lT3)Ioo

(1T4) Phaedra...

(ITS) Andromache.

(lT6)Idanna....

(ITT)Inna

(lT8)B«li8aua...

(1T9) Clytemnestra

(160)Garamua....

(iSDEachnris....

(182)Bl8a

(183)l8tria

(184)Detopea

(188) Eunice

(iS6)Celata

(187) Lnmberta . .

.

(188)Menippe....

(18»)Pbthin

(I90)lemeue

(191)CulKa

(192) NaoHlcaa—
(198) Ambroeia.. .

.

(l«4)Prokne

(l9B)Baryclea....

(196) Philomela. .

.

(197) Arete

(198) Ainpelia. ....

(ig9)Dybli»

(200) Dynameue .

.

(201) Penelope....

(208) ChryselB ....

(203) Pompela....

(204) CiUliBto

(206)

(906)Henilia

(207)

(208)

(209) Dido
(210)

1876

1870

1876

1876

1877

1877

1877

1877

1877

1877

1877

18TT

1877

1877

1878

1878

1878

1673

1878

1373

1878

1878

1878

1873

1878

1873

1879

1879

1879

1870

1679

1879

1879

1879

1879

1679

1870

1879

1879

1879

1879

1879

1879

1879

13T9

Dboorenr,

Peters

Peters

Watson
Prosper Heury
Perrotin

Borelly

Borelly

Borelly

Watsou

Watson

Peters

Paal Heury...

Palisa

Watson
Perrotin

Cottenot..

Palisa....

Palisa . . .

.

Palisa....

Peters

—

Prosper Heury
Coggia

Peters

Peters

Peters

Peters..

Palisa .

.

Coggia

.

Peters .

.

Palisa .

.

Peters .

.

Palisa .

.

Borelly.

Peters .

.

Peters .

.

Palisa

.

Peters.

Peters.

Palisa

.

Palisa

.

Peters.

Pulisik

.

Palisa

.

Peters

.

Paliva

.

^1

3.87

4.88

3.62

8.67

8.78

8.61

8.66

8.81

8.29

4.72

3.71

3.40

8.60

3.S0

8.19

3.81

2.37

3.70

3.42

3.00

8.72

3.38

8.48

8.64

4.67

8.13

8.99

8.81

8.84

3.14

3.10

8.80

3.01

8.72

3.10

8.16

3.38

8.90

8.14

8.

I

8.18

8.88

8.14

2.06

8.89

8.79

8.11

8.18

8.43

8.28

8.07

8.13

8.32

8.66

8.80

8.43

1.97

1.82

8.96

8.39

8.01

8.10

8.81

8.86

8.30

8.66

i.Sl

184
8.00

8.01

3.07

8.29

1.90

8.09

2.37

8.19

8.79

2.68

2.20

8.63

8.86

8.02

8.86

3.18

8.22

2.72

2.93

2.37

803.0

614.6

670.0

978.6

808.8

636.6

966.4

780.2

732.1

641.0

028.6

774.7

920.1

C98.8

7ST.4

644.0

944.0

766.4

623.8

783.1

977.1

782.4

748.3

926.0

464.1

722.8

962.6

868.3

830.9

728.9

663.8

731.0

022.9

018.2

783.8

809.9

6B6.0

782.8

812.0

706.7

1027.4

729.1

037.1

7.SO.O

Yn.

4.48

6.77

6.22

a63
4.08

6.68

8.67

4.66

4.88

6.86

8.70

4.63

8.86

6.13

4.61

6.61

8.76

4.69

8.69

4.63

8.08

4.83

4.74

a84
7.81

4.91

&72
4.13

4.84

4.87

6.43

4.64

3.84

8.74

4.83

4.88

6.42

4.63

4.37

403

8.46

4.87

6.67

4.S6

0.214

0.818

0.071

0.181

0.004

0.118

0.114

0.206

0.180

0.848

0.164

0.883

0.068

0.109

0.170

0.220

0.186

0.368

0.073

0.127

0.181

0.838

0.817

0.(i3G

0.161

0.088

0.246

0.286

0.287

0.098

0.006

0.168

0.826

0.168

0.138

0.182

0.097

0.069

0.176

0.086

0.080

0.061

0.007

0.186

80.9

32.7

18.0

326.9

98.8

143.6

88a6

18.6

888.4

298.8

80.8

88.8

868.2

884.9

186.6

06.8

64.6

46.0

169.4

16.8

827.2

218.6

809.7

6.3

106.3

16.4

10.6

70.9

819.7

100.8

868.8

384.8

384.8

200.8

46.6

884.6

127.7

48.4

267.6

81.0

217.7

238.8

889.8

66.7

129.0

170.1

209.8

364.0

301.8

101.2

331.9

148.6

88a9

83.6

201.8

349.0

60.7

268.3

818.0

144.8

106.6

142.8

336.8

163.8

14.6

88.8

841.8

203.4

177.0

169.9

8438

361.8

169.4

8.4

73.6

88.1

2088

90.4

826.4

167.1

137.8

343.6

805.7

818.8

88.9

7.8

8.0

82 8

|i

12.0

1.7

4.6

6.6

14.4

8.6

10.0

14.8

18.8

8.8

83.8

1.4

1.9

7.8

0.9

13.6

8.0

26.8

1.2

83.3

18.8

10.7

11.4

6.2

0.1

11.6

0.9

11.6

16.4

7.3

7.3

6.3

9.3

16 i

6.9

6.7

3.8

8.3

3.8

10.7

2.693

3.819

3.384

2.360

3.666

3.147

2.880

2.745

8.8ft(

a604

8.100

2.T68

2.469

2.973

2.728

3.119

2.417

2.802

3.1S8

2.733

8.368

8.740

2.821

2.450

3.988

2.889

2.403

2.676

2.010

2.872

8. OSS

3.T4.1

3,454

8.206

2.733

8.677

8.084

2.739

2.6T3

2.777

8.8

80
7.2

5.8

8285

2.872

8.148

2.74r>



,//

ELEMENTS OF THE SMALL PLANETS. 543

1 4
1

*^

o

2.0 «.e»8

1.7 8.219

4.5 8.884

6.5 2.360

14.4 2.566

2.6 8.14T

10.0 2.880

14.2 2.748

12.2 2.861

8.8 8.604

22.6 8.100

1.4 2.768

1.9 2.469

7.S 2.973

0.9 2.728

18.6 8.119

2.0 2.417

26.5 2.802

1.2 8.188

233 2.733

I 18.2 2.868

1 10.7 2740

1 11.4 2.821

, 5.2 2.460

0.1 3.988

11.5 2.889

6.9 2.408

11.6 2.676

i 18.4 2.019

^ 78 2.872

i 7.3 8.083

1 8.8 2.743

8 9.8 2.464

4 16.8 8.206

4 6.9 2.788

1 6.7 2.677

8 8.8 8.084

6 8.2 2.789

7 8.8 2.678

2 10.7 2.771

9 3.8 2.2815

8 SO 2.872 1

7.2 8.142
j

8 5.2 2.745

1

•s'e
ago ud Num. a

1879<««)

(212) 1880

(21S)UIaea 1880

(214) 1880

(215)(Enone tsso

(216) 1880

(217)Bndora 1880

(218) 1880

(219) 1380

(220) 1881

DbcoTcrer.

Pallsn..

Pali8ii..

Peters,.

Pulisn..

Euorre.

Pallsn..

Coggla.

Pullsa..

Palisa.

.

li

8.51

3.41

8.14

2.69

2.88

3.60

4.09

2.95

2.94

2.68

2.82

2.35

2.53

2.66

1.99

2.01

2.87

1.83

n
667.8

644.9

779.8

840.9

770.6

759. T

666.8

817.3

965.4

Ym.
B.St

6.50

4.66

4.22

4.60

4.07

8.33

4.34

8.63

I

0.153

0.094

0.144

0.031

a039

0.2S7

0.340

0.108

0.280

11

74.2

62.4

284.8

116.9

846.4

86.9

307.2

22a 7

339.0

3

266.5

315.0

122.6

342.6

2&4

214.9

164.1

171.0

20as

3.8

4.2

6.8

3.4

1.7

18.8

11.1

16.1

11.1

II

3.046

3.116

2.740

2.611

2.708

2.704

8.061

2.66t

2.382

BEMAIiKS ON TOE PRECEDIKO ELEMENTS OF TDK PLANETS.

Masses.—Tlio masses of many of the planets are still very uncertain,

bccanso exact observations bavo not yet been made long enough to per-

mit of their satisfactory determination. The mass of Mercnry may be

estimated as uncertain by ^ of its entire amount ; that of Mars by ^

;

that of Venus by ^g ; those of the Earth, Uranus, and Neptune by ^^jf ;

\rhile those of Jupiter and Saturn are probably correct to i^jf.

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 gx^ that of

the earth.

The masses of Jupiter, Saturn, 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.

The most noteworthy deviation is in the case of Saturn, of which Lever-

rier has found the mass to be ssib^cD '^ 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 lost-mentioned planets, depending on their masses and

diameters, must be regarded as uncertain by half their entire amounts.

Elliptic Elements.—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.

Elements 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 Astronomisches Jahrhuch, which

gives annually the latest elements known. The elements of the twenty

or thirty last ones are very uncertain.

*"'* !

ii

':•
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VII.

DETERMINATIONS OF STELLAR PARALLAX.

Thk following ia a list of the stars the parallaxes of which are known

to he investigated, with the results obtained by the different investiga-

tors. The years 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 publication of lesults. In the

references the following abbreviations are used

:

A.O.

A.N.

B.M.

C.R.

D.O.

Mel.

M.N.
M.R.

M.P.

P.M.

R.O.

t

I

Puhlicationen der Aatronomischen Geaellachaft,

Jitrottonmche Navhrichten.

Monaisbericht (of the Berlin Academy of Sciences).

Comptet Rendm (of the French Academy of Sciences).

Astronmnical Observation, etc, at Dunainak, by Francis Briinnow.

2 Parts. Dublin, 1870 and 1874.

Melanges MatMmatiquea et Aatronomiquea, Acad^mie de St. Patera-

hourg.

Monthly Notices of the Royal Aatronomical Society.

A. S. Memoira of the Royal Aatrcomical Society.

Mimoirea de VAcademic de Scieneea de St. Piterabourg.

Recueil dea Mdmoirea dea Aatronomea de Poulkowa, public par W.

Slruve. St. P^tersbourg, 1853, vol. i.

Radcliffe Obaervations, Oxford.

Star's Name.

Oroonibridge )

No. 34 )

Pole Star

Capella

Sirins

AttronomeFi and Data.

( Anwen, trom heliometer nieosares,

)

( 1868-'66 )

Ltndenan, from R. A.'s, 1760-1810

W. Struve, Dorpat, 1818-'81

Struvcniid PrenBe.from U. A.'g,1822-'38

Lundabi, from Dorpat declinntlone.

.

Petert, from decUuatloiis, 1842-'44. .

.

LIndhngen

Petem, from decllnntionti, 1842

Struve, with Pnlkowa equat., ISAB. .

.

Henderson, 1833

Parallax.
Probable

Error.
Reference.

It II

0.S92 ±.086 B.M.,1807.

0.t44 • > • P.M., p. 06.

0.0TB • • .<

0.172 ....

0.147 ±.030
0.0(i7 P. M., p. 181.

0.02fi ±.018 P.M., p. 264.

0040 ±.20 P.M., p. 186.

0.30S ±.043 Mel, 11., p. 400.

0.34 P.M., p. 04.
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.. 121.

I. 264.

.186.

.,11.400.

).C4.

SUr'i Name.

Slrlos

Castor

I Urete Mi\). <

Lalande No.

)

81188 )

Lalande No.

)

912S8 f

Oroombrldge )

No. 1830... )

Attronomcr, tnd Date.

Mnclear,1837

(Henderson, from his own and Mac-

)

lear'B observations )

Oy1d£n, from Madear'a obs., 1830-'3T.

Abbe, from Cape obs., 1856-'68

(Johnson, with Oxford heliometer,

)

( 1864-'66 )

Peters, from declinations, 1842

PuiUlaz.

Winneclce, with heliometer, ISST-'OS..

Anwere, 1860-'62

Krueger, 1862 (?)

Peters, from declinations, 1842

Pnye, at the Paris Observatory

I
Wichman, from Schl&ter's obserra-

)

I tions, 18«-'43 )

Wichmann^ from his own obs., 1851t]

Struvc, 184T-'49.

Oeitzen Arg.

)

N.,No.lT416)

/3Centanri

aBoOtU

aCentaari

p Ophluchi.

Johnson, with heliometer, 1854-'S6.,

Anwers, from Johnson's obs.

BrOunow, 1870-71

Kraeger, 1862 (?)

Moesta, from declinations, 1860-'64

.

Peters, from declinations, 1842,

Johnson, Oxford heliometer, 1846-'65

j Henderson, from his meridian obs.

)

( at the Cape ofGood Hope, 1832-'83.)

a> Centanri, from right ascensions . .

.

a> Centanri, from direct declinations.

a* Centanri, from reflected decs

a* Centanri, from right ascensions ...

.

a' Centanri, from direct declinations.

a' Centanri, from reflected decs

Mean of ail for both stars

Peters, from the same obs., finds

( Henderson,from Maclear's observa-

)

( tlons, 1839-'40 f

Peters, from the same observations .

.

Maclear, from decs., 1842-'44 and 1848.

Moesta, (h)m declinations, 1860-'64

Krneger, 18S8-'S9

0.16

0.23

0.193

0.278

0.810

0.183

0.ti01

0.271

0.860

0.286

1.08»

0.180

0.085

0.089

0.034

0.033

0.028

0.09

0.847

0.213

0.127

0.188

0.98

1.42

1.96

0.48

1.05

1.21

1.16

1.14

0.913

0.970

0.919

0.880

0.169

Prolmbl*

Error.
Refcrenea.

±.087

±.102

±.068

±.106

±.011

±.011

±.020

±.141

±.018

±.018

±.023

±.029

±.028

±.038
±.01

±.081

±.069

±.073

±.068

±.85
±.19
±.47
±.34
±.18
±.64
±.11
±.11

±.064
±.034

±.068
±.010

M.aA.S.,xi.,848.

Mel.,in.,69S.

M.N.,zxvili.,p.8.

R.O.,xvl.,p.(xi).

P.M., p. 136.

A. a, No. zl.

A. N., No. 1411.

M. N., xxiii., 173.

P.M., p. 136.

C.R,xziii.

A.N.,vol.86, p.89.

i/6.,p.88,

P.M., p. 291.

(R. O., xvi., p.

( (xxil).

B. M., 1874.

D.O.,n.,p.83.

M. N., xxiii., 178.

A. N., 1688.

P. M., p. 186.

(R. O., xvl., p,

I (xxiii).

M. R. A. a, xl.,

' p. 67-68.

P.M., p. 68.

(M.R.A.S., xiL,

( p. 870.

P. M., p. 68.

M.R.A.S.,xx.,98.

A. N., 168a

A. N., 1212.

• This result is probably erroneous.

t These results ofWichniann are parallaxes relative to the mean ofcertain stars ofcom-
parison. He conclndcd that one of the latter had n large pnrnllax which made the paral-

lax of 1830 Qr. 0".78 ; but this view was afterwards proved wrong.

m



552 APPENDIX.

Stor'i Nun*.

p Ophiachi .

.

1 Lyi'R

iCygnl..

eiCygiii.

AstroDomfr, and Diit«.

Krueger, lSB8-'68

Airy, Tronghton's circle, ISSA

Airy, Junes'a circle, 1886

Stmve, 1837-'40

Peters, from declinatlonB, 1843

Stmve, 1861-'68

JobDBOU, 1864-'0O

BrOnnow, 186a-'69

Braunow, 18T0

Peters, from declinattons, 1848

(Besgel, with KGulgsberg beliome-)

ter,188S )

Bessel, firom snbecqnent obs., 1840. . .

.

Peters, from decliiintioiiii, 1842

< Johnson, with Oxford helio>neter,

)

I 186«-'6S f

Anwers, from Johnson's obs,

Strnvo, lS68-'88

Anwers, from Ki'missberf; heliometer.

Parallu.
ProlwbU
Frror.

Rafcmnt,

„ w

0.162 ±.00T A. N., 1408.

0.284
|.,.,

jM, R A. B„ ».,

\ p. 860-470,-0.102

0.268 P.M„p.B«.
0.108 ±.0S3 P.M„p,m,
0.14T ±.000 M,P..vll.,vol,l.

0.164 ±.040

0.218 ±.010 D.o„r«rtI,
0.188 ±.088 0. o„ Van II,

-0.088 ±.048 PM.,P.1M.

0.814 ....

0.348 ....

0.840 ±.080 P. M., p. tBfl.

0.308 .... a o,, vol. xiv,

0.48 . • .

.

t ,,,,,,

,

0.S06 ±.028 M. p., VII., I,, 40.

0.664 ±.016 A. N., t4U-'t«,

I .
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VIII.

SYNOPSIS OF PAPERS ON THE SOLAR PARALLAX, 1854-'81.

Tho following is believed to be a nearly complete list of tbe deteriui-

natious of the solar parallax which have appeared since tho discovery uf

tho error of the old parallax iu 1854. No papers have been included ex-

cept those which relate immediately to the determination in question.

1. Hansen, 1854—JIT. N. R. A. S., xv., p. 9.

Statement that ho fluds the coefflciout of the parallactic equation of tho

niiioii to be 125".705— a value greater than that deduced from the solar

parallax aa given by the transits of Venus.

2. Lrverrigr, 1858—^nnal(!8 de VObsenatoire de Paris, iv., p. 101.

Discussion of sulur 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. Foi'CAi'i.T, 1862— Comj>*(!» Rendiis, Iv., p. 501.

Experimental determination of tho velocity of light, leading to the value

of the solar parallax, 8".86.

4. Hall, li^eS—WathingtoH Obserrationg for 1863, p. Ix.

Solar parallax, deduced from observations of Mars with equatorial iu-

Htrumonts,iu 1862: result, 8".8415.

5. Fkhouson, 1863— Washington ObBerrations for 1863, p. Ixv.

Solar parallax, deduced from observations with meridian instruments at

Washington, Albany, and Santiago. Results various and discordant, ow-

ing to incompleteness of tho work.

6. Stonk, 1863— ilf. N. R. A. S., xxili,, p. 183 ; Mem. R. A. S., xxxlii., p. 97.

Disonssion of llfty-oight corresponding observations of Mars (twenty-one

pairs) at Greenwich, Cape, and WiUiamstowu, leading to 8".94'J.

\
I
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7. Hansen, 1863—3f. N. B. A. S., xxiil., p. 243.

Deduction of tUe value 8".97 from tbe parallactic inequality of the moon.

8. Hansen, 1863—Jf. N. B. A. 8., xxiv., p. 8.

A more accurate computation from tbe same data gives 8".9159.

9. WiNNECKE, 1863—J«tr.A.',cftr.,lix., col. 261.

Comparison of twenty-six corresponding obserrations (thirteen pairs) at

Pulkowa and the Cape of Good Hope. Parallax, 8".964.

10. PoWALKY, 1864—Doctoral Dissertation, translated in Connaitsanoe dea

Temp8, 1867.

Discussion of the trniisif of Venus, 1769. Result, 8".832, or 8".86 wbcu

tbo longitude of Cbappu's stutiun is left arbitrary.

i

11. Stone, ISGT—M. N. B. A. S., 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 Ilauseu's second paper.

12. Stonk, 1867—.V. .V. /?. A, s., xxvii., p. 241.

Correction uf one of tbo numerical errors in Levcrrier's dotormiuatiou.

Result, 8".01.

13. Stone, 1867—if. N. B. A. S., xxvii., p. 271.

Determination of tbe parallactic inequality of tbe moon from 2075 ob-

servations at Greenwich. Inequality, 125".36. Solar parallax, 8".85.

14. Newcomh, 1867

—

Washington OhmraHona, 1865, Appendix II.

Discussion of the principal niotbnds employed in determining the solar

pnrallux, and of all tlie meridian observations of Mars during tbo opposi-

tion of 1862. Result, 8".848.

15. Stone, 1867—Jlf. N. B. A. S., xxviil., p. 21.

Comparison of Noweomb's and Lcvcrrior's deteniiinations of the solar

parallax, leading to the detection of another small error in the latter.

,' 16. Stone, 1H68- 3f. N. R. A. 8., xxviii., p. 255.

Rediscusninii of tbe observations of the transit of Venus, 1769. Only

observations of iiigritss and egress at tbe sumo station aro used, and certain

alterations are made in tbe usual interpretation of the observations by

Clmppo in California, and (/uptain Cook and liis companions at Otaboito.

The result of these alterutious is that tbo parallax is iuoreoaod to 8".91.
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17. NbWOOMII, 1868—Jf. iV. B. J. S., xxix., p. 6.

Critioiam of Mr. Stoue'i i&t«ft>fotatloii of Chappe'a observation of egress

ill 1769.

W. gTOMIJ, 1868—If. y. R, A. 8., xxix., p. 8.

Beply to tbe pree«4iug paper.

19. Favh, l^GQ—CompiH Rendnt, Ixviii., p. 42.

Examiuation of (bo obssrvatlous and interpretatiouB in Mr. Stone's

paper, couoluding tbat ftU tbat we can decide from tbeso observations is

tbat the solar parollns Is between 8".7 and 8".9.

80. 8TOW8, Ii69-Af. y. il. ^. »., xxix., p. 236.

Beply to Faye, oritleiam of Powalky's paper, and further discussions hav-

ing for their object to tibow tbat the rosnlta of his papei agree with tho

scattered obaervatioufi of tugreiM and ogroas in Europe and America.

21. Anonymuuh, ISidO—Vierklfahrmhrift der Astr. Oeael, Iv., p. 190.

General review of rflOtuit pftporn on the solar parallax, dealing more

csiieoially with tbo work of Stono and Powalky.

89. POWAI.KV, 1870—i^str. MficAr., Ixxvi., col. 161,

From a soooud diooHCwtoH of tbo transit of Venus, 1769, he deduces

8".78«9.

83. PowAI.KV, l^l—Aitr. Kachr., Ixxix., col. 25.

From tho inaaa of tlio (tartb ah Klv<<ti liy the motion of tho no<lo of Vcnua,

8".77. But tbo luloptml niAHM of Voiiua outers into tho result in such a way

as to make it dooldudly uncertain.

84. Iic^'HimiKH, M^t^rnmphs Rrndnt, Ixxv., p. 165.

Detorniitintioii of tbe Holnr pitt'itlbix IVoni tbo ninas of tho earth as derived

fVom tbe motiuim of tbo pbiiixtM, nnd tbo dtniinntion of tho obliquity of tbo

ccliptio. RoHult, H",H6, ('I'bn dlNtlngutabtMl author of this paper doea not

diatinotly atat^t in what way \w ban allowed for tbo fact that it is the coni-

bintMl iiiatta of the tiartb and moon wbieb is derived from the perturbations

of tbo planets, while It Im tbo muNN of tbe earth alone which entora into tbo

formula for tbo aolar pumlbu. tlla preaentation of the formuhe aeouia to

need a alight eorrootlon, wbleb will dimliilab tbo parallax to 8".83.)

85. CoiiNU, IM74-7tl -Annatm rfn roh$en'a(oire de Parii, xiil.

Redetermination of tbo velmtlty of light, leading to tho parallax 8".794,

if Struve's oouatant of aberration (VU". 446) Is usod.

J,.

I
ll
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26. Qallb, 1875 —Bredau, Maruschke & Berend'.

"Ueber eine Bestimmung der Soanen Parallase aus correspoudireiiden

Beobachtungeii dea Planeten Flora, im October und NovembLr 1873." Dis-

cussion of observations made at nine northern observatories, and the Capvi

Cordoba, and Melbourne, in the southern hemisphere. Result, 8".873.

27. PcisECX, 1875—Comptes i2endtt«, Ixxx., p. 933.

Computation of four contact observutionii of the transit of Venus in 1874,

made at Peking and St. Paul's Island. Result, 8".879.
. .

28. Lindsay and Gill, 1877—ilT. N. B. A. 8., xzxvii., p. 308.

Reduction of observations of Juno with a hcliometer at Mauritius, in

1874. The result is 8".7G5; or 8".815 when a disoordaat observation is

rejected.

' 29. Lindsay and Gill, 1877

—

Dunecht Obsercatory Publieatioiu, ii. 1

Observations and discussion from which the preceding result is derived

given in full.

30. AiBY, 1877

—

Chvemment Beport on the Telegeopio Ob$ervalion» of the

Trumit of Feniw.

Observations of contacts made by the British expeditions, and prelimi-

nary computation of the resu.ts for the solur parallax. The results given on

page 7 are

:

Fromall theubKrrationHofiDgren ....ir=B".739 If7.=10.46

From all the obwrvatioiu of egretH ir=H".847 Wt.=2.i3

Combtued result ir=8".T«o

81. AiBY, 1877—Af. iV. B. A. 8., xxxviii., p. 11.

More complete diaousaion of the British observations leading to the mean

result, 8".7.54.

32. Stone, 1878-i»f. N R. A. 8., xxxviii., p. 270.

Another discussion of the obsorvutions contained in Airy's report (No. 30)

leading tu tlie following entirely diirurtiut results :

From observatioiu of Ingraw ir=8".H60 in'Muex'
From otwrvationi uf vgren ir=r8".079to".a79X«

From all the observatiuiM ir=8".884 ± o".r;3X<

38. Captain O. L. Tupman, R. M. \.—M. N. B. A. 8., xxxviii., p. 334.

Htatiinent t)int the Ircatmrnt of ingress, as uxliibited in tliu Parliitmi'nt-

ary Report, seems unsatisfactory. Tlio following aro liis tlnul results

:

From oliMrvationg of Ingnsm. ir=8".ii67 10".040

FromobinrvationiioroKraM ir=H".793to" 017

Fn>m kll the obMrvatlowi , ir=a".Ri3io '.033
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34, Captaih G L. Tcpman, R. M. A.—i»f. N R. A. S., xxviii., p. 429.

General discussiona of the obdcrrations of the Transit of Venus in 1874,

leading to the roviaed results :

From observations of tngresi. , 8".845

From obaervations of egress 8".M8

85, Maxwell Hall, 1879—Jf. N. R. A. 8., tUv,, 51-121.

Discussion of observations east and west of the meridian made in Jamaica.

Result, 8".879±0".060.

36. DowNiNO, 1880—il«<. Naeh., xcvi., 119.

Fmm meridian declinations at Leiden and Melbourne in 1877 he finds

8" 96D±0".051.

37. CAMi'BHiLLand Neibon, 1880—3f. N. R. A. S., xl., 469.

From one vnluo of the parallactic inequality the authors find 8".848±0".007,

and from another 8".778±0".018. Which of these is correct they leave to

future investigatiuu.

88. Todd, IS80—8Uliman's Journal, Third Series, xix., 59.

From the velocity of light and Struve's constant of aberration is found the

value 8".811.

39. Fate, 1881—Cbmptes Bendtu, xcii., 375.

Resume' of the values of the solar parallax found by different methods, lead-

ing to the conclusion that the smaller values, near 8".81, are nearest the truth.

40. T18SE8ANU, 1881

—

Compten Rendut, xcii., 653.

Ou the solar paruuux as determined by the nmsscs of the planets.

41. Gill, 1881—Jlf. N. R. A. S., xlvi., pp. 1-171.

Discussion of his Iteliomrter observations of Mars at Ascension Island in 1877,

leading to the result 8".78±0".012. This is followed by a discussion of other

methods of determining the parallax.

42. Todd, 1881

—

American Journal of Science, Sec. III., vol. xxi., p. 491.

Discussion of the Amoiican. photographs of the transit of Venus in 1874,

L-ading to the results

:

From measures of dt^tanoo R".S8R±0".043

From niea^urpo of |x)8ltion angle ,.H".ni3±o"MO
Coiiibiued result , h",8H3±0".034

43. Eastman, 1881

—

WanMngton Ohxerver for 1877, Appumlix III.

D sruhsion of meridian observations of Mars in 1877. R suit for parallax,

8".!».'>3±0".0l0.

N'oTi-:. -In tlilH list tlia abbrevliitUin JU. .V. li. A. S, represents the MimlHIy Mulicei nf Iht

Hoyai AtliVHomical Swtuitj/ iff iMitdiin,
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LIST OF ASTRONOMICAL WORKS, MOST OF WHICH HAVE BEEN CON-

SULTED AS AUTHORITIES IN THE PREPARATION OF THE PRESENT
WORK.

The following comprises : 1. A few of the leading works of the great

astronomers of the past, and of the investigators of the present, arranged

nearly in the order of time. In the case of works before 1800, the sup-

posed date of composition, or the years within which the author flour-

ished, are given. The list is presented for the benefit of those teachers

and students who wish to be acquainted with these authorities, and can-

not refer to suclt works as the Bihliographie Aatronomiqm of Lalande, or

tlio Pulkowa Catalogua Librorum.

2, Modern telescopic researches upou the physical aspects of the planets

which have been employed in the preparation of Part III. of the present

work.

3. Recent works on special departments of astronomy, which may bo

(ineful to those wlio wish to pursue special subjects with greater fulness

tlian that with which they are treated in elementary works.

In the first two classes the selection is, for the most part, limited to

works which luive been consulted as authorities in the preparation of tliis

treatise. In the case of Hevelliis, however, some writings are aiUled

whicli I have not used, nor even seen, with tlie object of making the list

of his larger works complete. Writings wliich liavo appeared in period-

icals and the transactions of learned societies are necessarily omittoil from

tlie list, owing to their great number.

Tlie prices given for some of the older books are those for which they

are commonly sold by antiquarian dealers in Germany.

n.c. 2&0. AniHTARClivs : De Magnitudinibua et Diatantiia SolU et Lunce. Pisa,

1572. 91.

A.D. inc. Ptolkmy, CI.AUDK : MKPAAHS £YNTAseU£ BIBA. IT, common-
ly called The Almagest.

The most recent edition is by the AhbtS ITiilmn, in Greek, with French
ti-nnKlntlon. Two vola., 4tu. Puri», It}13-'1U. Commonly sells for
18 to IIU.
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880.

1543.

1597.

1596-

1630.

Albateonius : De Scientia Stellarum Hher. Boiiu, 1645.

Copernicus : De Revolutionibua OrUum Ccelestium.

The first editiun of the great work of CopemicuB is rare. The second
^asel, 1566) sells for §i. Two fine editions have beea published ill

Germany in recent times. Price |7 to 110.

Ttcho Brahe : Aatronomia Imtaurata Mechanica. Noiiberg,

1602. $3«

Contains description of Tycho's instruments and methods of observing,

AstronmnicB Iiutauratw Progymnaamata.

De Mundi JEtherei Recentioi^ua Phmnomeni$, Frauk'

fort, 1610.

These two volumes generally go under the title of the former. A later
edition (1048) was issued uuuut the misleading title Opera Omnia. Tho
selling price is 10 for the two.

} Kepler, Johannes : Opeta Omnia. Edidit Dr. Ch. Frisch. 8

\ vol8.,8vo. Frankfort, 1858-71.

A recent and complete edition of Kepler's Toluminous writings. Prlco
from 125 to $o0. Generally cheaper at second-hand.

1590-

1636.

Milan, 1811. Price> Gauleo Galilei : Opere. 13 vols., 8vo.

S abont $10.

A much better edition, published in 4to, about 1845, is more expcnsivo,
Galileo wrote almost entirely in Italian.

1603. Bayer, Johannes : Uranometiia.

Bayer's celebrated star-charts, in which the stars were flret named with
Greek letters. Three or more editions were published, the second be-
ing in 1048, the third in 1001. $3 50.

RicciOLUs: Almageatum Novum. 2 vols, in one, folio. Bonn, 165l>

Astronomia Reformata. Folio. Bonn, 1665.

Two ambitious works, remnrkiible rather for their volumlnousncsB than
for their value. The author being an ecclesiastic, bau to profess a dl»>
belief In the Copcmlcan system.

1630. BuLLiALDUS : Aatronomia Philolaica. Folio. Paris, 1645.

The last three works are cited as probably the most voluminous cnin-
pcndlums of antronomy of the seventeenth century. They can all bo
purchased for $3 or |4 each.

1611.

1655.

1647-

1690.

l"'AnniTii, J. : De MacuUs in Sole Ohscrvatia.

Borelli : De Fero Teleacopii Inventore. Hague, 1655. ^l.

IIevelhis, J. : Selenographia, »ivc Luna Deacriptio. Folio.

The earliest great work on the gcograpliy of the moon and the aspect*
of the planets. Profusely illustnvtud. t4 to $5.

li;

111
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Hevblius, J. : Mereuriua in Sole Viaut. Folio, 1662. $1.

Contains also Horrox's observation of tbe transit of Venus in 1689.

Cometographia. Folio, 1668.

The first great modem treatise on the subject of comets.

Machina Cmlestia, Para Piior. Folio, 1673.

Contains descriptions of bis instruments, and a disquisition on the prac-
tical astronomy of his time.

Machina Caleatia, Para Poaterior, Folio, 1679.

A very rare boolc, almost tbe entire edition having been destroyed by
fire. A copy was sold for ISO in 1872.

Annua Climactericua. Dautzic, 1685.

' Prodromua Aatronotnia. Dantzic, 1690.

Firmamentum Sobieacianam. Dantzic, 1690.

These worlts comprise star-catalogues, star-maps, etc. |3 50.

1659. HUYGHENS : Syatema Saturnium. Hague, 1659.

Horologiiim OaciUatorinm. Paris, 1673.

The latter worli contains the theory of the pendulum clock. These two
and most of the other important worlcs of Huyghens were publislicd
in Leiden in 1T51, under the title of Opera Mechanka, Gecmetrka, A»-
tronomica et Miscellanea, nominally in four volumes, but the paging is

continuous throughout the aeries, tbe total number of pages being
776. Leiden, 1751. |5.

1687. Nrwton, Isaac : PhlloaophitB Naturalia Piinci^ia Mathematica. 4to.

London, 1687.

A number of editions of Newton's Pnncinia have appeared. One of the
most common is that of Le Scur and Jacquler, 3 vols, in 4. Geneva,

-

'

1789. It is accompanied by an extended commentary. Sells for about
$4. A very fine edition was issued in 1871, by Sir William Thomson, in

Glasgow. * There is also an English translation by Motte, which lias

gone through several editions in England and one in America.

Brewster, Sir D. : Memoira of the Life, Writinga, and IMacoveriea

' ' of Sir laaac Newton. 2 vols., 8vo. Edinburgh, 1855.

1720. Flamstred, J. : Hiatoria Caleatia Britannica. 3 vols., folio. Lon-

don, 172.5. JilO.

Contains Flamstced's observations and star-catalogue.

1728, Blanchini, F. : Tfeaperi et Phosi)hori nova Phwnomena aive Obaerva-

tionea circa Planetam Veneria. Folio. Rome, 1728.

1740. CAssmi : l^Mmenad'Astronomie. 4to. Paris, 1740. $1.

1741. Weidler, Jo. : Jfistoria AatronomifB. Small 4to. WittcmbiTg,

1741. $2.

Brrnol'Klli, Joim : Opera Omnia. 4 vols., 4to. LauHannc, 1742.

»5.
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Lk Moxnier : La Thimie dea Comitea. 1 vol., 8vo. Paris, 1743.

Lon-

Isfrrn-

hl»l'Vg,

1742.

1760. Kant, Immanuel : Schriften zur Physiachen Geographie. 8vo.

Leipzig, 1839.

1780. PiNORB : Com^tographie ; ou Ti-aiti Histmique et Thfyriqite dea Co-

mitea. 2yols.,4to. Paris, 1783.

The most complete bistorical and general treatise on comets which has
appeared.

1780- ) Bailly : Hiatoire de VAatronomte Ancimne depuia aon Origina jnsqu'A

S V.1790. S l'£tabliaaementdel'£cdled'Alexandrie. lvol.,4to. Paris, 1781. $10.

— Eiatoire de VAatronomie Moderne depuia la Fondation de

1800.

1817.

rScole d^Alexandrie,juaqu''d, VJSpoque de MDCCXXX. 3 vols., 4to.

Paris, 1779. $6.

Traiti de VAatronomte Indienne et OrientaU, 1 vol., 4to.

Paris, 1787.

These histories by Bailly are considered very unsoand, the author hav-
ing a greatly exaggerated opinion of the Icnowledge of the ancients.

Lalande, J. De : Bihliograpliie Aatronomique ; aveo VHiatoire de

VAatronomie depuia 1781 jusqu'd, 1802. 4to. Paris, 1803. $3.

Laplace, P. S. : 2Vatt^ de M4canique CiJeate. 4 vols., 4to. Paris,

1799-1805. $60.

This work is now expensive, all the editions being exhausted. A new
edition is soon to be issued.

Exposition du Syathne du Monde. 1 vol., 4to. |2.

The latter work gives a very clear popular exposition of the laws of tlic

celestial motions.

Delambre : Hiatoire de VAatronomie Ancienne. 2 vols., 4to. Paris,

1817. 84.

Hiatoire de VAatronomie du Moyen Age. 1 vol., 4to. Paris,

1819. $3.

Hiatoire de VAatronomie Modtrne. 2 vols., 4 to. Paris,

1821. $5.

Hiatoire de VAatronomie au dix - huitihne SiMe. 1 vol., 4to. Paris,

1827. 83.

These histories by Delambre consist principally of abstracts of the writ-
ings of all eminent nstronomcrs, accompanied by a runnlni; commen-
tary, but without any attempt at logical nrrangument. Ench work is

taken up and passed through in regular order, but it is only in the in-

troductory essays that general views of the progress of the science arc
found.

37
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Encke, J. F. : Die Entfemung der Sonne von der Erde aua dem Fe-

niudnrch^ange von 1761 hergeleitet 12iuo. Gotfaa, 1822.

Der Venusdurehgang von 1769. 12mo. Gotha, 1824.

Theao two little books contain Kncke's researches on the solar parallax
leading to the result 8".5770, and the distance of the sun 95,800,000
miles.

IDELER, Dr. Ludwio : Handbueh der MathematUchen und Tedmiadten

Chronologie. 2 vols., 8yo. Berlin, 1825.

An exhaastive and commcudable work on the measures of time adopted
in various countries, especially in ancient times.

Whewell, Wm. : Hiatory of the Inductive Sdencea. Loudon.

Herscuel, Sir John: Betulta of Attrowmioal Ohaervatkma made

during the Tears 1834, '5, '6, 1, '8, at the Cape of Good Hope. 1

vol., 4to. London, 1847.

Struvr, F. O. W. : £tude8 d^Aatronomie Stellaire. St. Petersburg,

1847.

Grant, Robert : Hiatory of Phyaical Aatronomy, from the Earlieat

Agea to the Middle of the Mneteenth Century. 8vo. London, 1852.

BiOT, J. B. : £tudea aur VAatronomie Indienne et Chinmae. 6vo.

Paris, 1862.

LovERtNa, Joseph : On the Periodioity of the Aurora, Memoirs

of the American Academy of Arts and Sciences. Boston, 1859

and 1865.

Olbers, W., and Gauj:, J. G. : Die leichtate und bequemate Mefhode

die Bahn einea Cometen zu herechnen. 8vo. Leipzig, 1864.

This work contains a table of all orbits of comets computed, brought up
to the end of 1863.

ZOllnbr, Dr. J. C. F. : U^ter die Natur der Komeien. 8vo. Leipzig,

1872.

DOhrino, Dr. E. : Kritiache Qeachichte der Prinoipien der Mechanik.

8vo. Berlin, 1873.

Todhunter, I. : Hiatory of the Mathematical Theoriea of Ath-actton

and the Figure of the Earth, from the lime of Newton to that of La

Place. 2 vols., 8vo. London, 1873.

n.-WORKS ON THE PHYSICAL ASPECTS OP THB PLANETS.

Sciiroeter, J. H. : Beitr&ge zu den Neueaten Astronomiachen Ent-

dfckungcn, Herauagegehen von Bode. 3 vols., 8vo. Berlin, 1788-

1800, $.5.
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Neisom, Edmund: The Mom, and the Condition and Configurationa

of Ha Surface, Illustrated. 8vo. London, 1876.

Principally devoted to selenography.

Transits of Venus.

Forbes, Georoe : Dransite of Venue. London, 1874.

Proctor, R. A. : Traneite of Venue. A Popular Account of Past

and Coming Traneite. 8vo. London, 1875.

THEORETICAL AND PRACTICAL ASTRONOMY.

LooMis, Elias : An Introduction to Practical Aatronomy, with a Col-

lection of Astronomical Tables. 8vo. New York, 1855.

Contains mucti information for tlie amateur astronomer. I

Sawitch : Abriss der Practiachen Astronomie. 2 vols., 8vo. Hum-
burg, 1850.

BrOnnow, F. : Practical and Spherical Astronomy. 8vo. London

and New York, 1865.

Chauvenet, W. : Manual of Spherical and Practical Astronomy. 2

vols., 8vo. Philadelphia, 1863.

The most complete and exhaustive treatise on the subject which has yet
appeared.

Watson, J. C. : Theoretical Astronomy. 8vo. Pliiladelphia, 1868.



ULUHiiAUY OF TECHNICAL TERMS. 5G5

r

GLOSSARY OF TECHNICAL TERMS OF FREQUENT OCCURRENCE IN
ASTRONOMICAL WORKS.

The following list is believed to include all the technical terms used in

the present work, as well as a number of others which the reader of as-

tronomical literature will frequently meet with. The words in parenthe-

ses which sometimes follow a term express its literal signification.

Abeiratton (a wandering-awatj). Generally applied to a real or apparent

deviation of the course of a ray of light. Especially (1) an apparent

displacemeut of a star, owing to the progression motion of light com-

bined with that of the earth in its orbit, p. 211 ; (2) the defects of action of

a lens iu not bringing all rays to the same focus. The spherical ahetration

of a lens results in the rays which pass through the glass near its edge

coming to a shorter focus than those which pass near its centre, while

the chromatic aberration is the separation of the light of different colors.

Acbromatio (without color). Applied to an object-glass in which rays of

different colors are brought to the same focus. See p. 114.

Aerolite. A meteoric stone or other body falling from the celestial spaces.

Albedo. Degree of whiteness, or proportion of incident light reflected by

a non-lumiuous 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 ofa grad-

uated circle. Not generally used in instrnnieuts of recent construction.

Altitude. 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°.

Annular {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 is nearest to the sun, or, in the ancient astronomy, to the

earth. Draw two straight lines from the sun, one to the nearest point

of the orbit, nr the perihelion, and the other to the planet, and the au>

gle between these lines will be the anomaly of the planet.

Anomalistic. Pertaining to the anomaly. Tlio anomalistic year is the

period between two consecutive returns of the earth to its perihelion.

It is about 4' 15" longer than tlic sidereal year.

H
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I (kandlei). The apparent ends of the rings of Saturn, wbloh look

like handles projecting from the planet.

Aperture of a Telescope. 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 farthoNt trmti

the sun.

Apogee. The point of an orbit in which the planet is farthest from tha

earth. In the ancient astronomy the planets were said to bo in Ap(>)(*io

when beyond the sun, and therefore at their greatest diHtaiico fjrom tlio

earth ; but the term is now applied only to the most diataiit poiut of

the moon's orbit.

Apsis (pi. Jpsides). The two points of an orbit which are nearest to, and
farthest from, the centre of motion, called, respectively, the lowur niMl

higher apsis. The line of apsides is that which Joins these two polntM,

and so forms the major axis of an elliptic orbit. The term is now iimr-

ly superseded by the more special terms aphelion, perilielion, pevlgiie, uto.

See Elements.

Annlllary Sphere. A combination of circles nsed before the invention of

the telescope for determining the relative directions or apparent poMl-

tious of the heavenly bodies on the celestial sphere. It is now uutlruly

out of use. See p. 105.

Astrolabe. A simple form of armillary sphere used by the anoioiit IM-

tronomers.

Azimuth. The angular distance of a point of the horizon ft-om the north

or south. The aziiuntli of a horizontal line is its deviation from tlio

true north and south direction. The azimuth of the oast and weitt

points is 90°.

Binary System. A double star, in which the two components are found

to revolve round each other.

Binocular (two-eyed). Applied to a telescope or microscope in wliloh Itoili

eyes can bo used at once, as nn opcra-glnss.

Black Drop. A distortion of Mercury or Venus at the time of internal

contact with the limb of the sun. See p. 179.

Centesimal. Beckoning by hundn-dH. Applied to those donomltiutionitl

systems in which each unit is one hundred times that next below It.

Tiio centesimal division of tlie angle is one in which the i|uadi'iiiil In

divided into lUO degrees or grades, the grade into lOU niinuliiH, mid I ho

minute into 100 kccoihIh.

Chronograph (time-mark). An instrunu^nt for muimnriiig tlinit by mark'

ing on n moving paper (see p. 15ri). Time is tlion ii'[iri'N('tittid by

spiu'o pHHsed ov«'r.

Circle, Great. A cinli^ wliirli dlvidivs tlic hiiIicic into two e(|i;,il lienil-

Hphcrcs, us the «'iiiialor and llie I'clipllc.

I
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III*)

i'.y

rink-

Colorea The four principal moridians of the celestial sphere, all of which

pass from the pole, and one of which passes through each eiiuiuox, and

one through each solstice. They mark the circles of O**, &', 12>>, and 1&'

of right asceusiou, respectively.

CoQjunction {a joining). The nearest apparent approach of two heavenly

bodies which seem to pass each other iu their course. They are com-

monly considered as iu conjunctiou when they have the same longitude.

The term is applied especially iu the case of a planet and the sun. The

nearest approach is called superior coujuuctiou when the planet is be-

yond the sun, inferior when it is this side of it. Mercury and Venus

are, of course, the only planets which can bo in inferior conjunction.

CoBinical. Relating to creation at large, iu contradistinction to terres-

trial, which relates to the earth. By a cusuiical phenomenon is meant

one which has its origin outside the earth and its atmosphere.

Culmination. The passage of a heavenly body over the meridian cf a

place. Tliis passage may be considered as occurring twice in a day,

once above the pole, and again below it, twelve hours later. The for-

mer ia called the upper, the latter the lotver, culmination. The nppcr

oulmiuation of the sun occurs at noon, the lower at midnight.

CuBpB (points). Tho pointed ends of the seeming horns of tho moon or

of a planet whou it presents tho appearuuuo »f a urescont.

Cycle (circle). A period of time at the end of which any aspect or rela-

tion of tho heavenly bodies recurs, as the Metonio cycle.

Declination. The angular distance of a heavenly body from the equator.

When north of tho equator, it is said to be in north declination ; other-

wise, iu Douth declination.

Deferent. In the ancient astronomy the mean orbit of a planet which

was snp;i>oscd to carry the epicycle. It is represented by the dotted

circles in Figs. 10 and II, pp. 38 and 39.

Dichotomy (a cutting in two). The aspect of a planet when half illumi-

nated, as tho moon at first and last quarter.

Digit Tho twelftu part of the diameter of the sun or moon, formerly

used to oKprosH the magnitude of oclipsos. See p. 28.

Dip of tbe Horizon. At sea, tho depression of the apparent horizon be-

low tlio true level, owing to tlio heiglit of tho observer's eyo above the

water.

Direct Motion. A motion from west to cast amoug the stars, liko thul

of the plauets in goni^ral.

Bocontrio. In tho aiirient astronomy, a circle of which the centre was

dlKplarc'l from tlin ('cnliK of motion. See p. 42, Fig. 13.

Ecoeatrioity. HtM< i:ifmviila.

Ecliptic. Tlie aiqiturnt path of tlic niih anioii); tlic siais, ilcsciilicd in

Tart I, Chap. I,, s\
3. Sre p. 111.

I
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BgreM (a going forth). The end of the apparent transit of one body over

another, when the former seems to leave the latter.

Blementa. In general, the data for predicting an astronomical phenome-

non. Especially, the quantities which determine the motion of a plan-

etary body. The independent elements of a planet are six in number,

namely

:

1. The mean distance, or half the longer axis, AP, of the ellipse in which

the planet moves round the sun, the latter being in the focus at S.

2. The eccentricity, the ratio of the distance CS between the centre

and focus of the ellipse to the mean distance.

These two elements determine the size and form of the elliptic orbit

uf the planet.

Fiu. 112.—Diagrnm illiigtrnting elliptic elements of a plauet.

3. The longitude of the ascending node, which gives the direction of

the lino in which tiio piano o^'tho orbit intersects that of the ecliptic, or

the angle whicit thiH Hue makes with the vornal equinox.

4. The indinntiun of tlie plane of tlio orbit to that of the ecliptic.

5. The longitude of the perihelion, /', for which is taken the longitude

of the node, pht* the angular distance from the node to the perihelion,

08 seen iVom the sun.

These tliren quantities determine the position of the orbit in Hpnco.

6. Tlie moan longitude of tlie planet at some given epoch, or the time

at wliiuh it pusHcd the peiihelion, /'.

To ttiese six the time nf revolution, or mean angular motion in a day

or year, is usually added ; but ns this can always be determined from

tlie mean distance, and rice rirm, by Kepler's third law, the two are not

regarded as independent elements.

The quantltit'H we have describtMl are usually represented by algebraic

symbols, as follows

:

a, the niunii (lUtiiiicc.
|

»> oi' ir, the lonKilndfl of the perihrllnn.

f, the ccri'ntrlrlty. I i, llu> iiu'iiii IniiKltiKlo Hi tomo 0|)iicli.

W fir I), Ihn liiiiailiKic of lltu lindi*. ", Ihi- niuaii tinitliin.

i iir 0, thu liK'Uiiiitliiii. IX, tliu illetaiico rroiii iiudc to {loriheUou.
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BUlptioity, Deviation from a trnly circular oi spherical form, so as to

becoiQO an ellijrtHU or t<|)liefotd, Au orbit is said to be more elliptic the

more it deviatUA from a circle.

Blongatloii. Tlie npparont angular distance of a body from its centre of

motion, as of Moroury or Venus from the sun, or of a satellite from its

primary.

Emeriion (a coming mi). The reappearance of an object after being

eclipsed or otiierwiflo hlddnn from view.

Bpbemeils. A tablo K^viiiK tlio positiun of a heavenly body from day to

day, in order that obHorvers may Iidow where to look for it. Applied

also to an astroiiomiaal almanac giving a collection of such tables.

Epioyola. In the anoiiMit aiitrcttiouiy, a small circle the centre of which

moves round on the olreumfcronoo of a larger one, especially the circle

in which the three outer planets seemed to perform an annual revolu-

tion in conuequenoo of the revolution of the earth around the sun.

Equation of tbe Oontrt. The angular distance by which a planet mov-

ing in an ellipse In ahead of or behind the mean position which it

would occupy if it moved uniformly. It arises from the eccentricity of

the ellipse, vanUhott at perlholion and aphelion, and attains its greatest

value nearly half-way between those points.

Equation of Time. See
i*.

164.

Equator. The great olrole half-way between the two poles in the earth

or heavens. The oeloMtlal equator is the line EF in Fig. 3, p. 12. See

alsopp.6S,andH0, 147.

BquatoreaL A toleseopo mounted so as to follow a star in its apparent

diiunal courHo, ns dnsnrllied on p. 110.

Bquluox Eithur uf tlie two ptiinfs in which the sun, in its apparent an-

nual course among the NlarM, croNNOS the equator. So called because the

days and niglits uro, wliiin ttin nun is at those points, equal.

Eveotion. An iiiur|uallly In vlrino of which the moon oscillates about

1^° on each side of liitr niniili itimltlon in a period of 31 days 19 hours.

Bye-pieo0, of a tttlxHuopit, TIim NOiali glasses nearest to the eye, which

ninKiiify tlie iniUK**< Ht<it pp. ltd iiiid 118.

FaoiUsB {rnnaH Umhvn), (iiniipN of sniiill shining spots on the surface of

the min wliit'li uiit Inigltlt'i' lliiin oMu<r parts of the photosphere. Tliey

are gGiieritlly sium in IIhi nt'lgliliorlKiod of the dark spots, and are sup-

posed to l)u elcvuttMl porlloiiM of the pliotosphoro.

Filar (made of Ihmiil), Appllt'il to niii rnmoters made of spidor lines.

Fooua ((I JireplaiH'), A point In wlili'li ronvorKing rays all meet. The

focus of a tclcHi'opit IN I III* point lit wliii'h tli« iniiige is forninl. Hoe j). lO'J.

Otoooentrio. Hri'mri'd to tlm ri<iiln' of llio nirtli. The gt'ocrntric posi-

tion of a licuvonly body Is Its piiNllioii as seen or measured fruiii the

mirth's centre,

it
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Geodesy. The art or soienoe of measnriug the earth withont referonco

to the heavenly bodies.

Onomon. 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.

Oolden Number. The number of the year in the Metonio cycle, counted

from 1 to 19. See p. 48.

Heliacal {relating to the sun). 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 bo observed.

Beliooentrlo. Referred to the sun as a centre. Applied to the positions

of the heavenly bodies as seen from the sun's centre.

Beliometer. An instrument iu 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 focus. When the two parts are together in their origi-

nal position, these images coincide, bnt 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 Qenuany for measuring distances too groat

for the application of a filar micrometer.

Heliostat. An instrnment iu which a mirror is moved by clock-work in

such a way as tu reflect the rays of the sun in a fixed direction, notwith-

standing the diurnal motion.

Heliotrope. An instrument invented by GaUuS for throwing a ray of sun-

light iu the direction of a distant station. It is much used in geodetic

measurements.

Hour Angle. The distance of a heavenly body from the meridian, meas-

ured by the angle at the pole. It is commonly expressed in time by the

number of hours, minutes, etc., since the body crossed the meridian.

Zmmeraion (a plunging in). The disappearance of a body iu the shadow

of anotlier, or beliind it.

Inclinatioii, of an orbit. See Elementt.

Zngrees (a going in). The commencement of the transit of one body over

the face of anotlter.

Latitude. The anp;ul)ir distance of a heavenly body from the ecliptic, us

deeliimtion is distuiice from the equator.

Ziibratlon (a slow swinging, as of a halnnci^). The seeming sliKht oscillations

of the moon around lior axis, by whii-li wo somctimcH see a little on one

Hide of her, and HomutinioH on the other.

Longitude. If a perpendicular be dro])pt'd from n body to the ecliptic, its

celestial longitude is the diNtniice of the foot of the perpendicular from

the vernal oiiuinox counteil townrdn the east.

Lunation. Tlio period from one eliiinKo of the moon to the next. Its

diiriition in 'i'.)^ (1ii,vn, or, more exuetly, t;Jl).r):iOriH71> diiys.

MasB, of II body. The iiiuinlily of mailer eontuiiied in it, as ineastued
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by its weight at a given place. Mass differs from weight in that the

latter is different in different places even for the same body, depending

on the intensity of gravity, whereas the maaa of a body is necessarily the

same everywhere.

Mean Distance. See Elements.

Meridian. The terrestrial meridian of a place is the north and south

vertical plane passing throngh that place, or, the great circle in which

this plane intersects tlie celestial sphere. It passes through the polo,

the zenith, and the north and south points of the horizon. Celestial

meridians are great circles passing from one pole of the heavens to

the other in all directions, as shown in Fig. 45, p. 147. Every celes-

tial meridian coincides with the terrestrial meridian of some point on

the earth.

Metonlo Cycle. See p. 48.

ACicrometer (small meamrer). Any instrnment for the accurate measure-

ment of very small distances or angles.

Nadir. Tlie point of the celestial sphere directly beneath our feet, or the

direction exactly downwards.

Node. The point in which an orbit intei-sects the ecliptic, or other plane

of reference. See Elements, and p. 23.

Nutation. A very small oscillation of the direction of tho earth's axis.

It arises from the fact that the forces which produce the precession of

the equinoxes do not act uniformly, and may therefore be considered as

the inequality of precession arising from the inequality of the force

which produces it.

Oblate. Applied to a round body which differs from a sphere in being

flattened at the polos, as in tlio case of tho earth.

Obliquity of the Ecliptic. Tho inclination of the plane of tho equator

to that of tho ecliptic, which is equal to half the difference between the

greatest meridian altitude of the sun, which occurs about June 2l8t, and

the least, which occurs about December 2l8t. At the beginning of 1B50

its valiio was about 2U° 27^', and it is diminishing at the rate of about
47" per century.

Oooultation (a hiding). Tho disappearance of a distant body through tho

interposlti(m of a nearer oito of greater angular umgnitudo. Applied

especially to the case of tho moon passing over a star or [tlanet, and to

that of Jupiter hiding one of liis sntcllitps.

Opposition. Tho relation of two bodies in opposite directions. Tho

planets are said to Ito in opposition when their longitude dillera 180"

fiMini that of the sun, so that they ris(^ at sunset, and set at sunrise.

Orbit. The path described by a jilanet around tlie sun, or by a satellite

around its primary ]dant>t.

Parallax. Tli(< dillt'irnce of diieetion nf a heavenly liodv as seen truni

ii

! J
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two points, as the centre of the earth and some point on its surface.

See Part II., Chap. III., $ 1.

ParalleUk Imaginary circles on the earth or in the heavens parallel to

the equator, and having the pole as their centre. The parallel of 40° N.

is one which is everywhere 40° from the equator and 50° ixom the north

pole. See Fig. 45, p. 147.

Penumbra. A partial shadowing. Applied generally in cases where

light is partially, but not entirely, cut ofif.

Peri* (near). A general prefix to denote the point at which a body revolv-

ing in orbit comes nearest its centre of motion ; as,pmhelwn, the point

nearest the sun; perigee, that nearest the earth; peii-Saturnium, that

nearest the planet Saturn, etc.

PerturbatioxL A disturbance iu 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 planets are caused by
their attraction on each other.

Photometer (light-measurer). An instrument for estimating the intensity

of light. The number of kinds of photometers is very great.

Preoeuion of the Bqulnozes. A motion of the pole of the equator

around that of the ecliptic in about 26,000 years. See pp. 19, 62, 88.

Prime Vertical The vertical circle passing due east and west through

the zenith, and tlierefore intersecting the horizon in its east and west

points.

Quadrature. The positions of the moon when she is 90° from the sun,

and therefore in her first or last quarter.

Radiant Point. That point of the heavens from which the meteors all

seem to diverge during a meteoric shower. See p. 403.

Refraction (a breaking). The bending of a ray of light by passing through

a medium. Astronomical refraction means the refraction of the light of a

heavenly botly caused by the atmosphere, as described on p. 308.

Retrograde (ba^kicard). Applied to the motion of a planet from east to

west among the stars.

Saros. A j-erioi or cycle of 18 years 11 days, iu which eclipses recur.

See p. .30.

Scintillation (a twinkling). The twinkling of the stars.

Secular (relating to the ages). Applied to those cluuigcs iu the planetary

orbits wliich require iuiniense periods for tlieir coiuplction. Sec p. 95.

Selenography. A description of the surface of tlio moon, as geography is

a description of tho earth's surface. We might call it lunar geography

but for tlio etymological absurdity.

Sexigesimal. Counting by sixties. A,i,ili-.' to those denominate sys-

tems in which one unit is sixty times Ihu next interior one, as tlie usual

subdivision of time and arc.

I
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Sextant The sixth part of a circumference. Also an instrument miioli

used in practical astronomy and navigation, for the ready moa«uremeiit uf

the angular distance of two points, or of the altitude of a heavenly body,

Sideresd. Relating to the stars. Sidereal time is time measured by the

diurnal revolution of the stars. Each unit of sidereal time is about

^j^th part shorter than the usual one. See p. 150.

Signs of the Zodiac. The twelve equal parts into which the ecliptio or

zodiac was divided by the ancient astronomers. These aigus, begiu*

uing at the vernal equinox, are

:

Aries, the Bam.
TauriiH, the Ball.

Oemini, the Twins.
Cancer, the Crab.

Leo, the Lion.

Virgo, the Virgin.

Libra, the Balance.

Seorpiua, the Scorpion.

Sagittariiu, the Archer.

Capricomus, the Ooat.

Aquarius, the Water-bearer.

Pisces, the Fishea.

Solstices {standing-points of tlw sun). Those points of the ecliptio which

are most distant from the eqnator, and through which the sun posses

about June 31st and December 21st. So called because the suu, haviug

thou attained its greatest declination, stops its motion in declination,

and begius to return towards the equator. The two solstices are desig'

iiatcd as those of summer and winter respectively, the first being in 6

hours and the second in 18 hours of right ascension.

Sothic Period. That in which the Egyptian year of 36.5 days correspond'

ed in succession to all the seasons. The equinoctial year being supposoi)

to be 365^ days, this period would be 1461 years, but it is really longer.

See p. 47.

Speculum (a mirror). The concave mirror of a reflecting telescope.

Stationary. Applied to those aspects of the planets occurring between

the periods ofdirect and retrograde motion when they apx>ear for a short

time not to move relatively to the stars.

Synodic. Applied to movements or periods relative to the sun. The
synodic movement of a planet is the amount by which its motion eX'

ceeds or fa.s 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.

Syzygy. The points of the moon's orbit in which it is either new moon or

full moon. The line of the syzygies is that which passes through these

points, crossing the orbit of the moon.

Terminator. The bounding lino between light aud darkness on the moon
or a planet.

Transit {a faaaing across). Tiie passage of an object across some fixed line,

ns the meridian, for example, or between the eye of an observer and an

apparently larger object beyond, so that the nearer object appears on

tlie face of the more distant one. Applied ONpecially to passages of Mer^

-i

i, : I
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cury and Vouns over the disk of the sun, aud of the satellites of Jupiter

over the disk of the planet.

Trepidation. A slow oscillation of the ecliptic, having a period of 7000

years, imagined by the Arabian astronomers to account for the discord-

ance in the determinations of the precession of the equinoxes. In con-

sequence of this motion the equiuox was supposed to oscillate backward
and forward through a space of about twenty degrees. The trepidation

contiuued 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 shadow). 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.

Vertloal, Angle oC The small angle by which the real direction of the

earth's centre from any point ou its siu:face differs from that which is

directly downward, as indicated by the plumb-line. It arises from the

elipticity of the earth, Tauishes at the equator aud poles, and attains its

greatest value of about 12' at the latitude of 45°.

Voitex (a whirlpool)
;
pi. Vortices. TLe 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 geocentric 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 Vertical,

Argle of.

Zodiac. A belt encircling the heavens on each side of the ecliptic, within

which the larger planets always remain. Its breadth ia generally con-

sidered to be about sixteen degrees—eight degrees on each side the

ecliptic. In the older astronomy it was divided up into twelve parts,

called signs of the todiao.
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i(bl)«,dlstribntionof thenebnlte 466

parallax of Sirius 561

Aberration of light described 211

ilcceI«ratton of moon's motion 96

ildami determines moon's acceleration ... 06

iP'»<->*iigrate3 motions of Uranns 370

Aerolites, dcs^rptlon of 399, 401

wtirv, his water telescope 214

density of the earth 86

.4!yo( a variable star 440

.4i>jxiri<ion, circle of perpetual ll

Argelander catalogues the stars 423

.4ri7U5, 1), a variable star 442

Ariitarchus attempts to measure the dis-

tance of the sun 22

Asten, motion of Encke's comet 394

Asteroidt (see also Planets, small) 333, 544

ilsfrolabe described 105, 566

Astronomer Jloyal, duties of 160

Attraction of a mountain 86

of small masses 81

ilurnra, description of 309

height, nature, etc 312

periodicity of 256

8|)ectrum of 313

Auwers, motion of Sirius and Prooyon 453

Baily determines density ofearth 84

/iai{j/'< beads explained 322

Aarfter, spectrum of Aurora 313

Aayer system of naming stars 429

Bemouilli (J.) sustains theory of vortices so

Aetirt, parallax of 61 Cygni 206

£iacllc drop in transits of Venus 179

itscause 181

£2ancAtni, his great telescope 112

rotation of Venus 299

Bode's lawof planetary dlftanccs 235

i/onct discovers satellite of Saturn 300

lnt«n«lty of moonllpht 326

investigates ringjolSaturii 3B0

PAGE

BooKs, list of, for reference 558

Bradley attacks stellar parallax 304

detects aberration of light 211

BraAe (Tycho), his obs. and system 66

Brtnnou), researches in stellar parallax ... 208

CMendar, history, etc 44

Julian and Gregorian 4(

Catscgrainian telescope 124

Coutnt discovers satellites of Saturn 362

theory of Saturn's ringd 360

Cavendish, density of the earth 82

Cayley determines moon's acceleration ... 98

CAaltu searches fur Neptune 370

C/irotnotpAere of the sun 26B

ila violent movements, etc 270

Chronojraph described iBi

Circlet of the celestial sphere 14(

Ctari CAlvan), his telescopes 137

discovers companion of Sirins 13S

(duster* of stars 4Si

Comef, great, of 1680 384

of 1682 (Halley's) 38B

of 1843 3811

its near approach to sun 367

of 1858 (Donatl's) 38t

views of 378, 3(0

Southern of 1880 391

of Blela 388, 40«

of Kncko 393

Como, asiiectsof, etc 375

devclopuient 376

relations to meteors 404

motions 379

number 383

orbits of, tlielr form 379

physical constitution of 411

remarkable, description of 384

tails of, roi«'lkHl by tlio ran 41?

rctij(c//a(u)n», antiquity of names 429

description of 431
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Copernicus foands modern astronomy 51

publishes hi!) system 63

his system explained 64

represents eccentricity of orbits 60

his distances of tlie planets 60

estimate of his work 61

work condemned by Inquisition 72

Cumu measures velocity of light 21b, 220

Cbrorui of the sun described 260

its probable nature 266

its spectrum 265

Cosmogimy, the system of 505

CycU, the Metonio 48

Dean determ. transatlantic longitude, 159

Delaunay, secular acceleration of moon ... 97

i>i'm% of tlie earth (i4

/>eicarte«' theory of vortices 72

Dimai.it comet, description of 389

views of. 378,390

/)rn/wr, his great telescope 135

photograph of the moon 321

theory of the solar si:ectrum 23u

Earth, density of 84

figure of, view of Ptolemy 32

on Newton's theory 86

thu French invostiwitiona ... 87

theory of its fluidity .... .

"
307

difficulties of this theory 308

temperature of interior 306,625

secular cooling of 625

fatter, how determined 48

faXnuin, view of total eclipse in 1869 261

Eccentric in ancient astronomy 42

Ediptet, geometrical explanation 24

classification 25

duration of 28

seasons and periodic recnrrenoe 29

total, phenomena of 260

of 1869, general view of 261

observationsof 265

Ecliptic, description of 15

obliquity explained 61

/;fc»nfnJ« of the planetary orbits 542,568

Ji'ncA'c determines solar ]>arallax 181

investigates resisting medium 393

Epici/clet, ancient system of 37

explained by Co|)ernlcu8 64

fquiitoi, celestial 12, 147

Evection discovered by Ptolemy 43

Eye-piece of telescope Um

/'acufs of the sun 669

Faye, constitution of the Ran 281

his comet, motions of 395

Fiteau measures velocity of Ifght 217

FoucauU measures vclncliy of light 2Ih

PAOB
Galaxy, or Milky Way, its aspect 430

Galileo reinvents the telescope 106

discovers phases of Venus 298

satellites of Jupiter 346

resolves the Milky Way 422

Galle, parallax of asteroids 200

optical discoverer of Mcptune 371

Uentit, his unfortunate voyage 180

Oillits, expedition to ClU.i 174

Glacial epoch, its possible cause 245

Glasenapp, velocity of light 214

Gnomon, its use by the ancients 104

'loMen number 48

Gt'iiUi detenu, transatlantic longitude 159

Gr-'vilalien not newly di:«overed 48

how generalized by Newton 76

universal law of 81

exerted by small masses bl

explains motion of the planets ... 98, 100

6'ni(il) constructs Melbourne telescope ... 132

iTaft observes spot on Saturn 351

Ualley discovers secular accel. of moon ... 96

total eclipse in 1715 260

periodicity of his comet 385

proposes obs. of transit of Venus 176

Hansen, moju's secular accelerttion 97

solar parallax 182

Harkneit, spectrum of the corona 265

observes meteoric shower 402

Hertdiel, bis telescope') 126

discovery of Uranus 364

of two satellite) of Uranus 365

his star gauges 480

structure of the universe 482

nebular hypothesis 509

Song of the Telescope 127

Hilgai ol determ. transatlantic longitude.. 169

Hipparchtu observer motions of planets ... 41

catalogues the stars 427

Holden investigates satellites of Uranus... 367

//oofo', problem of stellar parallax 203

//orrox first observes transit of Venus 175

//uppin», appearance of sun's surface 241

motion ofstars in line ofsight 470

spectrum of nebulae 461

ofnew star 449

Iluyghcn't prep, the way for gravitation... 73

discovers rings of Saturn 362

Inquisiiion conilemns work of Copernicus 72

Intra-.Mercurial planets, supposed 100, 294

pretended observations of 295

Jansen supjxwed inventor of telescope 107

Jamsen analyzes solar protuberances 262

Jupiter, the planet 341

appearance of surface 342
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Jupiter, light and activity of 344

rotatlonof, onaxis 34S

satellites of 346

Kant, stmoture of the universe 476

founds nebular hypothesis 607

Kepler investigates motions of planets C8

first two laws of planetary motion ... 69

third law 70

structure of the universe 476

Lamteri, structure of the universe 479

Langley, apiiearance of the sun 240

heat of the sun 243

on the sun's constitution 288

Laplace, cause ofmoon's acceleration 96

nebular hypothesis 609

Lauell, his great telescopes 131

discovery of satellites 366, 374

Latitude, how determined astronomically 148

Xewrrier investigates motion ofMercury 100

discovery of Neptune 369

l/ifrrotionofthemoon 315

Light, motion of 210

time of coming from sun 213

velocity of, measured 216

Lipperhey an inventor of the telescope 107

f.ncfe^er analyzes snu's protuberances 263

Longitude, terrestrial, bow found 150

the transatlantic 159

Loomit, periodicity of the aurora, etc 257

Aowrin^, periodicity of the aurora 257

Lynum investigates atmosphere of Venus 302

Jfartt, the planet 328

aspect of 329

maps of. 330,331

rotatlonof. 330

Matkelyne, attrtiction ofmountain 85

Maxwell, theory of Saturn's rings 360

Jfei'cury, the planet 291

ancient tlieory of 40

aspect and rotation 292

motion of perihelion lOO, 294

transits of 293

JTerulian circle described 152

ir«(eoi'tc showers 398

radiant point of 403

produced by imet 409

Meteort and shooting-stars 397

how caused 400

combustion of, by motion 401

orbits of 407

relations to comets 404

.iretntitc cycle 4S

.Wilkij Way described 430

.i;A7{<r, motion of Faye's comet 396

.KonfA, origin of 46-47

rAGR
JTooii, revolution and phases 21

acceleration of its motion 96

unexplained changes of motion 93
path among the stars 23
nodes, motion of. 23
eclipses of, how caused 24
gravitation of, found by Newton 76
investigations of theanclents 42
atmosphere 322

sur&co described 319
distanced and magnitude 314
ligure, rotation,and libra Ion 315

changes of surface 324
light and heat of. 325
elfect on the earth 327

Jfutiu of the spheres 4

Xasmyth, appearance of the sun 240

SebuUe, appearance of 468

views of. 462,464

distribution 450

great, of Orion 469

gaseous nature of 461

A'ebuiar hypothesis 607

reached by reasoning baclc-

ward from the present... 613

conclusions respecting 528

Aeptune, history of its discovery 368

physical aspect of 374

satelllta of. 374

AewoU, his great telescope 138

;Viio(on (H. A.), meteoric showers 404

KewUm (Sir I.), his work 74

laws of motion 76

theory of comets 416

(Men, hypothesis of the explosion of a
planet 334, 336

Orbt'd of the planets 642,641

PardUax, deflnifon of 165

annual 170

solar, measures ui 171

^m transit of Venus 175

most probable value 200

list of papers on 563

stellar, efforts to find 20a

list of measures 650

Peine, rings of Saturn 360

pertnrtMktionB of Neptune 373

tlieory of comets 4is

Pholofphere, its appearance 24Q

llghtand probable nature 271

Pickering, intensity of sunlight 243

Planeli, tlic seven, of the ancients 14

order of distance, ancient 40

modern 233. 237

laws of their motion u!*, 93

38
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Ptaneti, aecnlar variations of orbtts 95

atpeoto of 237

diatanoeaand masses 23S

of other suns sao

supposed intra-Mercurial 100

small, fill gap between Mars and
Jupiter 333

earlier discoveries 334

number and moss 333

elements oforbits 544

Pleiadei, map of 456

/'{uraiUy of worlds 530

Pole of tlie heavens lo

/^ecution of the equinoxes 19

explained by Copernicus 62

cause of 88

Proctnr, arrangement of the stars 490

Piomintnea. See Protuberaneei.

iVoCttderance* of the sun 260

spectroscopic observation of. 262

PloUmy, his system of the world 33

his answers to objectors 35

his relations to O^pernicns 58

his catalogue of stars 427

Pj/Mo^orai, crystalline splieres of 3

his supposed system 4,52

Radiant point of meteors 403

R^raction, astronomical 308

Reich, density of earth 84

Refitting medium, Indications of 393

researches relating to 394

Rings of Saturn 351

RittenJiotue observes transit of Venus 302

Ra«mer searches for stellar parallax 203

Roue, his great telescope 131

he«t of the moon 326

SSirot, or period of eclipses 30

Satellilet ofJupiter 346

of Saturn 3Ci

of Uranus 363

of Neptune 374

Saturn, the planet 348

aspectof 349

rotation on axis 350

remarkable spot on 351

rings 361,360

old views of 353

phases of. 354

satellites of 361

%AiapareUi theory of meteors 406

ScAcin/eM catalogue of variable (tars 443

Schudbe, p?-'~'.lolty of sun-spots 256

j^easoM, explanation of. 63

6'eccAi, temperature of the sun 245

on the sun's constitution 273

view of lunar crater 323

spectnun of nebula 46i

rAoi
Secondary spectrum in telescope 240

iSstdel, photometric researches 427

Sirius, brilliancy of 427

companion of 453

Solar system, relation to the stars loi

structure of 233

plan of 238

SpeetroKope described 223

Speeirum analysis exphilned 32T

Sphere, celestial, deeoriljed 7

circles of 146

<S^Aere<, crystalline, of Pythagoras 3

Start (see also Univerte) 421

arrangement of, in space 474, 492

binary systems of 452

catalogues of 427

changes among them 473

clusters of. 45B

constellations, formation of 428

description of 431

double 4S0

light of, how graded 425

magnitudes oi^ apparant 424

intrinsic 497

number of, visible 424

motions of, apparent 466, 498

in line ofsight 470

names of, how given 429

iieirest 207

new, explanation of 444

nature of 447

obeervations oisome 446

parallaxes of 202,660

probable orbits ofsome 490

systems of. 490

shooting. See Heteort.

variable 440

Stone corrects solar parallax 190

Struve (O.), changes in lings of Saturn ... 357

Inner satellites of Uianus 3U6

Struve (W.), investigates stellar parallax 206

parallMcofaLyriE 207

structure of the univene 488

5un, age of 623

appearance of 239

atmoephei« of. 244

constitution of 266

brightness of, as a star. 497

oontraotion of, probable 621

distance of, most probable value of... 200

distance of, methods of finding 196

gveouft tiieory of 272

beat of, quantity radiated 246

howmaintoined 266, 6ie

law of radiation SIS

motion, apparent annual 14

probable real 468

parallax, how measured 171-201
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Sun, parallax, most probable v \ae 20i

lUt of papers oil esa

rotation on axK law of. 257

«pot8, their appearance 240

their periodicity 256
appear as cavities 253

gnrronndings of 259
toiuperature 245

7U«icope, origin of 106

Galilean form of 103

principle ofconatructlun of los

magnifying power of 110, 139

aberration, defect of. 110

achromatic lu
how monnted for use 118

reflecting, how made 121

great ones ofmodem times 125

list of the principal 586

r/ionuon, rigidity of the earth 308

Tides, how produced 90

friction of, retards earth 98

Time, mean and apparent 163

sidereal 160

See also Calendar.

Titut, law of planetary distances 135
2Vansi(4 of stars, how observed 164

ofVenus, law of recurrence 175

old observations 178

In 1874 183, 191

in 1882, :vhere visible 192

of Meioary 293

Tj/cho Brake, his woric 66

Vlugh feiffh, catalogue of stars 427

rmuerre, structure of 474

stability of, not necessary 604

AOB
Tranut, the planet 303

old observations of. 305
SiloUltOOf. 365
deviations of its motion ses

Tenia, ancient theory of motion 39
general descripiion 297

Ptases 298
supposed axial rotation 299
atmosphere 301
spectrum 303
visibility of dark side 304
satellite of, supposed 304

Vogd, photographic measures of sun's rays 243
rotation of Venus 301
spectrum of aurora 313
view of Encke's comet 377

Vorticet, theory of 72

TTaffeer, motions of Neptune 373
Weefc, daysofthe 46
WlieatiUme revolving mirror 218
IFinnecJx, parallax ofa star 209
trot/, periodicity of sun-spots 256
Wright, spectrvm of zodiacal light 419

Tear, sidereal and tropical 30
Young, constitution of the sun 284

researches in spectrum analysis 265

Zodiac, definition of IS

signs of 16

^bdi'acaUight 297.418

Zollntr, law of sun's rotation 258

nature of photosphere 273

intensity of moonlight 326

theory of comets 4IS
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EXPLANATION OF THE STAB MAPS.

These maps show all the stars to the fifth magnitnde InolnslVA be-

tween the north pole and 40° south declination, the middle of each map
extending to 60° declination. They therefore include all the Htan wblob
can be readily seen with the naked eye in onr latitndes, except tbn very

smallest. They are, for the most part, founded on Heis's AtUu CaletHt

and the catalogue accompanying it.

To recognize the constellations on the maps, reference may be \uu\ to

the descriptions on pp. 432-440. To find what constellations are on tbo

meridian at any hour of any day in the year, it will be neceMary to eal*

cnlate 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 hoUl with

this hour upwards, it will show the exact position of the northern oondtol*

lations, while on Maps II.-V. it will show the position of tbo meridian.

Each of these four lost maps extends about from the zenith to tbo eontb

horizon.

The several dates on the ecliptic show the positions of the SMn during

its apparent annual course as described in part 1., ohap. i., ( 3, and »%•

plained on pp. 54, 55. Tbo apparent path of tho moon in 1877 U marked
ont, in order to illustrato $ 6, p. 31.

To illustrato precession, the position of the equator 9000 yours ago I*

shown on Map II., where it can be compared with tho prusont position,

marked 0° on the sides of Maps II.-V. For the same object the eirole

which the celestial pole seems to describe around tho polo of the eollptlo

in 25,000 years is shown on Map I.

The small circles marked here and there on the maps show the iKMitinnN

of the more remarkable nobnlee and star clnsters, a list of wliioh Is given

in No. III. of tbo Appendix.
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Map 1. Till' NuitluTii C



Map I Thf NuitluTii Constfllations widuii .'jO nl tlit< PoIm
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Map II. Southern ConstelU
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Ip II. Southorn Constellatlo'- j .isible in Autumn and Winter.
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Map III.- Southern Const



Map Ill.-Soulliern Constellauoiis visible in Winter and Spring
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Map IV. HoutljHru C«iiiKl«IIiitlonK visible



Ilurn <viitiNl<»lliiUonf vlslbli- In Spring and HuinintT.
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Map V. Southern Constell



Map V. Southern Constellations visible in Summer and Autumn.




