
igfmnl 11m. ffffi 1111
-

mm

feülîl

THE GREAT TELESCOPE OF THE UNITED STATES NAVAL OBSERVA 

U TORY, WASHINGTON.

CONSTRUCTED BY AI.VAN CLARK AND SONS, 1873,

'M///

/.ymi/Mi :

III I,

mill ii;i
UMjji

., :-4

mi ,

'will

B6+^^



s

'•’«% UB URaTWH

rwmWf i.AVIS'UiR

S'

.;VW1P:

.



' ■ ,*r ,t‘- PH \ 'ji

jfei 'tâèèM**
S

WtKuSv .*1*.

■ IF'

■?%- ■:* -AIjSF

. »6(fl
«.



(

i
POPULAR ASTRONOMY.

t SIMON NEWCOMB, LL.D.,
PROFESSOR, U. S. NAVAL OBSEUVATORV.

%

WITH ONE HUNDRED AND TWELVE ENGRA VINOS, 
AND FIVE MAPS OF THE STARS.

47
i

/ /

4

bonbon :

MACMILLAN AND CO. .
* 4p78.



I ♦* \ * 

5

y

LON DON :
PR IN T KD BY WILLIAM CLOWKS AND SONS,

STAMFORD STRUCT AND CHARING CROSS.

Cl

I
y



Z

f

PREFACE.

j
To prevent a possible misapprehension in scientific quar­

ters, the author desires it understood that the present work 
is not designed either to instruct the professional investi­
gator or to train the special student of astronomy. Its main 
object is to present the general reading public with a con­
densed view of the history, methods, and resul^i -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 be intelligible to all. 
To diminish the difficulty which the reader may encounter 
from the unavoidable occasional of technical terms, a 
Glossary has been added, including, it js believed, all that 
arc used in the present wTork, as vVll as ja number of others 
which may be met with elsewherj^. /

Respecting the general scope of the work, it may be said 
that the historic and philosophic sides of the subject have 
been treated with greater fulness than is usual in works of 
this character, while the purely technical side has been pro­
portionately condensed. Of the four parts into which it is 
divided, the first two treat of the methods by which the mo-

33730



0

\
• \

vi . PREFACE.
t>

lions ami the mutual relations of the heavenly bodies have 
been investigated, and of the results of such investigation, 
while in the last two the individual peculiarities of those 
bodies are considered in greater detail. Tlie subject of the 
general structure and probable development of the universe, 
which, in strictness, might jftv considered as belonging to the 
first jv»rt, 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 jKirt, lieen collected in the Appendix, 
where will lie found a number of brief articles for the use 
of lnith the general reader and the amateur astronomer.

The anchor has to acknowledge the honor dorte 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- z 
stitution of the sun, and the rapidity with which our knowl­
edge ih this 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. Fat hen» Seech i, of Rome ; M. Faye, of Paris; 
Professor Young, of Dartmouth College j 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.

An Addendum gives the basis of the remarkable modifi­
cation of the theory of the solar spectrum proposed by Dr. 
Henry Draper, which apjieared while the sheets were passing 
through the press.
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POPULAR ASTRONOMY.

PART I. —THE SYSTEM OF THE WORLD 

1IIS TO RIO ALLY DE VEL OPED.

INTRODUCTION.

Astronomy 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 
ourselves lost in the mists of antiquity. The theory of uni- 

4 versai gravitation was founded by Newton upon the laws of 
Kepler, the observations and measurements of his French con­
temporaries, and the geometry of A]>ollonins. Kepler used 
as his material the observations of Tycho Brahe, and built 
upon the theory of Copernicus. When we seek the origin of 
the instruments used by Tycho, we soon find ourselves among

2



2 SYSTEM OF TUE WORLD HISTORICALLY DEVELOPED.

the mediaeval Arabs. The discovery of the true system of 
the world by Copernicus was only possible by a careful study 
of the laws of apparent motion of thé planets as expressed in 
the epicycles of Ptolemy and Hipparchus. Indeed, the more 
carefully one studies the grekt work of Copernicus, the more 
surprised he will be to find how completely Ptolemy furnishqd 
him both ideas and material. If we seek the teachers and 
predecessors of Hipparchus, we find only the shadowy forms 
of Egyptian and Babylonian priests, whose names and writings 
are all entirely lost. In the earliest historic ages, men knew 
that the earth was round ; that the sun appeared to make an 
annual revolution among the stars ; and that eclipses were 
caused by the moon entering the shadow of the earth, or the 
earth that of the moon.

Indeed, each of the great civilizations of the ancient world 
seems to have had its own systeih of astronomy strongly 
marked by the peculiar character -of the people among whom 
it was found. Several events recorded in the annals of China 
show that the movements of the sun and the laws of eclipses 
were studied in that country at a very early age. Some of 
these events must be entirely mythical ; as, for instance, the 
despatcli of astronomers to the four points of the compass for 
the purpose of determining the equinoxes and solstices. But 
there is another event which, even if we place it in the same 
category, must be regarded as indicating a considerable amount 
of astronomical knowledge among the ancient Chinese. We 
refer to the tragic fate of Hi and Ho, astronomers royal to one 
of the ancient emperors of that people. It was part of the 
duty of these men to carefully study the heavenly movements,, 
and give timely warning of the approach of an eclipse or other 
remarkable phenomenon. But, neglecting tjiis duty, they gave ' 
themselves up to drunkenness and riotous living. In conse­
quence, an eclipse of the sun occurred without any notice being 
given ; the religious rites due in such a case were not performed, 
and China was exposed to the anger of the gods. To appease 
their wrath, the unworthy astronomers were seized and sum-, 
marily executed by royal command. Some historians have
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gone so far as to fix the date of tin's occurrence, which is vari­
ously placed at from 2128 to 2159 years before the Christian 
era. If this is correct, it is the earliest of which profane his­
tory has left us any record.

In the Hindoo astronomy we see the peculiarities of the 
conteeiplative 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 years before the Christian era. Although we 
have every reason for believing that this conjunction was 
learned, not from any actual record of it, btat'by calculating 
back the position of the planets, yet the very fact that they 
were able to make this calculation shows that the motions of 
the planets must have been observed and recorded during 
many generations, either by the Hindoos themselves, or some 
other people from whom they acquired their knowledge. As 
a matter of fact, we now know from our modern tables that 
this conjunction was very far from being exact; 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 ofpatural phenomena, we cannot expect to find any­
thing that ckn be considered a system of astronomy. But there 
are some ideas attributed to Pythagoras which are so frequent­
ly alluded to, and so closely connected with the astronomy of 
a subsequent age, that we may give them a passing mention. 
He is said to have taught that the heavenly bodies were sét 
in a number of crystalline spheres, in the common centre of 

.which the earth was placed. In the outer of these spheres 
were set the thousands of fi,\ed stare which stud the firma­
ment, while each of the seven planets had its own sphere. The 
transparency of each crystal sphere was perfect, so that the 
bodies set in each of the outer spheres were visible through 
all the inner ones. These spheres all rolled round on each
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other in a daily revolution, thus causing the rising and setting 
of the heavenly Indies. This rolling of the spheres on each 
other made a celestial music, the “music of the spheres,” 
which tilled the firmament, hut was of too elevated a char­
acter to he heard by the ears of mortals.

It must lie admitted that the idea of the stars being set in a 
hollow sphere of crystal, forming the vault of the firmament, 
was a very natural one. They seemed to revolve around the 
earth every day, for generation after generation, without the 
sligli^est change in their relative positions. If there were no 
solid connection between them, it does not seem possible that 
a thousand Indies could move around their vast circuit for 
such long jieriods of time without a single one of them vary­
ing its distance from one of the others. It is especially diffi­
cult to conceive how they could all move around the same 
axis. But when they are all set in a solid sphere, every one is 
made secure in its place. The planets could not be set in the 
same sphere, because they change their positions among the 
stars. This idea of the sphericity of the heavens held on to 
the minds of men with remarkable tenacity. The funda­
mental proposition of the system, both of Ptolemy and Coper­
nicus, was that the universe is spherical, the latter seeking to 
prove the naturalness of the spherical form by the analogy 
of a drop of water, although the theory served him no pur­
pose whatever. Faint traces of theddea are seen here and 
there in Kepler, with whom it vanished from the mind of the 
race, as the image of Santa Claus disappears from the mind of 
the growing child.

Pythagoras is also said to have taught in his esoteric lect­
ures that the sun was the real centre of the celestial move­
ments, and that the earth and planets moved around it, and it 
is this anticipation of the Copernican system which constitutes 
his greatest glory. But he never thought proper to make a 
public avowal of this doctrine, and even presented it to his 
disciples somewhat in the form of an hypothesis. It must 
also be admitted that the accounts of his system which have 
reached us are so vague and so filled with metaphysical specu-
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lation that it is questionable whether the frequent application 
of his name to the modern system is not more pedantic than 
justifiable.

The Greek astronomers of a later age not only rejected the 
vague speculations of their ancestors, but proved themselves 
the most careful observers of their time, and first made astron­
omy worthy the name of a science. From this Greek astrono-

our own time may be considered as com- 
Still, were it not for the absence of his­

toric records, we could probably trae^ 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 ourselves to 
men whose names and whose labors have come down to us, 
we must concede to Hipparchus the honor of being the father 
of astronomy. Not only do his observations of the heavenly 
bodies appear to have been far more accurate than those of 
any of his predecessors, but he also determined the laws of the 
apparent motions of the planets, and prepared tables by which 
these motions could be calculated. Probably he was-»the first 
propounder of the theory of epicyclic motions of the planets, 
commonly called after the name of his successor, Ptolemy, who 
lived three centuries later.

Commencing with the time of Hipparchus, the general 
theory of the structure of the universe, or “system of the 
world,” as it is frequently called, exhibits three great stages of 
development, each stage being marked by a system quite dif­
ferent fijun the other two in its fundamental principles. These 
are :

1. The so-called Ptolemaic system, which, however, really 
belongs to Hipparchus, or some more ancient astronomer. In 
this system the motion of the cartli is ignored, and the appar­
ent motions of the stars and planets around it arc all regarded 
as real.
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2. The Copcrnium 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 pi ruing 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 iwivefsal gravitation.

This natural order of development shows the order in which 
a knowledge of the strpdturc of the universe can be most 
clearly presented to ztlie mind of the general reader. We 
shall therefore exjJàin 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 evefy one who will look at 
the heavens with sufficient care. We imagine the observer 
out-of-doors 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 lie 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 jiassage 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.
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THE CELESTIAL SPHERE.

.♦V
CHAPTER L

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 stars—seem to be set 
in an azure vault, which, rising high over our lie&ds, 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 rang as 
we always suppose the observer to be in the centre of) it, so 
that it shall surround him on all sides at an equal distance. 
But in the language and reasoning of exact astronomy it is 
always supposed to be infinite, as then the observer may con­
ceive of himself as transported to any other p<4nt, even to one 
of the heavenly bodies themselves, and still be^for all practical 
purposes, in the centre of the sphere. In tlnj»case, however, 
the heavenly bodies are not considered as ftUached to t|ie cir-

*
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eumference of the infinite sphere, but only as lying on the line 
of sight extending from the observer to some point of the 
sphere. Their relation to it may be easily understood by the 
observer conceiving himself to be luminous, and to throw out 
rays in every direction to the infinitely distant sphere. Then 
the apparent positions of the various heavenly bodies will be 
those in which their shadows strike the sphere. For instance, 
the observer standing on the earth and looking at the moon,

Fio. 1.—Section of the imaginary celestial sphere. The observer at 0, looking at the 
stars or other bodies, marked p, q, r, s, t, u, v, will imagine them situated at P, Q, R, 8, 
T, V, V, on the surface of the sphere, where they will appear projected along the 
straight pP, qQ, etc.

the shadow of the latter will strike the sphere at a point on a 
straight line drawn from the observer’s eye through the centre 
of the moon, and continued till it meets the sphere. The point 
of meeting will represent the position of the moon as seen by 
the observer. Now, suppose the latter transported to the moon. 
Then, looking back at the earth, he will see it projected on the 
sphere in a point diametrically opposite to that in which he 
formerly saw the moon. To whatever planet he might trails-
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port himself, lie would see the earth and the other planets pro­
jected on this imaginary sphere precisely as we always seem 
to see the heavenly bodies so projected.

This is all that is left of the old crystalline spheres of Py­
thagoras by modern astronomy. From being a solid which 
held all the stars, the sphere has become entirely immaterial, 
a mere coneeption of the mind, to enable it to define the di­
rections in which the heavenly bodies are seen. By examin­
ing the figure it will be clear that all bodies which lie in the 
same straight line from the observer will appear on the same 
point of the sphere. For instance, bodies at the three joints 
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 cast rising upwards, 
those in the south moving towards the west, and those in the 
west sinking below the horizon. We know that this motion 
is only apparent, arising from the rotation of the earth on its 
axis ; but as we wish, in this chapter, only to describe things 
as they appear, we may speak of the motion as real. A few 
days’ watching will show that the whole celestial sphere seems 
to revolve, as on an axis, every day. It is to this revolution, 
carrying the sun alternately above and below the horizon, that 
the alternations of day and night arc due. The nature and 
effects of this motion can best be studied' by watching the ap­
parent movement of the stars at night. We should soon learn 
from such a watch that there is one point in the heavens, or 
on the celestial sphere, which does not move at all. In our 
latitudes this point is situated in the north, between the zenith 
and, the horizon, and is called the pole. Around this pole, as 
a fixed centre,.all the heavenly 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 pole, but there is one which, being situated lit­
tle more than a degree distant, describes so small a circle that 
the unaided eye cannot see any change of place without mak-



Pole*

Fm. 2.—Map of the principal stars of the northern sky, showing the constellations which 
never set in latitude 40°, but revolve round the pole star every day in the direction 
shown by the arrows. The two lower stars of Urm Major, on the left 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 tqe liori-. 
^oii than to the zenith. In Maine and Canada it is aboul half­
way between these points, while in England and Northern 
Europe it is nearer the zenith.

10 SYSTEM OF THE WOULD IIISTOIUCALLY DEVELOPED.

ing some exact and careful observation. This is therefore 
called the pole star. The pole star can neatiÿ always be very 
readily found by means of the pointers, tdro stare of the con­
stellation Ursa Major, the Great Bear, or, as it is familiarly 
called, tiie 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.
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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 anp the 
horizon. We shall soon see that, instead of Moving frointeast 
to west, as we are accustomed to see the heavenly bodies move, 
it really moves towards the east. After passing the nbrth 
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 tho upper culmination, 
and that below it the lower one. The course àround 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 p distance as just to touch the horizon, all the 
stars situated within this circle will move in this way ; fins is 
therefore called the circle of perpetual apparition.

As we go away from the pole we shall find the stars mov­
ing in larger circles, passing higher 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. Thti possibility of a body rising so 
soon after having set does not always occur to those who live 
in ih ode rate latitudes. In July, 1874, Coggia’s cornet set in* 
the Aiorth-west abou£ nine o’clock in the everting, and rose 
again about three o’clock in the moaning; 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 below 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-

Fig. 3.—The celestial sphere and diurnal motion. S' is the south horizon, A" the nortli hori­
zon, 7, the zenith. The circle LX around the north pole contains the stars shown in 
Fig. 2 ; and the observer at 0, in the centre of the sphere, looking to the north, sees the 
stars as they are depicted in that figure. The arrows show the direction of the diurnal 
motion in the west.

zon. South of the equator the circles described by the stare 
become smaller once more, and more than half their course is 
below the horizon. Near the south horizon the stars only show 
themselves above the horizon for a shfcrt time, while below it 
there is a circle of perpetual disappearance, the stars in which, 
to us, never rise at all. This circle is of the same magnitude

/
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with that of perpetnal apparition, and the south pole is situated 
in its centre, just as the north ]>ole is in the centre of the other.

If we travel southward we find that the north pole gradually 
sinks towards the horizon, while new stare come into view above 
the soilth horizon ; consequently the circles of perpetual appari­
tion apd of perpetual disappearance both grow smaller." When 
we rqjach the earth’s equator the south pole has risen to the 
south horizon,-4I1C north pole has sunk to the north hori­
zon ; the celestial equator passes from east to west directly 
overhead ; and all the heavenly bodies in their diurnal revolu­
tions describe circles of which one half is above and the other 
half below the horizo^ These circles are* all vertical.

South of the equator only the south pole is visible, the north 
one, which wo see, being now below the horizon. Beyond tjie 
southern tropic the sun is north at noon, and, instead of mov\ 
ing from left to right, its course is from right to left.

The laws of the diurnal motion which we have described 
may l>e summe4 up as follows :

1. The celestial sphere, with the 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 ]>olo, which is diametrically opposite, and thereforq^ 
below the horizon.

3. All the fixed stars during this revolution move together, 
keeping at the same distance from c^ch other, as if the revolv­
ing celestial sphere were solid, and they were set in it.

4. The circle drawn round the heavens half-way between 
the two poles being the celestial equator, all bodies north of 
this equator perform ‘more than half their revolution above 
the horizon, while south of it less than half is above it.

«

§ 3. Motion of the Sun among the Stars.
The most obvious classification of the heavenly bodies which 

we see with the naked eye is that of sun, moon, and stare. 
But there is also this difference among the stare, that while the

t
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great mass of them preserve the same relative jtosition on the 
' celestial sphere, year after year and century after century, tliere 

Ure live which constantly change, their ]>ositions relatively to 
fhe others. Their names are Mercury, Venus, Mars, Jupiter, 
and ^hiturn. These five, with the sun and moon, constitute the 
setahi 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 tip; naked 
eye are termed the Fixed Stars, because they have no appar­
ent motion, except the regular diurnal revolution described in 
the» last section. But if we note the positions of the sun, 
moon, arid planets among the stars for a number of successive 
nights, we shall find certain slow changes among them which 
we shall now describe, beginning with the sun. In studying 
this description, the reader must remember that we are not, 
seeking for 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 n,ot rotate on its axis,
. we observe, night after night, the exaçt 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 hours, but in 23 hours 
5G minutes. In consequence, if we rioted to posifnm at the 
same hour night after night, we shall find it to be farther and 
farther to the west. Let us take, for example, the brightest 
star in the constellation Leo, represented on Map III., and 
coinmolly known as Regains. 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^t passes at eight o’clock, and 
at ten it is two hours west of the meridian. On the same day 
of May it passes at six, before sunset, so that it cannot be seen 
on pie meridian at all. When it firs* becomes visible in the 
evening twilight, it^will be an hour or more west of the 'me­
ridian. In June it will be tli^ee hours west, and by the end of 
July it will set during twilight, and will soon be entirely lost 
in the 1 ajs of the sun. This shows that during the months in

XX
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question the sun has been approaching the star from the west, 
and in August has got so néar it that it is no longer visible.

Carrying^forward our computation, 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 if! crosses 
at ten in the morning, while the sun is on the eastern side. 
The sun has therefore passed from the west to the cast of the 
star, and the latter can be seen rising in the morning twilight 
before the sun. It constantly rises earlier and earlier, and 
therefore farther from the sun, until February, when it rises 
at sunset and sets at sunrise ; and is therefore directly opposite 
the sun. In March the star would cross the meridian at ten 
o’clock once more, showing that in the course of a year the 
sun and star had resumed their first position. But, while the 
sun has risen $nd set 305 times, the star has risen and set 360 
tinjes, the sun having lost an entire revolution by the slow 
backward motion we have described.

If the stars were visible in the daytime (as they would be 
but for the atmosphere), the apparent motion of the sun among 
them could be seen in the course of a single day. For in­
stance, if we could have seen Regains rise on the morning of 
Augu<320th, 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.

1 ing the star all day, we should find
îat atthat at sunset it was north from the sun, 

as from circle. No. 2. The sun would
iU‘. -l-Al______ ___________J________!.. _________

Fio. 4.—Motion of the sun 
past the star Regnltm

during the day nave moved nearly its own about August 26th of 

diameter. Next morning we should have every rear- 
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 Jn his annual 
revolution is called the ecliptic. It is marked down on Maps 
II., III., IV., and V., and the months in win eh the sun passes 
through each portion of the ecliptic are also indicated. A 
belt of the heavens, extending a h és on each side of
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the ecliptic, is called the zodiac. The poles of the ecliptic arc 
two opposite points, each in the centre of one of the two hemi­
spheres into which the ecliptic divides the celestial sphere.

The determination of the solar motion around the ecliptic 
may be considered the birth of astronomical science. The 
prehistoric astronomers divided the ecliptic and zodiac into 
twelve parts, now familiarly known as the signs of the zodiac. 
This proceeding was probably suggested by the needs of agri­
culture, and of the chronological reckoning of years. A very 
little observation would show that the changes of the seasons 
are due to the variations in the meridian altitude of the sun, 
and in the length of the day ; but it was only by a careful 
study of the position of the ecliptic, and the motion of the sun 
in it, that it could be learned how these variations in the daily 
course of the sun were brought about. This study showed 
that they were due to the fact that the ecliptic and equator 
did not coincide, but were inclined to each other at an angle 
of between twenty-three and twenty-four degrees. This in­
clination is known as the obliquity of the ecliptic. The two 
circles, equator and ecliptic, cross each other at two opposite 
points, the positions of which among the stars may be seen by 
reference to Maps II.-V. When the sun is at either of 
these points, it rises exactly in the east, and sets exactly in the 
west ; one-half itsgliurnal course is above the horizon, and the 
other half below. The days and nights are therefore of equal 
length, from which the two points in question arc called the 
Equinoxes.

The vernal erjhinox is on the right-hand edge of Map II. 
Leaving that equinox about March 21st, the sun crosses over 
the region represented by the map in Hie bourse of the next 
three months, working northward as it does so, until June 20th, 
when it is on the left-hand edge of the map, 23|° north of the 
equator. This point of the ecliptic.is called tlie summer solstice, 
being that in which the sun attains its greatest northern declina­
tion. When near this solstice, it rises north of cast, culmi­
nates at a high altitude (in our latitudes), and sets north of 
west. As explained in describing the diurnal motion of an

%
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object north of the celestial equator, more than half the daily 
course 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 astronomers into the three signs 
of Aries, the Ram ; Taurus, the Bull ; and Gemini, the Twins. 
It will be seen that these signs no longer coincide with the 
constellations of the same name : this is owing to a change in 
the position of the equator, which will be described presently.

Turning to Map III., we see that during the three months, 
from J une to September, the sun works downwards towards 
the equator, reaching it about September 20th. The point of 
crossing marks the autumnal equinox, found also on the right 
hand of Map IV. The days and nights are now once more of 
equal length.

During the next six months the sun is passing over the re­
gions represented on Maps IV. and V., and is south of the 
equator, its greatest southern declination, or “the southern 
solstice,” being reached about December 21st. More than 
half its daily course is then below the horizon, so that in our 
latitudes the nights are longer than the days, and the low 
noonday altitude of the sun gives rise to the colds of winter.

We have no historic record of this division of the zodiac 
into signs, and the ideas of the authors can only be inferred 
from collateral circumstances. It has been fancied that the 
names were suggested by the seasons, the agricultural opera­
tions, and so on. Thus the spring signs (Aries, the Ram ; Tau­
rus, the Bull; and Gemini, the Twins) are supposed to mark the 
bringing forth of young by the flocks and herds. Cancer, the 
Crab, marks the timè when the sun, having attained its great­
est declination, begins to go back towards the equator; and the 
crab having been supposed to move backwards, his name was 
given to this sign. Leo, the Lion, symbolizes the fierce heat 
of summer; and Virgo, the Virgin, gleaning corn, symbolizes 
the harvest. In Libra, the Balance, the day and night balance

3.
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each other, being of equal length. Scorpius, 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 Capricorn us, the Goat, is more 
fanciful, if possible, than that of Cancer. It was supposed that 
this animal, ascending the hill as he feeds, in order to reach 
the grass more easily, on reaching the top, turns back again, so 
that his name was used to mark the sign in which the sun, 
from going south, begins to return to the north. Aquarius, 
the Water-bearer, symbolizes the winter rains ; and Pisces, the 
Fishes, the season of fishes. >

All this is, however, mere conjecture; the only coincidences 
at all striking being Virgo and Libia. The names of the con­
stellations. were probably given to them several centuries, per­
haps even thousands of years, before the Christian era ; and in 
that case the zodiacal constellations would not have correspond­
ed to the seasons we have indicated. An attempt has even been 
made to show that the names of the zodiacal constellations were 
intended to commemorate the twelve labors of Hercules; but 
this theory rests on no better foundation than the other.

The zodiacal constellations occupy quite unequal spaces in 
the heavens, as may l>e seen by inspection of the maps. In 
the beginning they were simply twelve houses for the sun, 
which that luminary occupied in the course of the year. Hip­
parchus found this system entirely insufficient for exact astron­
omy, and therefore divided the ecliptic and zodiac into twelve 
equal parts, of 30° each, called signs of the zodiac, lie gave 
to these signs the names of the constellations mos^icarly cor­
responding to them. Commencing at the vernal equinox, the 
first arc of 30° was called the sign Ayes, tl^ second the sign 
Taurus, and so forth. The mode of reckoning positions on 
the ecliptic by signs was continued until the last century, but 
is no longer in use among professional astronomers, owing to 
its inconvenience. The whole ecliptic is now divided into 
300°, like any other circle, the count commencing at the vernal 
equinox, and following the direction of the sun's motion all the 
way round to 300.
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§ 4. Precession of the Equinoxes.— The Solar Year.
By comparing his own observations with those of preceding 

astronomers, Hipparchus found that the equinoxes were slowly 
shifting their places among the stars, the change being at least 
a degree in a century towards the west, llis successors deter­
mined it with greater exactness, and it is now known to be 
nearly a degree in seventy years. Careful study of the change 
shows that it is due mainly to a motion of the equator, which 
again arises from a change in the direction of the pole. The 
position of the ecliptic among the stars varies so slowly that the 
change 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 
point, the pole of the heavens, is marked on the centre of Map 
I., and is also in the centre of Fig. 2, page 10. It is little more 
than a degree distant from the pole star. Now, precession real­
ly consists in a very slow motion of this pole around the pole 
of the ecliptic, the rate of motion being such as to (0ry it all 
the way round in about 25,300 years. The exact time has 
never been calculated, and would not always be the same, ow­
ing to some small variations to which the motion is subject ; 
but it will never differ much from this. There is a very slight 
motion to the ecliptic itself, and therefore to its pole ; and this 
fact renders the motion of the pole of the equator around it 
somewhat complicated ; but the curve described by the latter 
is very nearly a circle 46° in diameter. In the time of Hip­
parchus, our present pole star was 12° from the pole. The pole 
has been approaching it steadily ever since, and will continue 
to approach it till about the year 2100, when it will slowly 
pass by it at the distance of less than half a degree. The 
course of the pole during the next 12,000 years is laid down 
on the mapl and it will he seen that at the end of that time 
it will he near flic constellation Lyra. Since the equator is 
always 90° distant from the pole, there will he a correspond­
ing motion to it, and hence to the point of its crossing the

V
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ecliptic. To show this, the position of the equator 2000 years 
ago, as well as its present position, is given on Map II.

The reader will, of course, understand that the various ce­
lestial movements of which we have spoken in this chapter arc 
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 
the sun among the stare docs not accurately correspond to the 
return of the same seasons. The latter depend upon the posi­
tion of the sun relative to the equinox, the time when the sun 
crosses the equator towards the north always marking the sea­
son of spring (in the northern hemisphere), no matter where 
the sun may be among the stare. If the equator did not move, 
the sun would always cross it at nearly the same point among 
the stare. But when, starting from the vernal equinox, it 
makes the circuit of the heavens, and returns to it again, the 
motion of the equator has been such that the sun crosses it 
20 minutes before it reaches the same star. In one year, this 
difference is very small; but by its constant accumulation, at 
the 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 
stare, 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 ’ c years are:

Days. Days. Hours. Min. Sec.
365.25036 = 365 6 !* 9
305.24220 = 365 5 48 46

Sidereal year. 
Tropical year

Since the recurrence of the seasons depends on the tropical 
year, the latter is the one to be used in forming the calendar, 
and for the purposes of civil life generally. Its true length is 
11 minutes 14 seconds less than 365^ days. Some results of 
this difference will be shown in explaining the calendar.
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§ 5. The Moon s Motion.
Every one knows that the moon makes a revolution 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 thejmoon is 
a globular dark body, illuminated by the light of the sun, a 
fact which has been evident to careful observers from the re­
motest antiquity. This may be illustrated by taking a large 
globe to represent the moon, painting one half white, to rep* 
resent the half on which the sun shines, and the other half 
dark. Viewing it at a proper distance, and turning it into 
different positions, it will be found that the visible part of the 
white Mlf may be made to imitate the various appearances of 
the moon.

As the sun makes a revolution around the celestial sphere 
in a year, so the moon makes a similar revolution among the 
stars in a little more than 27 days. This motion can be seen 
on any clear night between first" quarter and full moon, if the 
moon happens to be near a bright star. If the position of the 
moon relatively to the star be noted from hour to hour, it will 
be found that she is constantly working towards the east by a 
distance equal to her own diameter in an hour. The follow­
ing night she will be found from 12° to 14° cast~u£ the star, 
and will rise, cross the meridian, and set from mlf airhtmr to 
an hour later than she did the preceding night/ At the end 
of 27 days 8 hours, she will be back in the same positioni 
among the stars in which she was first seen. /*—y

If, however, starting from one new moon, we count ryrwards 
this period, we shall find that the moon, although she lXs re­
turned to the same position among the stars, has not goyback 
to new moon again. The reason is that the sun has moved 
forwards, in virtue of his apparent annual motion, so far that 
it will require more than two days for the moon to overtake 
him. So, although the moon really revolves around the earth
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in 27} days, the average interval between one new moon and 
the next is 29£ days.

A comparison of the phases of the moon with lier direction 
will show that the sun is many times more distant than the 
moon. In Fig. 5, let E he the position of an observer on the 
earth, M the moon, and S the sun, illuminating one half of it. 
When the observer sees the moon in her first quarter—that is, 
when her disk appears exactly half illuminated—the angle at

to be farther than theFiov 6__Showing the suu moon.

the mooli, between the observer and the sun, must be a right 
angle. If the sun were' oiriw about four times as far as the 
moon, as in the figure, the observer, by measuring the aiigle 
SEM between the sun and moon, would find it to be 75° ; and 
the nearer the sun, the smaller he would find it. But stetual 
measurement would show it to be so near 90° that the dif­
ference woul^ 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. s

This idea xt'as applied by Aristarchus, who flourished in the 
third century before Christ, preceding both Hipparchus and 
Ptolemy, to determine the distance of the sun, or, more ex­
actly, how many times it exceeded the distance of the moon. 
He found, by measurement, that, in the position represented 
in the figure, the distance between the directions of the sun 
and moon "was 87°, and that the sun was therefore something 
like twenty times as far as the moon. We now know that this 
resplt was twenty times too small, the angle Jieiitg really so 
near 90° that Aristarchus could not determine the difference 
with certainty/ Inyirinciple, the method is quite correct, and
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very ingenious, but it cannot be applied in practice. The one 
insuperable difficulty of the method arises from the impossi­
bility of seeing when the moon is exactly half illuminated, 
the uncertainty arising from the inequalities in the lunar sur­
face being greater than the whole angle to be measured.

Watching and mapping down the path of the mobn among 
the stars, it is found not to be the same with that of jthe 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 mo<^n iii the middle of the year 1877 is 
marked on star Maps 1I.-V. Referring to Map 111., it will 
be seen that the descending node of the moon is in the con­
stellation Leo, very near the star Regains. Here the moon 
passes south of or below the ecliptic, and continues below it 
over the whole of Map IV. On Map V., it approaches the 
ecliptic ag^in, crossing to the north of it in the constellation 
Aquarius, and continuing on that side till it reaches Regains 
once more.

Such is the moon’s 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. In. order that the line drawn on the map may 
continue to represent the path of the moon, we must suppose 
it to slide along the ecliptic towards 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 p.atn will always 
cross the ecliptic at the same angle, but the moon will not 
always pass over the sa^ic stars. In August, 1877, she will 
cross the ecliptic a littjp farther to the right (west), and will 
pass a little below Regains. 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 Leo; and the 
other node, now in Leo, will have gone back to Aquarius. 
In a period of eighteen years and seven months, the nodes 
will have made a complete revolution, and the path of the 
moon will have resumed the position given on the map.
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§ G. Eclipses of the Sun and Moon.
The early inhabitants of the world were, no doubtNcrrified 

by the occasional recurrence of eclipses many ages\l)efore 
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 thaKif the 
moon should ever chance to 'pass^betweeu the Qarth and the 
sun, she must cut off some or all of Ills light. If the two bodies 
followed the same track in tlie heavens, there would be an 
eclipse of the sun every new moon ; but, owing to the inc^i-' 
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, the dates of 
new moon. At the first date, the moon passes so far to the 
north that, as seen from the centre of the earth, there is no 
eclipse at all ; but in the northern part of Asia the moon 
Nvould be seen to cut off a small portion of the sun.

While the moon is performing another circuit, the sun has 
moved so far past the node, that the moon passes south of it, 
and there is only a small eclipse, and that is visible only 
around the 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 cun crosses a node, 
the moon is sure to cross his path, either before he reaches 
the node, or before lie -gets far enough from it to be out of 
the way. As he crosses both nodes in the couVse of the year, 
there must be at least two solar eclipses every year to some 
points of the earth’s surface.

The cause of lunar eclipses might not have been so easy to 
guess as was that of solar ones; but a great number could
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not have been observed, and their times of"occurrence record­
ed, without i\s being noticed that they always occurred at full 
moon, when thet earth was opposite ^the sun. The idea that 
the earth cast a shadow, and that the moon passed into it, 
could then hardly fail to suggest itself ; and we find, accord­
ingly* that the earliest observers of the heavens were* perfectly 
acquainted with the fcause of lunar eclipses.

The reason why eclipses of the moon only occur occasion­
ally is of the same general nature with that of the rare occur­
rence of solar eclipses. The centre of the earth’s shadow is 
always, like the sun, in the ecliptic ; and unless the moon hap­
pens to be very near the ecliptic, and therefore very near one 
pfJier 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 natiire 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 apparent angular diameter of the moon exceed that 
of the sun, the latter will he 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 i 
that of the sun, it is evident that the whole of the latter cannot 
lfc covered, but a ring of light around his edge will still be visi­
ble. This is called an annular eçlipse. If the moon does not 
pass centrally over the sun, then it can cover only la portion of 
the latter on one side or the other, and the eclipse is said to he 
partial. So with the moon : if the latter is only partially im­
mersed in the earth’s shadow, the eclipse of the moon is called

v
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partial ; if she is totally iimmersed in it, so that no direct sun
light can reach her, the eclipse is said to be total An an

Fio. 6.— Annular eclipse of the sun —Partial eclipse of the sun

milar eclipse of the moon is impossible, because the earth’s 
shadow always exceeds the diameter of the moon in breadth.

Some points respecting eclipses will be seen more clearly 
by reference to the accompanying figures, in which S repre­
sents the sun, E the earth, and M the moon. Referring to the 
first figure, it will be seen that an observer at either of the 
points marked O, or indeed anywhere outside the shaded por­
tions, will see the whole of the sun^ so that to him there will 
be no eclipse at all. Within the lightly shaded regions, marked 
PP, the sun will be partially eclipsed, and more so as the ob­
server is near the centre. This region is called the penumbra.

Fiu. 8.—Eclipse uf tlie suu, the shadow of the moou falliug on the earth.

Within the darkest parts between the two letters p is a region 
where the sun is totally hidden by the moon. This is the 
shadow, and its form is that of a cone, with its base on the 
moon, and its point extending towards the earth. Now, it 
happens that the diameters of the sun and moçri are very 
nearly proportional to their respective mean distances, so that 
the point of this shadow almost exactly reaches the surface of 
the earth. Indeed, so near is the adjustment, that the dark 
shadow sometimes reaches the earth, and sometimes does not,



1

i «T'

\

y
ECLIPSES OF TUE SUN AND MOOtk 27

owing to the small changes in the 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 shadpw 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 reaches the earth, is so near down 
to a point that its diameter is not generally morp'than a lqip- 
dred miles ; consequently, each total eclipse is visiblb only 
along a belt which ijjjty not average more than a hundred 
miles across. .

In most eclipses, the shadow comes to a point before it 
reaches the earth ; in this case, the apparent angular diameter 
of the moon is less than that of the sun, and there can be no 
total eclipse. But if an observer places himself in a line with 
the centre of the shadow, he will see an annular eclipse, the 
sun showing itself on all sides of the moon.

Fio. 9.—Eclipse of the moon, the latter being iu the shadow of t he 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-3ln
ways so much larger than the latter that she may be wholly 
immersed in it, as shown in the figure. Now, suppose the 
moon, in her course round the earth, to pass centrally through 
the shadow, and not above or below it, as she commonly does ; 
then, when she entered the shaded region, marked I*, which 
is called the penumbra, an observer on her surface would see 
a partial eclipse of the sun caused by the intervention of the

r
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earth. The time when this begins is given in the almanacs, 
being expressed by the words, “ Moon enters penumbra.” 
Some of the sunlight is then cut off from the moon, &o that 
the latter is not so bright as usual ; but the eye does not 
notice any loss of light until the moon almost reaches the 
dark shadow. As she enters the shadow, a portion of her sur­
face seems to be cut off and to disappear entirely, and lier vis­
ible portion continually grows smaller, until, in case of a total 
eclipse, her whole disk is immersed in the shadow. ‘When this 
occurs, it is found that she is not entirely invisible, but still 
faintly shines with a lurid copper-colored light. This 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 lier 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, called digits; 
and the magnitude of the eclipse was said to be equal to the 
number of digits cut off by the shadow of the earth in case of 
a lunar eclipse, or bj the moon in case of a solar eclipse. The 
most ancient astronomers were in the habit of measuring the 
digits by surface: when the moon was said to be eclipsed four 
digits, it meant that one-third of her surface, and not one- ■ 
third her diameter, was eclipsed.

The duration of an eclipse varies between very wide limits, 
according to whether it is'nearly central or the contrary. The 
duration of a solar eclipse depends upon the time required fop 
the moon to pass over the distance from wlicfe she first comes 

"'Into apparent contact with the sup’s disk, until she separates 
from it again ; and this, in the case of eclipses which are pret­
ty large, may range between two and three hours. In a total 
eclipse, however, the apparent dkk of the moon exceeds that
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of the sun by so small an amount, that it takes her but a short 
time to pass far enough to uncover some part of the sun’s 
disk ; the time is rarely more than live or six minutes, and 
sometimes only a few seconds. A total eclipse of the moon 
may, however, last pearly two hours, 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 arc eacli 
about a month in duration, and we may call them seasons of 
eclipses. For instance, it will, be seen on Map V. that the 
sun passes one uode of the moon’s orbit towards the end of 
February, 1877. A season of eclipses for that year is there­
fore February and the first half of March. Actually, there is 
a total eclipse ofAhe 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 ikxle in August. Then we have the two eclipses of the 
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 Iftout 
a month. To speak with greater accuracy, the average season 
for eclipses of the sun extends 18 days before and after the

* There is an extraordinary coincidence between this eclipse and that of Au­
gust 8th of the stlnic year, both being visible from nearly the same region in Cen­
tral Siberia.



30 SYSTEM OF TUE WORLD HISTORICALLY DEVELOPED. *

sun’s passage through the node, while that for lunar eclipses 
extends 11# days on each side of the node. The total season . 
is, therefore, 36 days for solar, and 23 days for lunar eclipses.

Owing to the constant motion of the moon’s node already 
described, the season of eclipses will not be the same from 
year to year, but will occur, on the average, about 20 days 
earlier each year. We have seen that the sun passedJ:he de­
scending node of the moon marked on Map III. on August 
24th, 1877 ; but during the year following the node will have 
moved so far to the west that the sun will again reach it on 
August 5th, 1878. The effect of this constant shifting of the 
nodes and seasons of eclipses is that in 1887 the August sea­
son will be shifted back to February, and the February season 
to August. The reader who wishes to tind the middle of the 
eclipse seasons for twenty or thirty years can do so by starting 
from March 1st and August 24th, 1877, and subtracting 19# 
days for each subsequent year.

There is a relation between the motions, of* the sun and 
moon which materially assisted the early astronomers in the 
prediction of eclipses. We have said that the moon makes 
one revolution among the stars in about 27# daysv Since the 
node of the orbit is constantly moving back to meet the moon, 

^as it were, she will return to her node in a little ld&s than this 
period—namely; as shown by modern observations, in ft mean 
interval of 27.21222 days. The sun, after passing any node 
of the orbit, will reach the same node again in 346.6201 days. 
The relation between these numbers is this : 242 returns of 
the moon to a node take very nearly the same time with 19 
returns of the sun, the intervals being

242 returns of the moon to her node......................... 6585.357 days ;
19 “ “ sun to mÔon’s node...7................  0585.780 “

Consequently, if at any time the sun and moon should start 
out together from a node, they would, at the end of 6585 
days, or 18 years and 11 days, be again found together very 
near the same nofle. During the interval, there would have 
been 223 new and full moona^but none so near the node as

V
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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 are any given dis­
tance from it, say 3° east or west, then, in the same period, 
they will be again together within half a degree of the same 
distance from the node.

The-period just found was called the Saros, and may be ap­
plied in this way : Let us note the exact time of the middle 
of anV eclipse, either of the moon or of the sun ; then let us 
count mrwards 6585 days, 7 hours, 42 minutes, and we shall 
tind another eclipse of very nearly the same kind. Reduced 
to years, the interval will be 18 years and 10 or 11 days, ac­
cording to whether the 29th of February has intervened four 
or five times during the interval. This being true of every 
eclipse, if we record all the eclipses which occur during a 
period of 18 years, we shall find the simfb"s?Nes after 10 or 
11 days to begin over again ; but the new scricsXvill not gen­
erally be visible at the same placesyfvith the old ones, or, at 
least, will not occur aüVthe same t^ne of day, since the mid­
dle will be nearly eight lidflre later. Not till the end of three 
periods will they recur n^ar the *s^m<j meridian ; and then, 
owing to the period not being exact, the eclipse will not be 
precisely of the same magnitude, and, indeed, may fail entire­
ly. Every successive recurrence of an eclipse at the end of 
the period being 28' farther back relatively to the node, the 
conjunction inust, in process tif time, be so far back from the 
node as not to produce an eclipse at alb During nearly every 
period it will be found that some eclipse fails, and that some 
new one enters in. A netv 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, aljout its thirteenth 
recurrence, it will be total. It will be total for about twenty- 
two or twenty-three recurrences, when it will become partial 
once more, but on the opposite side of the moon from that on

t *
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which it was first seen. There will then be about thirteen par­
tial eclipses, each smaller than the last, until they fail entirely. 
The whole interval of time over which the recurrence of a 
lunar eelij>se 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 Saros, we may cite some, total 
eclqees of the sun well known in recent times ; for instance,

1842, July 8th, lh 8 a.m., total eclipse, observed in Europe ;
1800, July 18th, 9* a.m., total eclipse America and Spain ;
1878, July 29th, 4h 2 i\m., one visible in Colorado and on the Pacific Coast.

A yet more remarkable series of total eclipses of the sun 
occurs in the years 1850,1868,1886, etc., the dates being —

J850, Angust 7th, 4h 4 r.M., in the Pacific Ocean ;
1808, August 17th, 12h r.M., in India ;
1880, August 29th, 8h a.m., in the Central Atlantic Ocean and Southern Africa
1904, September 9th, noon, in South America.

This series is remarkable for the long duration of totality, 
amounting to some six minutes.

It must lie understood that the various numbers we have 
given in this section arc not accurate for all cases, because the 
motions both of the sun and moon are subject to certain small 
irregularities which may alter the times of eclipses by an hour 
or more. We have given only mean values, which arc, how­
ever, always quite near the truth.

§ 7. The Ptolemaic System.
There is still extant a work which for fourteen centuries 

was a sort of astronomical Bible, from which nothing was 
taken, and to which nothing material in principle was added. 
This is the “ Almagest” of Ptolemy, composed about tiic mid­
dle of the second century of our era. Nearly all wdnehow of 
the ancient astronomy as a science is derived from it. Frag­

ments of other ancient authors have come down to us, and 
most of the ancient writers make occasional allusions to astro­
nomical phenomena or theories, from which various ideas re-
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specting tlie 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. 11 is 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 ccjpsfial 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 llodies move in Circles.—Here Ptole­
my refera principally to the diurnal motion, whereby every 
heavenly body is apparently carried around the earth, or, rath­
er, around the pole of the heavens, in a circle every day. But 
all jhc ancient and mediaeval astronomers down to the time 
of Kepler had a notion that, the circle being the most perfect 
plane figure, all the celestial motions must take place in cir­
cles; and as it was found that the motions were never 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 rounded 
from cast to west Ptolemy proves by the fact that the sun, 
moon, and stare do not rise and set at the same moment to all 
the inhabitants of the earth. The times at which eclipses of

4
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the moon are seen in different countries being compared, it in 
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 rounded from north to south, a 
star passing the meridian in the north or south horizon would 
always pass in the horizon, however far to the north or south 
the observer might travel. But it is found that when an ob­
server travels towards the south, the stars in the north ap­
proach the horizon, and the circles of their diurnal motion cut 
below it, while new stars rise into view above the south hori­
zon. This shows that the horizon itself changes its direction 
as the observer moves. Final If', from whatever direction we 
approach elevated objects from the sea, we see that their batfes 
are first hidden from view by the curvature of the water, and 
gradually rise into view as we approach them.

3d. 7Vie Earth is in the Centre of the Celestial Sphere.— 
If the earth were displaced from the centre, there would be 
various irregularities in the apparent daily motion of the ce­
lestial sphere, the ( stars appearing to move faster on the side 
towards which thb earth was situated. If it were displaced 
towards the cast, we should be nearer the heavenly bodies 
when they are rising than when they are setting, and they 
would appear to move more rapidly in the east than in the 
west. The forenoons would therefore be shorter than the af­
ternoons. Towards whatever side of the turning sphere it 
might be moved, the heavenly bodies would seem to move 
more rapidly on that side than on the othqr. No such irreg­
ularity being seen, but the diurnal motion taking place with 
perfect uniformity, the earth must be in the centre of mo­
tion.

4th. The Earth 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 the 
stars would cease to be uniform in all its parts. But the uni- 

^ formity of motion just described being seen from year to year, 
the earth must preserve its position in the centre of the sphere.

4
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It will be interesting to analyze these propositions of Ptole­
my, to see what is true and what is false. The first proposi­
tion— that the heavenly bodies move in circles, or, as it is 
more literally expressed, that the heavens moyfc 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 the mixture of truth and falsehood in the 
third and fourth propositions, that the earth remains quies­
cent. We cannot denounce it as unqualifiedly false, because, 
in a certain sense, and indeed in the only sense in which there 
is any celestial sphere, the earth may be said to remain in the 
centre of the sphere. What Ptolemy did not see is that this 
sphere is only an ideal one, which the spectator carries with 
him wherever he goes. His demonstration that the centre of 
revolution, of the sphere i^ in tlip earth is, in a certain sense, 
correct ; tmt what he really proves is that the earth revolves 
on its own axis. He did not see that if the earth could carry 
the axis of revolution with it, his demonstration of the quies­
cence of the earth would fall to the ground.

Considerable insight into Ptolemy’s views is gained by his 
answers to two objections against his system. The first is the 
vulgar and natural one, that it is paradoxical to suppose that 
a body like the earth could remain supported on nothing, and 
still be at rest. These objectors, he says, reason from what 
they see happen to small bodies around them, and not from 
what is proper to the universe at large. There is neither up 
nor down in the celestial spaces, for we cannot conceive of it 
in a sphere. What we call down is simply the direction of 
our feet towards the centre of the earth, the direction in 
which heavy bodies tend to fall. The earth itself is but a 
point in comparison with the celestial spaces, and é kept fixed 
by the forces exerted, upon it on all sides by the universe, 
which is infinitely htfiger than it, and similar in all its parts.
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This idea is as near an approach to that of universal gravita­
tion as the science of the tittles would admit of.

lie then savs^there are others who, admitting this reason­
ing, pretend thw nothing hinders us from supposing that the 
heavens are immovable, and that the earth itself turns round 
its own axis once a day from west to cast, It is certainly 
singular that one who had risen so far above the illusions of 
sense as to demonstrate to the world that the earth was round ; 
that up aud down were only telative ; 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 tho Opposite of that which he took to refute those 
who thought the earth could not rest on nothing, lie 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 
in the air, their doctrine is ridiculous. He then enters into a 
disquisition on tho 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, the air would be left behind. If they 
say that the cartlrcarries round the air with if, he replies that 
this could not be true of bodies floating in the air ; and hence 
concludes that the doctrine of the earth’s rotation is not tena­
ble. It is clear, from this argument, that if Ptolemy and his 
contemporaries had devoted to experimental physics half the 
careful observation, research, and reasoning which we find 1*n 
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 imitions. We have already ex­
plained the motions of the sun and moon among the stars, the 
nrst describing a complete circuit of the heavens from west to

o

V

1



THE PTOLEMAIC SYSTEM. 37

east in a facar, 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 
east and sometimes m the west, and are sometimes stationary.* 
On the whole, however, the easterly movements predominate ; 
and the planet,s really oscillât» around a certain mean point 
itself in regular motioy towards the east. Let us take, for in­
stance, the planet Jupiter. Suppose a certain fictitious Jupi­
ter performing a pircuit of the heavens among the stare every 
twelvq years with a regular easterly motion, just as the sun 
performs such a circuit every year ; then the real Jupiter will 
he found to oscillate, like a pcndplum, on each side of the fic­
titious planet, hut never swinging more than 12^from it. The 
time of each double oscillation is about thirteen months—that 
is, if on January 1st we find it passing the fictitious planet 
towards the \fest, it will continue its westerly swing about 
three months, when it will gradually stop, and return with a 
somewhat slower motion to the fictitious planet again, passing 
to the east of it the middle of July. The easterly swing will 
continue till about the end of October, when it will return 
towards the west. The westerly or backward motion is called 
retrograde, and the easterly motion direct. Between the two 
is a point at which the planet^appeare stationary once more. 
The westerly motions are called retrograde because they are 
in the opposite direction both to the motion of the sun among 
the stars, and to the average direction in which all the planets 
move. It was seen by Hipparchus, who lived three centuries 
before Ptolemy, that this oscillating motion could be repre­
sented by supposing the real Jupitorto 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 may not be amiss to remind the reader once more that we here leave the 
diurnal motioit of the stars entirely out of sight, and consider only the motions of-., 
the planets fautive to the stars. Ï
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Fig. 10. E 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 be 
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, 11', 2 2', 3 3', etc., represented by the 
light dotted lines. Drawing a line çi rough the successive po­
sitions 1', 2', 3', etc., of the real Jupiter, we shall have a series 
of loops representing its apparent orbit.

Fig. 10.—Showing the apparent orbit of a planet, regarding the earth as at rest.

It will be seen that although it requires only a year for the 
arm carrying the real Janitor to nerform a complete revolu-

to its primitive direction, [it 
to form a complete loop, bpthirteen months to form a complete loop, hpcausc, owing to 

the motion of the fictitious planet in its orbit, the arm must 
move more than a complete revolution to finish the loop. For 
instance, referring again to Fig. 10, comparing the positions 
11' and 8 8', it will be seen that the arm, being in the same 
direction, has performed a complete revolution ; but, owing to 
the curvature of the orbit, it does not reach the middle of the 
second loop until it attains the position 9 O'.

■* 1
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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 yext figure, taken from Arago. By the radius of the 
epicycle we mean the1 imaginary revolving arm which, turn­
ing round the fictitious planet, carries the real planet at its

SATURN

Fio. 11.—Apparent orbits of .Jupiter and Saturn, 1708-1737, after Cassini.

end. The law of revolution of this arm is, that whenever the
planet is opposite the sun, the arm points towards the earth, 
as in the positions 11', 9 9', in which cases the sun will be on 
the side of the earth opposite the planet; while, whenever the 
planet is ii> conjunction with the sun, the arm points from the 
earth. Tins fact was well known to the ancient astronomers, 
and their Calculations of the motions of the planets were all

\,
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founded upfon it; but they do not seem to have noticed the 
very important corollary from it, that the direction of the 
radius'of the epicycle of Mars, Jupiter, and Saturn is always 
the same with that of the sun from the earth. Had they 
done so, they could hardly have failed to see that the epicycles 
could be abolished entirely by supposing that it was the earth 
which moved round the sun, and not the sun round the earth. 

The peculiarity of the planets Mercury and Venus is that 
fictitious centres around which tluey oscillate are always in 

the direction of the sun, or, as we now know, the sun himself 
is the centre of their motions. They are never seen more than 
a limited distance from that luminary, Venus oscillating about 
45° on each side of the sun, and Mercury from 1G° ta 29°. It 
is said that the ancient Egyptians really did make the sun the 
centre of the motion of these two rflanets; and it is difficult to 
see how any one could have failed'to do so after lean 
laws of their oscillation. Yet Ptolemy rejected this syi

The arrangement of the planets on the Ptolemaic system is 
shown in Fig. 12. The -nearest planet is the moon, of which 
the ancient astronomers actually succeeded in roughly ineas- 

teiiring the distance. The remaining planets are arranged in 
'‘the same order with their real distance from the sun, except, 

that the latter takes the place assigned to the earth in thy 
modern system. Thus we have the following order 

» Tim Af nmi I JC

Venus,
The Sun,

futside of Saturn was the sphere of the fixed starsr\
This order of the plaiiets must have been a matter of opin­

ion rather than of demonstration, it being'correctly judged
by the ancient astronomers that those which*; iemed
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Sul urn

were the more distant. This system made it 
tlutt the moon was the n< avest planet, and Mars, 
Saturri, in their order, the most distant ones. But 
positions of the Sun, Mercury, and Venus were

the sun, Plato placed them beyond the sun, the order being, 
Moon, Sun, Mercury, Venus, Mare, Jupiter, Saturn.

Hipparchus and Ptolemy made a series of investigations re­
specting the times of revolution of the planets, and the inequal­
ities of their motions,of which it is worth while to give a brief
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summary. 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 tliehs, means of observation wero, these 
observers found that the easterly movements of the planets 
among the stare were none of them uniform. This held true 
hot only of the sun and moon, but of the fictitious planets

already described 
invented the eccc 
posed the motions 
cular and uniforn 
not centred in the 
13, let E be the ci 
centre around wl 
really revolves. ' 
planet is passing 
which is nearest t 
gular motion woi

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 C the 
centre around which the planet 
really revolves. Then, when the 
planet is passing the point J\ 
which is nearest the earth, its an­
gular motion would seem morg. 
rapid than the average, because 
in general the angular velocityFig. 13. —The eccentric. Shows how 

the ancients represented the nneqnal
apparent velocities of the planets 0f a moving body is greater the 
when their real motion was supposed « . , “ . ~ ...
uniform, by placing the earth away nearer tllC observer is to it, while
from the centre of motion, at E. wheil passing A it will Seem to be

mofc slow than the average. The angular velocity being 
always greatest in one point of the orbit, and least in a point 
directly opposite, changing regularly from the maximum to 
the minimum, the general features of the movement are cor­
rectly ^presented 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 amount. The point I' is called the Perigee,
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and A the Apogee. The distance CE from the earth to the 
centre pf 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 CE to the radius of the orbit CP or 
)CE for the eccentricity.* f

In determining the motions of the moon, Hipparchus and 
Ptolemy depended almost entirely on observations of lunar 
eclipses. The first of these, it is said, was observed at Babylon 
in the first year of Mardocempad, between the 29th and 30th 
days of the Egyptian month Tlioth. It commenced a little 
more than an hour after the moon rose, and was total. The 
date, in our reckoning, was n.c. 720, March 19th. The series 
of eclipses extended from this date to that of Ptolemy him­
self, who lived between eight and 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 depth of research. By comparing the inter­
vals between eclipses, they 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 
h$- orbit eccentric, like that of the sun ; that is, the earth, in­
stead of being in the centre of the circular orbit of the moon, 
was supposed to be displaced by about a tenth part the whole 
distance of that body. So far the orbit of the moon was 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 elliptic motion, approximately treat­
ed, me distance CE is double the eccentricity of the ellipse. One-half the appar­
ent «equality is really caused by the orbit being at various distances from the 
earth pr sun, but the other half is real.
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that the i>crigee and apogee did not, as in the case of the sun 
and planets, remain in the same points outlie orbit, but moved 
forwards at such a rate as to carry them round the heavens in 
nine years; that is,supposing Eig. 13 to represent the orbit of 
the moon, the centre of the circle C revolved round the earth 
in nine years, and the orbit changed its position accordingly.

It was also found by Ptolemy, by measuring the apparent 
angle between the moon and sun in various points of the 
orbit of tile former, that there was yet another inequality in 
her motion. This has received the name of the? evection. In 
consequence of this inequality, the moon oscillates more than 
a degree on each side of her position as calculated from the 
eccentric, in a period not differing much from her revolution, 
round the earth. To represent this motion, Ptolemy had to 
introduce a small additional epicycle, as in the ease of the 
planets, only the radius was so small that there was no looping 
of the orhit. In consequence, his theory of the moon’s motion 
was quite complicated ; yet he managed to represent this mo­
tion, within the limits of the errors of his observations, by a 
combination of circular motions, and thus saved the favorite 
theory of the trines, that all the celestial motions were circular 
and uniform. /

§ 8. The Calendar.
» One of the earliest purposes of the study of the celestial 
motions was that of finding a convenient measurement of 
time. This application of astronomy, being of great antiquity, 
having been transmitted to us without any fundamental altera­
tion, and depending on the apparent motions of the sun and 
moon, which we have studied in this chapter, is naturally con­
sidered in connection with the ancient astronomy.

The astronomical divisions of time are the day, the month, 
and the year. The week is not such a division, because it‘does 
not correspond to any astronomical cycle, although, as we shall 
presently see, a certain astronomical signification was said to 
have been given to it by the ancient astrologers. Of these 
divisions the day is the most well-marked and striking through- | v ® » «

"\
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out tnc 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 alj ages the most definite unit of time. For 
merely chronological purposes the day would have been the 
only unit of time theoretically necessary ; for if mankind had 
begun at some ejirly age to number every day by counting 
from 1 forwards without limit, and had every historical event 
been recorded in connection with the number of the day on 
which it happened, there would have been far less uncertain­
ty about dates than now exists. But keeping count of such 
large numbers as would have accumulated in the lapse of cen­
turies woipd have been very inconvenient, and a simple count 
of time by days has never been used for the purposes of civil 
life through any greater period than a single 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 seasons. All tha operations of agriculture are 
so intimately dependent on this recurrence, that man must 
have begun to make hsc of it for measuring time long Before 
he had fully studied the astronomical cause on which it de­
pends. The years in the lifetime of any one generation not 
being too numerous to be easily reckoned, the year was found 
to answer every purpose of measuring long intervals of time.

The number of days in the year is, however, too great to 
be conveniently kept count of; an intermediate measure was 
therefore necessary. This was suggested by the motion and 
phases of the moon. The “new moon” being seen to emerge 
from the sun’s rays at intervals of about 30 days, a measure 
of very convenient length was found, to which a permanent 
interest was attached by the religious rites connected with the, 
reappearance of the moon.

The week is a division of time entirely disconnected with 
the month and year^thc employment of which dates from the 
Mosaic dispensation.) The old astrologer divided the seven

)
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days of the week ifmong the seven planets, not in the order of 
their distance from the sun, but in one shown by the follow­
ing figure. If we go round the circle in the direction of the 
hands of a watch, we shall find the names of the seven plan­
ets of the ancient astronomy, in the order of their supposed 
distances;* while, if we follow the lines drawn in the circle 
from side to side, we- shall have the days of the week in their 
order. 4

•J VvUt»1'^ <---- «Ÿ*

(

Fiu. 14.—Showing the astrological division of the seven planets among the days of the 
I week.

If the lunar hionth had been an exact number of days, say 
30, and the year an exact number of months, as 12, there 
would have l*een no difficulty in the use of these cycles for 
the measurement of time. But the former is several hours 
less than 30 days, while the latter is nearly 124*iimar months. 
In the attempt to combine these measures, the ancient calcn-

Sce pages 40, 41

*
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durs were thrown into a confusion which made them very per­
plexing, and which we §ee to this day in the irregular lengths 
of our months. To jribe all the devices which we know to 
have been used for edying these difficulties would be very
tedious; we shall therefore coniine 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 reàlly 
about three-quarters of an hour too short. In the course of 
three years the count will therefore be a day in error, and it 
will be necessary to add a day to one of the months. When 
lunar months were used, the year, comprising 12 such months, 
would consist of only 354 days, and would therefore be 11 
days too short. Nevertheless, such a year was used both by 
the Greeks and Ilomans, and is still used by the Mahome­
tans; the Romans, however, in the calendar of Numa, adding 
22 or 23 days to every alternate year by inserting the inter­
calary month Mercedonius between the 23d and 24th of Feb­
ruary.

The irregularity and inconvenience of reckoning by lunar 
months^aused them to be very generally abandoned, the only 
reason foit their retention being religious observances due at 
the time of new moon, which, among the Jews and other an­
cient nations, were regarded as of the highest importance. Ac­
cordingly, we find the Egyptians counting by months of 30 
days each, and making every year consist of 12 such months 
and five additional days, making 365 days in all. As the true 
length of the year was known to be about six hours greater 
than this, the equinox would occur six hours laterevery year, 
and a month later after the lapse of 120 years. After the lapse 
of 1460 years, according to the calculations of the time, each 
season would have made a complete course through the twelve 
months, and would then have returned once more at the same 
time of year as in the beginning. This was termed the Sot/iic 
Period ; but the error of each year being estimated a little

\
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too great, as we now know, the true length of the period 
would have been about 1500 yeare.

The confusion in the Greek year was partly remedied 
through the discovery by Meton of the cycle which has since 
borne his name. This cycle consists of 19 solar years, during 
which the moon changes 235 times. The error of this cycle 
is very small, as may be seen from the following periods, com­
puted from modern data :

Day». Hours. Min.
235 lunations require in the mean.....................................  6939 16 31

19 true solar years (tropical).......................................  6939 14 27
19 Julian years of 3654 days............................................ 6939 18 0

/
Hence, if we take 235 lunar months, and divide them up as 
nearly evenly as is convenient into 19 years, the mean length 
of these years will lie near enough right for all the purposes 
of civil reckoning. The years of each cycle were numbered 
from 1 to 19, and the number of the year was called the Gold­
en Number, 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 
for finding the date of Easter^Sunday. This is the solitary 
religious festival which, in Christian countries, depends on the 
motion of the moon. The nominal rule for determining East­
er is that it is the Sunday following the first new moon which 
occurs after the 21st of March. The dates of the new moon 
correspond to the Metonic Cycle ; that is, after the lapse of 19 
years they recuron or about the same day of the year. Con- 

* sequently, if we make a list of the dates on which the Paschal 
new moon occurs, we shall find no two dates to be the same 
for nineteen successive years ; but the twentieth will occur on 
the same day with the first, or, at most, only one day different, 
and then the whole series will be repeated. Consequently, 
the Golden Number for the year shows, with sufficient exact­
ness for ecclesiastical purposes, on what day, or hOw many 
days after the equinox, the Paschal new moon occurs. The 
church calculations of Easter Sunday are, however, founded 
upon very old tables^of the moon, so that if we fixed it by the

N
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»

actual moon, wc should often find the calendar feast a week 
in error.

The basis of the calendars now employed throughout Chris­
tendom was laid by Julius Cæsar. Previous to his time,vthe 
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 365J 
days ; and, in order that the 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 therfl, 
were finally arranged by the immediate successors of Cæsar.

The Julian calendar continued unaltered for about sixteen 
-centuries; and if the true length of the tropical year had been 
365f days, it would have been in use still. But, as we have ** 
seen, tin's 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 the 
time of the Council of Nice, was the object of the Gregorian 
reformation of the calendar, so called after Pope Gregory 
XIII., by whom it was directed. The change consisted of 
two parts :

1. The 5th of October, 1582, according to the Julian calen­
dar, was called the 15th, the count being thus advanced 10 
days, and the equinoxes made once more to occur about Mardi

^ 21stand September 21st.
2. The closing year of each century, 1600, 1700, etc., in­

stead of being each a leap-year, as in the Julian calendar,^ 
should be such only when the number of the century was di­
visible by 4. While 1600, 2000, 2400, etc., were to be leap- 
years, as before, 1700, 1800,1900, 2100, etc., were to be re­
duced to 365 days each.

5
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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 than ^ centuV^ but 
finally entering into the change in 1752. In Russia it was 
never adopted at all, the Julian calendar being still continued 
in that country. Consequently, the Russian reckoning is now 
12 days behind ours, the 10 days’ difference during the six­
teenth and seventeenth centuries being increased by the days 
dropped from the years 1700 and 1800 in the new reckoning.

•The length of the mean Gregorian year is 365d 5h 49m 12s ; 
while that of the tropical year, according to the best astronom­
ical determination, is 365d 5h 48m 4G\ The former is, there­
fore, still 26 seconds too long, an error which will not amount 
to an entire day for more than 30,00 years. If there were 
any object in having the calendar and the astronomical years | 
in exact coincidence, the Gregorian year would be accurate 
enough for all practical purposes during many centuries. In 
fact, however, it is difficult to show what practical object is to 
be attained by seeking for any such coincidence. It is 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 
they 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 
have 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 thfr 
wisdom‘of the learned. An additional complication was in­
troduced into the reckofiing of time without any other real 
object than that of making Easter come at the right time.
As the end of the century approaches, the question of making * 

1900 a leap-year, as usual, will no doubt be discussed, and it is 
possible that some concerted action may be taken on the part of 
leading nations looking to a return to the old mode of reckoning.

«3
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CHAPTER II.

THE COPERNICAN SYSTEM, OR THE TRUE MOTIONS OF THE HEAV­
ENLY BODIES.

§ 1. Copernicus.
In the first section of the preceding chapter we* described 

the apparent diurnal motion of the heavens, whereby all the 
heavenly bodies apjiear 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 account!*! 
for by supposing the earth trt revolve. The seemingly^ital 
objection against this view would be that, if such were the 
case, the surface of the earth could not remain level, and ev­
ery thing would slide away from its position. But it was im­
possible for men to navigate the ocean without perceiving the 
rotundity of its surface, and we have no record of a time when 
it was not known that the earth was round. We have seen 
that Ptolemy not only was acquainted with the true figure of 
the earth, but knew that in magnitude it was so much smaller 
than the celestial spaces, or sphere of the heavens’, as to be only 
a point in comparison. lie 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, lie 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
periments. And although it is known that the doctrine of the 
earth’s motion was sustained by others nj his age, notably by 
Timocharis, yet the weight of his authority^was so great as

<
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not only to override all their arguments, hut to carry his views 
through fourteen centuries of the intellectual history of man.

The history of astronomy during these centuries offers hard­
ly anything of interest to'«the general reader. There wasytio 
telescope to explore the heavens, and no genius arose of suffi­
cient force to unravel the maze of their mechanism. It was 
mainly through the Arabs that any Systematic knowledge of 
the science was preserved for the 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- 
urfed 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 natuu^f the apparent 
movements of the heavens. ”

The Jionor 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 belibvc that 
Pythagoras taught that the* sun, and not the earth, was the 
centre of motion, and that he was, therefore, the first to solve 
the great problem. But he did not teach this doctrine public­
ly, and the very vague 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 fullyjseizcd the 
truth. It is certain that no modern would receive the credit 
of any discovery without giving more convincing proofs of the 
correctness of his views than we have any reason to suppose 
that Pythagoras gave to his disciples.

The great merit of Copernicus, and the basis of his claim to 
the discovery in question, is that he was net satisfied with a 
mere statement of his views, but devoted a large part of the 
labor of a life to their demonstration, and thus placed them in 
such a light as to render their ultimate acceptance inevitable.
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Apart from all questions of the truth or falsity of his theory, 
the great work in which it was developed, “l)e Jievolutionibus 
Orbium Cœlestium” would deservedly rank as the most im­
portant compendium of astronomy which had appeared since 
Ptolemy. Few books have been more completely the labor of 
a lifetime than this. Copernicus was born at Thorn, in Prus­
sia, in 1473, twenty years before the discovery of America, 
but studied at the University of Cracow. lie became an ec­
clesiastical dignitary, holding the rank of canon during (t large 
portion of his life, and finding ample leisure in this position 
to pursue his favorite studies, lie is Said to have conceived of 
the true system of the world as early as 1507. lie devoid the 
years of his middle life to the observations and computations 
necessary to the perfection of his system, and comnytmicated 
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 
Ithetieus ; 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 Copernican system are 
embodied in two district propositions, which have to be proved 
separately, and one of which might have been true without 
tike other being so. They are as follows :

1. The diurnal revolution of the 'fieavcns is only an appar­
ent motion, caused by a diurnal revolution of the earth on an 
axis posing through its centre.

2. Tfte earth is one of the planets, all of which revolve 
round the sun as the centre of ntotion. The true centre of 
the celestial motions is therefore not the earth, but the sfin. 
For this reason the Copernican system is frequently spoken of 
in historical discussions as the “ heliocentric theory.”

The first proposition is the one with the proof of which Co­
pernicus begins. lie explains how an apparent motion may 

f 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 be accounted for just as well by a revolution of 
the earth as by yie of the heavens. To sailors on a ship sail­
ing on a smooth sea, the ship, and every thing in it^eems to be 
at rest and the shore to be in motion. Which, then, is more 
likely to be in motion, the earth or the whole universe outside 
of it? In whatever proportion the heavens are greater than 
the earth, in the same proportion must their motion be more 
rapid to carry them round in twenty-fpur hours. Ptolemy 
himself shows that the heavens were so immense that the 
earth was but a point in comparison, and) fofcamy thing that 
is known, they may extend into infinity. Then we should re­
quire an infinite velocity of revolution. Therefore, it is far 
more likely that it-is this comparative point that turns, and 
that the universe is fixed, than the reverse.

The second principle of the Coperliican system—that the 
apparentAnnual‘motion of tholsun among the stare, described 
in § 3 of the preceding chapter, is really due to an annual revo­
lution of the earth around the sun—rests upon a very bcautifjil 
result of the laws of relative motion. This movement of pie 
earth explains not only this apparent ^revolution of the^Bun, 
but the apparent epicyclic motion of the planets described in 
treating of the Ptolemaic system.

In Fig. 15, let S represent the sun,ABCD the orbit of the 
earth around it, and the figures 1,2, 3,4, 5, G, six successive 
positions- of the earth. These positions would be about two 
weeks apart. Also, let EPGIl represent the apparent sphere 
of the fixed stars. Then, an observer at 1, viewing the sun in 
the direction IS, will see him as if he were in the celestial 
sphere at the point V, because, having no conception of the 
actual distance, the sun will appear to him as if actually among 
the stars at F which lie in the same Straight line with him. 
When the earth, with the observer on it, reaches 2, he will see 
the suu in the direction 2£2', that is, as if among the stars in 
2'. That is, during the two weeks’ interval, the sun will ap­
parently have moved qgnong the stare by an angle equal to the 
actual angular motion of the earth around the sun. So, as the 
e^rtli passes through the successive position^ 3. 4, 5, fi, the sun

1 L
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wül appear in tlie positions 3', 4', 5', 6', and the motion of the 
earth continuing all the way round its orbit, the sun will ap- 
l>ear to move through tlie entire circle EFGIT. Thus we 
have, as a result of the annual motion of tli^carth around the 
sun, the annual motion of the sun around the celestial sphere 
already described in the third section of the preceding chapter.

Fio. 15—Apparent annual motion of the sun explained.

Let us now sec how this same motion abolishes the compli­
cated system of epicycles by which the ancient astronomers 
represented the planetary motions. A theorem on which this 
explanation rests is this : If an observer in ujiconscious mo­
tion secs an object at rest, that object will seem to him to be 
moving in a direction opposite to his own, and with an equal 
velocity. A familiar instance of this is the apparent motion

/
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\

of objects on shore to passengers on a steamer. In Fig. 16,. 
let ns suppose an observer on the earth carried around the

sun S in the orbit ABCJJEF, 
but imagining himself at rest 
in the centre of motion S. Sup­
pose that he observes the ap­
parent motion of the planet 1*, 
which is really at rest. How 
will the planet appear to move ? 
To show this, we represent ap­
parent directions and motions 
by dotted lines. Let us begin 
with the observer at A, from 
which position he really sees 
the planet in the direction and 
distance AP. But, imagining 
himself at S, he thinks he sees 
the planet at the point a, the 
distance and direction of which 
Su is the same with AP. As 
he passes unconsciously from A 
to B, the planet seems to him to 
move past from a to b in the op­
posite direction ; and,still think­
ing himself at rest in S, he sees 
the planet in b, the line Sb bc-

Km. 16,-Showlne how the parent epi- jm, equal and parallel to BP.
cyclic motion of the planet» in accounted 0 1 1

'' for by the motion of the earth rouud the As llC rCCCUCS from tllC pi3,11-

ct through the arc BCD, the 
planet seems to recede from him through bed. 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 EFA, the-planet will seem to ap­
proach him through efa, and when he gets back to A lie 
will locate the planet at «, as in the beginning. Thus, in 
consequence of the motichi of the observer around the circle 
A BCDEF, the planet, though really at rest, will seem to him

fl
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to move through a corresponding circle, abedef If there are 
a number of planets, they will all seem to describe correspond­
ing circles of the same magnitude.

If the planet P, 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 whiclris 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 with 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 real planet around the sun, while the 
circle which the real planet 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 sec clearly how the retrograde motion and 
stationary phases of the planets are explained on the Coper- 
nican system. The earth and all the planets arc really mov­
ing round the sun in a direction which we call east op 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 cast. As the earth

y
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passes to the opposite side of the sun from the planet, it 
changes its motion to a direction the opposite of that of the 
planet, and thus the westerly motion of the latter appears to 
he increased by the whole motion of the earth.* Between 
these two motions there is a jroint at which the planet dtps 
not seçm to move at all. This is called the stationary point.
If the planet we consider is not an outer, but an inner one, 
Mercury or Venus, and we view it when between us and the 
sun, its motion to us is reversed, becauaç we sec it from the 
side opposite the sun. Hence it seems to move west to us, 
and it is retrograde. The earth is indeed moving in the same 
real direction ; but since the planet moves fj&ster than the 
earth, its retrograde motion seems to predominate. As thov 
plaimt passes ground in its orbit, it first appears stationary, ' 
ana then, passing to the opposite side of the sun, it seems 
direct. ,

Let us now dwell for a moment on some considerations 
which will enable us to do justice to the Ptolemaic system, as 
it is called, by seeing how necessary a step it was in the evo­
lution of the true theory of the universe. The great mcrikof 
that system consisted in the analysis of the seemingly comwi- 
cated motions of the planets into a combination of two circular 
motions, the one that of a fictitious planet around the celestial 
sphere, the other that of the real planet around the fictitious 
one. Without that separation, the constant oscillations of the 
planets back and forth could not have suggested any idea 
whatever, except that of a motion too complicated to be ex­
plained on mechanical principles. But when, leaving out of 
sight the regular forward motion of the mean or fictitious 
planet, the attention was directed to the cpicyclic motion 
alone, one could not fail to see the remarkable correspondence 
between this latter motion and the apparent annual motion 
of the sun. Seeing this, it took a very small step to see that *

\)

* It must not be forgotten that the direction east in the heavens is n curved di­
rection, as it were, and is opposite on opposite sides of the sun or celestial sphere. 
For instance, the motions of the stars as they rise and as they set arc opposite, 
but both arc considered west.
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the sun, and not the earth, was the centre of planetary motion. 
Then nothing hut the illusions of sense remained to prevent 
the acceptance of the theory that the earth was itself a planet 
moving round the sun, and that both the annual motion of tilt} 
sun ahd the epicyclie motion of the planets were not real, butx 
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 Copcrnicau system affords the means of determining 
the proportions of the solar system, or the relative distances of 
the several planets, with great accuracy. That is, if we take 
as our measuring-rod the distance of the earth from the sun, 
we can determine how many lengths of this rod, or what frac­
tional parts of its length, will give the distance of each planet, 
although the length of the rod itself may remain unknown.
This determination rests on the principle that the apparent 
circle or epicycle described by the planet in Fig. 16 is of the ' 
same magnitude with The actual orbit described by the earth 
around the sun. lienee, tlîe nearer the observer is to this cir­
cle, the larger it will appear. The appâtent epicycle described 
by Neptune is rather less than two degrees in radius; that is, 
the true planet Neptune is seen to swing a little less than two 
degrees on each side of ( its mean position in consequence of 
the annual motion of the earth round the sun. This shows 
that the orbit of the earth, as seen from Neptune, subtends an 
angle of only two degrees. On the other hand, the planet % 
Mars generally swings more than 40° on each side; sometimes, 
indeed, more than 45°. From this a trigonometrical calcula­
tion shows that its mean distance is only about half as muclj 
again as that of the earth; and the fact that the apparent 
swing is variable shows the distance to be different at different 
times.

As it will be of interest to see how nearly Copernicus was 
alilc to determine the distances of the planets, we presenting 
results in the following table, together with what we now 
know to be the true numbers. The numbers given are deci­
mal fractions, expressing the least and greatest distance of

r
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each planet from the sun, the distance of the earth being taken 
as unity.* *

Planets.
Least Distance. Greatest Distance.

Copernicus. Modern. Copernicus. Modern.

Mercury........................ 0.326 0.308 0.405 0.467
Venus............................ 0.70 0.718 0.730 0.728
Mars............................... 1.873 1.382 1.666 1.666
.Iupit*y.^fr................... f..4.-»8 5.454 4.980 4.952
Saturn............................. 9.76 10.07

-------- ,--------
8.66 9.00

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 Copernicus 
died without ever seeing this planet.

The eccentricities of the orbits were represented by Coper­
nicus in a way which agrees exactly with the modern formulas 
when only a rough approximation is sought for. Like Ptole­
my, ho supjx>sed the orbits of the planets not to be centred on 
the sun, but to lie 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 distance double their true 
value. He therefore took for the eccentricity a mean between 
that which would satisfy the motion in longitude, and that 
which would give the changes of distance, and added a small 
epicycle of one-third this eccentricity; and, by supposing the 
planet to make two revolutions in this epicycle for every 
revolution around the sun, he represented both irregulari­
ties. +

v"....
* I have deduced ttose numbers from the tables given in Book V. of “I)e 

Bcvolutionihus Orbium Cœlestium."’ They are probably the most accurate that' 
Copernicus was able to obtain.

t The mathematical form of this theory of Copernicus is as follows : Tutting

v
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The work of Copernicus was the greatest step ever taken in 
astronomy. But he still took little more than the single step 
of showing what apparent motions in the heavens were real, 
and what were due to the motion of the observer. Not only
was his work in other respects founded on that of P 
but he had many of the notions of the ancient philoso
sjtecting the fittings 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, lie argues
against Ptoleiry’s objections to the 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 which are altogether different 
from 'those of violent motion. Thus, part of his argument was 
really without scientific foundation, though his conclusion was 
correct. Still, Copernicus did about all that could have been 
done under the circumstances. Ilis hypothesis of a small epi­
cycle one-third the eccentricity represented tho 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 impossible to frame any dynamical 
basis for the motions of the planets.

§ 2. Obliquity of the Ecliptic ; Seasons, etc. ; on the Coper-

Wc have next to explain the relations of the ecliptic and 
equator on the new system. Since, on this system, the ce­
lestial sphere does not revolve at all, what is the significance 
of the pole and axis around which it seems to revolve ? The

' for his eccentricity, and g for the mean anomaly of the planet, he represented its 
rectangular coordinates in the form

X
»

x — a (cos. g — e + Jp cos. 2g), 
y — a (sin. <7 + p sin. 2g) ;

while the approximate modern formulae of the elliptic motion are— 
x = a (cos. g — ip + Ae cos. 2g),
y = a (sin. g + Ac sin. 2g), 

which agree exactly when we put e = ip.

i
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answer is, tl&t the celestial jioles arc 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 ap}>ears to the unassisted sight to be the same 
during the entire year, it follows that as the earth moves round 
the sun, its axis keejis pointing in the same absolute direction, 
as will be shown in Fig. 18. But in the preceding chapter we 
showed that there is a slow but constant change in the position 
of the pole among the stars, called precession, which the an­
cient astronomers discovered by studying observations extend-

*-

Fiu. 17.—Relation ofthc tef^ePtrial and celestial poles and equators.

in" through several centimes, and this shows that on the Co- 
pernie.au system the direction of the earth’s axis is slowly
changing. .

To conceive of theyceleitial equator on the Copernican sys­
tem, we must imagine Hie globular earth to be divided into 
t\%p hemispheres Ijy a plmic intersecting the earth around its 
equator, and continued out on all sides till it reaches the ce­
lestial sphere. This may, perhaps, be better understood by 
referring to Fig. 17, Beprescnting the earth in the centre of the

\
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imaginary celestial sphere. The dotted lin^> passing from the 
poles of the earth to the points P and S mark the poles of that 
sphere. It is evident that as the earth turns on this axis, the 
celestial sphere, no matter how great it may seem to be, will 
appear to turn on the same axis in the opposite direction. 
Again, ep being the earth’s equator, dividing it into two equal 
parts, we have only to imagine it to be extended to E and Q, 
all round the celestial sphere, to cut the latter into two equal 
parts. ,

Let us next examine more closely the relation of the earth 
to the sun. We have already shown that as the earth moves 
around the sun, the latter seems to move around the celestial 
sphere, and the circle in which he seems to move is called the 
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

\ Fio. 19.—Causes of changes of seasons on the Copernican system. i

is inclined 23J° to that perpendicular, as shown in Fig. 18,
which represents the annual course of the earth round the 
sun. It is of necessity drawn on a very incongruous scale, 
because the distance of the sun from the earth being near­
ly 12,000 diameters of the latter and 110 that of the sun, both 
bodies would be almost invisible if they were not greatly mag­
nified in the figure. A difficulty which may suggest itself is, 
that the present figure represents tlfe earth as moving away

9
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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 around the sun ; the other is to consider the sphere 
as nearly infinite in diameter. I'lic latter is probably the 
jeasjest mode of conception for the general reader, lie inVst, 
therefore, in the last figure suppose the sphere to extend 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 salue. 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 per­
pendicular to the ecliptic.

Next, we have to see how the changes of the seasons, ther
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 around the sun. In the position A, 
the south pole is inclined^23|° towards the sun, while the 
north pole, and the whole region within the arctic circle, is 
enveloped in darlmqss. Hence, in this position, the sun nei­
ther rises to the inhabitants of the amie zone, nor sets to 
tliqfce of the antarctic zone. Outside oflthcsc zones, he rises

place can be estimated studyina>tfte circles around whiWi 
that placets carried by the diurntfl turning of the earth on itk 
axis. 'lViacilitatc this, we present on the following page a 
magnified picture of the earth at A, showing more fully the 
hemisphere in which it is day and that in which it is night.
magnified picture of the earth at A, showing more fully the

The^sevcn nearly h^izontal lines on the globe are examples 
of the circles in question. We see that a point on the arctic
'circle just grazes the dividing-line between light and darkness

< %
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THE SEASONS.

4 l 05

that of
til we l

oneé in its revolution, or once a day ; that is, the suit 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. This circle is near that 
around wliich London is carried 
by the dptfna} revolution of the 

v earth on its axis. ! As we go 
see thqt the propor- 

)yn the diurnal cir-
ilicreases while Fiq. 19. —Enlarged view of the earth in 
j, . . ’ the position A of the preceding figure,

SS diminishes, un- showing winter in the northern hemi-
the equator, where S1,hereiand 6Ummer iu lhe 80Uthern- 

they are equftk When we pass into the southern hemisphere, 
we see the lights^ coveringunore than half of^pach circle, the 
proportion of light to darkness constantly increasing, at the 
same rate that the opposite proportion would increase in going 
to the north. When we reach the antarctic circle, the whole 
circle is in the light, hemisphere, the observer just grazing the 
dividing-line at midnight. Inside of that circle the observer 
is in sunlight all tile time, so that the sun does not set at all. 
We seeAhen, thal/at the equator the days and nights are al­
ways of the sortie length, and that the inequality increases as 
we approach cithcfspolc.

We now go on tj/ree months to the position 7>, which the 
earth occupies in March. Here the plane of the terrestrial 
equator being continued, passes directly through the sun ; the 
latter, therefore, seems to Ik* in the celestial equator. All the 
diurnal circles arc here one-half in the illuminated, and one- 
half in the vnillumin-ateA hemisphere, the latter being invisi­
ble in the figure, through its being behind the earth. The 
days and nights arc, therefore, of equal length all over the 
globe, if we call it night whenever the sun is geometrically 
below the horizon. In the position 6', 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 piglits. At Z>, which the earth reaches in Sep- 
temjie^ tlie days and nights are equal once more, for the same 
reason as in li. Thus, all the seemingly complicated phenom­
ena which we have described in the preceding chapter are 
completely explained in the simplest wfcÿ on the new systepp 
We have next to see how the details of the system were tilled 
in by the immediate successors of Copernicus.

$ 3. Tycho Brahe.
- We have said that no great advance could be made upon 

the Copernican system, without either a better knowledge of 
the laws of motion or more exact observations of the positions 
of the heavenly bodies. It was in the latter direction that 
the advance was first made. The leader was Tycho Brahe, 
who was born in 1546, three years after the death of Coperni­
cus. llis attention was first directed to the study of astron­
omy by an eclipse of the sun on August 21st, 1560, which was 
total in some parts of Europe. Astonished that such a phe­
nomenon could be predicted, lie 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 tlje best instruments that 
could then <be made. This was just before the invention of 
the telescope, so that the astronomer could not avail himself 
of that powerful instrument. Consequently, his observations 
were superseded by the improved ones of the centuries fol­
lowing, and their celebrity and importance are principally due 
to their having afforded Kepler the means of discovering his 
celebrated laws of planetary motion.
y As a theoretical astronomer, 'INcho was unfortunate, lie 

Rejected the Copernican system, fol\a reason which, in his day, 
had some force, namely, the incredible distance at which it
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was necessary to suppose the fixed stars to be situated if that 
j system were accepted. We have shown howr, 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 arc sit­
uated outside the solar system, must appear to move in the 
same way, if the system be correct. But no observations, 
whether of Tycho or his predecessors, had shown any such 
motion. To this the friends of Copernicus could only reply 
that the distance of the fixed stars must he so great that the 
motion could not be seen. Since a vibration of three or four 
minutes of arc might have yneen detected by Tycho, it would 
be necessary to suppose th$ stellar sphere at least a thousand 
times the distance of the suln, and a hundred times that of Sat­
urn, then the outermost known planet. That a space so vast 
should intervene between the orbit of Saturn and the fixed 
stars seemed entirely incredible : to the philosophers of the 
day it was an axiom that nature would not permit the waste of 
space here implied. At the same _titnc, tlje proofs given by 
Copernicus that the sun was the centte M the planetary mo­
tions were too strong to be ovcrthrq\/n. 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 
eiu-tli, 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 found that there was no annual parallax among the stars 
amounting to a second of arc, and therefore that, if Coperni­
cus was right, the stare must he at least 200,000 times the dis­
tance of the sun, the astronomical world might have stood 
aghast at the idea, and concluded that, after all, Ptolemy must 
be right, and Copernicus wrong.

Tycho never elaborated his system, and it is hard to say6 
how he would have answered the numerous objections to it.
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lie never had any disciples of eminence, except among the 
ecclesiastics ; in fact, the invention of the telescope did away 
with the last remaining doubts of the correctness of the Co­
pe rnican system before a new one would have had time to 
gain a foothold.

§ 4. Kepler.—Ills Laics of Planetary Motion.
Kepler was horn in 1571, in Wurtemberg. 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 Cope rnican 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
troduce a small epicycle to account for the irregularities of/ 
the motion. The observations of Tycho were so much more 
accurate than those of his predecessors, that they showed Kep­
ler the insufficiency of this theory to represent the true mo­
tions of the planets around the sun. The planet most favora­
ble for this investigation was Mqrs, 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 
respecting the orbit in which the planet moved, and its velocity 
in various 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 
the observed and calculated positions agreed. As our modern 
tables of logarithms by which such calculations are immensely 
abridged were not then in existence, each trial of an hypothe­
sis cost Kepler an immense amount of labor. Finding that 
the form of the orbit was certainly not circular, hut elliptical, 
he was led to try the effect of placing the sun in the focus of 
the ellipse. Then, the motion of the planet would Ixp satisfied 
if its velocity were made variable, being greater the nearer 
it was to the sun. Thus he was at length led to the first two
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of his three celebrated laws of planetary motion, which are as 
follows : *

1. The orbit of each planet is an ellipse, having the sun in 
one focus.

2. vis the planet moves round the sun, ?7s radius-vector (or 
the line joining it to the sun) passes over equal areas in 
equal times.

To explain these laws, let PA (Fig. 20) he the ellipse in 
which the planet moves. Then the sun will not be in the cen-

Fio. 20.—Illustrating Kepler's first two layTof planetary motion.

tre of the ellipse, but in one focus, say at S, tlufothcr 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 Çlie point vl, when it attains4ts 
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.

N<pv, suppose that, starting from V\ we mark the position 
of the planet in its orbit at the end of any equal intervals of 
ti|ne, say 30 days, 60 days, 90 days, 120 days, and so on. Let 
y, b, c, d be the first four of these positicRis between each of 
which the planet has required 30 days to move. Draw lines 
from each of the five positions of the planet, beginning at P,

/
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to the sun at S. We shall thus have four triangular spaces, r 
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 9J times as far as the earth, and 
if it moved as fast a» the earth, it would perform its revolu­
tion in years ; but it actually requires between 29 and 30 
years. It does not, therefore, move one-third so fast as the 
earth, although it has nil4^ times as far to go. Copernicus, 
however, never detected any relation between the distances 
and the periods of revolution. Kepler found it to be as fol­
lows :

Third law of planetary motion. The square of the time 
of revolution of each planet is proportional to the cube of 
its mean distance from the sun.

This law is show if in the following table, which gives (1) 
the mean distance of each planet known to Kepler, expressed 
in astronomical units, each unit being the mean distance of

Planets.
0)

Distance.
<2>

Cube of Dis­
tance.

(3)
Period

(Years).

(4)
Square of 

Period.

Mercurv............................... 0.387 0.058 0.241 0.058
Yremis................................... 0.723 0.378 (Mil 5 0.378
Earth................................... 1.000 1.0(H) l.(HM) 1.IHI1
Mars.................................... 1.524 3.540 1.881 3.538
Jupiter................................. 5.203 140.8 1 1.80 1 40.C>()
Saturn................................. 0.539 >|ps.o 29.40 1 07.9

> \
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the earth from the sun ; (2) the cube of this quantity ; (3) the 
time of revolution in years; and (4) the square of this time.

The remarkable agreement between the second and fourth 
columns will pe noticed.

,£• 5. From Kepler to Newton.
So far as the determination of the laws of planetary motion 

from observation was concerned, we might almost say that 
Kepler left nothing to be done. Given the position and 
magnitude of the elliptic orbit in which any planet moved, 
and the point of the orbit in which it was found at any 
date, and it became possible 'to calculate the position of the 
planet in all future time. More than that science could not 
do. It is true that the places of the planet thus predicted 
were not found to agree exactly with observation ; and ha& 
Kepler had at his command observations as accurate as those 
of the present day, he would have found that his laws could 
not be made to perfectly represent the motion of the planets. 
Not only would the elliptic orbit have been found to vary its 
position from century to century, but the planets would have 
been found to deviate from it, first in one direction and then 
in the other, while the areas described by the rad ins-vector 
would have been sometimes larger and sometimes smaller. 
Why should a planet move in an elliptic orbit? Why should 

, its radius-vector describe areas proportional to the time? 
Why should there be that exact relation between their dis­
tances and times of revolutions ? Until these questions were 
answered, it would have been impossible to say why the plan­
ets deviated from Kepler’s laws ; and they were questions 
which it was 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 Copcrnican system, and
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sufferer at the hands of the Inquisition, for promulgating what 
lie knew to be the truth, Galileo iiy perhaps the most interest­
ing character of his time. If any serious doubt could remain 
of the correctness of the Copernican 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 dyCfrnms from any source entitled 
to respect. The Inquisition forbade ’their promulgation as 
absolute truths, but were perfectly willing that they should bo 
used f\s /'ujjwtheses, 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 
Copern ican system might give rise. The only restriction was 
that they must stop short of asserting or arguing the kypothe-„ 
ses to \w/,\ reality. As this assertion was implicitly contained 
in several places in the great work of Copernicus, they con­
demned this work in its original form, and ordered its revi­
sion.* P 1 1 ’ the decree of the Inquisition was entirely 
without effect in stopping the reception of the Copernican 
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 matje by Descartes in his celebrated 
theory A vortices, which for some time disputed the field with 
Newton’s theory of gravitation. This philosopher supposed 
the sun Ui be immersed in a vast mass of fluid, extending in­
definitely in every direction. The sun, by its rotation, set the

Z * The order for this revision was made at the time of condemning Galileo's 
’ jvork, hut I am not aware that it was ever executed. An edition of Copernicus, 

revised to satisfy the Inquisition, would certainly he an interesting work to the 
Astronomical bibliopole at tlie present time.

Ati
*s

t

A8C



FROM KEPLER TO NEWTON. 73

parts of the fluid next to it in rotation ; these communicated 
their motions to the parts still farther out, and so on, until 
the whole mass was set in rotation like 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 the 
sun, 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.

After Galileo, the man who, perhaps, did most to prepare 
the way for gravitation was Iluyghcns. As a mathematician, 
a mechanician, and an observer, he stood in the first rank, 
lie discovered the laws of centrifugal force, and if liCx/ad 
simply applied these laws to the solar system, he would have 
been led to the result that the planets arc held in their orbits 
by a force varying as the inverse square of their distance from 
the sun. Having found this, the road to the theory of gravita­
tion could hardly have been missed. But the great discovery 
seemed to require a mind freshly formed for the occasion.
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V

CHAPTER III.

UNIVERSAL GRAVITATION.

•i § 1. Newton.—Discovery of Gravitation.
Tub) real significance of Newton’s great discovery of univer­

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 discovered 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 
l>c heavy, knew' of the existence of gravitation. . What New­
ton did was to sho\^ that the motions of the planets were 
determined by a i^nversal force, of which the force which 
caused the apple* to fall was one of the manifestations, and 
thus to deprive the celestial motions of all the mystery in 
which they had formerly been enshrouded. To his predeces­
sors, the continuous motion of the planets in circles or ellipses 
was something so completely unlike any "motion seen on the 
surface of the earth, that they could not imagine it to be gov­
erned by the same laws; and, knowing of no law to limit the 
planetary motions, the idea of the heavenly bodies moving in 
a manner which set all the laws of terrestrial motion at de­
fiance was to them in no way incredible.,'

The idea of a cosmical force eman^ti^g from the sun or the 
earth, and causing the celestial motionf^did not originate with 
Newton, We have seen that even Ptolemy had an idea of a 
force which, always directed towards the contre of the earth,

V
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or, which was to him the same thing, >owards the pentrc of 
thé» 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 himQjlf wTas fully possessed of 
this notion is shown by the fact that he conceived a force act­
ing only in the direction of the sun to be insufficient for keep­
ing up the planetary motions, and to 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 Iluyghens's theory of 
central forces; yet neither of these philosophers seems to have 
clearly and completely expressed it. kWe can hardly be far 
wrong in saying that Newton was the first who clearly^aid 
down this law in connection with the correlated laws wiich 
cluster around it. The basis of Newton’s discovery were these 
three laws of motion :

1 First law. A body once set in motion and acted on by no force 
ivill move forwards in a straight line and with a uniform velocity 
forever. t

Secohd law. If a moving body be acted on by any force, its de­
viation fivm the motion defined in the first law ivill be in the direc­
tion of the jkojcc^and prfpoH^oiial to iL

</
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Third law. Action and reaction are equal, and in opposite di­
rections ; that is, whenever any one body exerts■ a forcovn a second 
one, the latter exerts a similar force 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 béfmade was at least acted on by 
the gravitation of the earth—that is, by its own weight—and, 
in consequence, soon fell to the earth. Other forces which im­
peded its motion were friction and the resistance of the air. 
It needed research of a different kind from what the prede­
cessors of Galileo had given to physical problems to show that, 
but for these forces, the body would move in a straight line 
without hinderance.

We are now prepared to understand the very straightfor­
ward and simple way in which Newton ascended from what 
he saw on the earth to the great principle with which his 
name is associated. We see that^here is a force acting all 
over the earth by which all bodiejk 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. IIow much higher does it extend ? Why 
should it not extend to the moon ? If it does, the moon would 
tend to drop to the eartlq jiflst as a stone thrown from the 
hand does. Such being the base, why should not this simple 
force of gravity be the force which keeps the moon in her 
orbit, and prevents her from flying off in a straight line under 
the first law of motion 1 To answer this question, it was nec­
essary to calculate what force was requisite to retain the moon 
in her orbit, and to compare it wit If gravity. It .was at tlntf 
time well known to astronomers that the distance of the moon 
was sixty semidiameters of the earth. Newton at first# sup­
posed the earth to be le&s than 7000 miles in diameter, and 
consequently his calculations failed to lead him to the right

?
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result. Tills was in 1665, when he was only twenty-three 
years of age. lie laid aside his calculations for nearly twenty 
years, when, learning that the measures of Picard, in France, 
showed the earth to be one-sixtn larger than he had supposed, 
he again took up the subject. He now found that the deflect 
tion of the orbit of the moon from a straight lino was such as 
to amount to a fall df sixteen feet in one minute, the same dis­
tance which a body falls at the surface of the earth in one 
second. The distance fallen being as the square of tlie 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 expres*esf 
the number of times the moon is more distant Jthan we are 
from the centre of the earth, lienee, the force/which fields the 
moon in her orbit is the same as that which makes'a stone fall, only 
diminished in the inverse square of the distance from the centre of 
the earfk, y V  ^ /.

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 bo» 
constantly falling towards the earth without ever befcoming any 
neSrer. The following illustration will make the inattej clear : 
any one can understand the law of falling bodies, by which a 
body falls sixteen feet the first second, three times that distance 
the next, five times the third, and so on. If, in place of falling, 
the body be projected horizontally, like a cannon-ball, for ex­
ample, it will fall sixteen feet out of the straight line in which 
it is projected during the first second, three times that distance 
tlio -next, and so on, the same as if dropped from a state of 
rest./ In the annexed figure, let AB represent a portion of 
tlnyfcurved surface of the earth, and AD a sVaight line hori­
zontal at At or the line along wjiich an observer at A would 
sight if hc^ set a/small telescope in a horizontal position. 
Then, owing Jpjfeue curvature of the 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 fiVc miles the fall will amount to sixteen 
\

, >"

N

X."*



A
lr

78 SYSTEM OF THE WORLD HISTORICALLY DEVELOPED.

©

feet. In ten miles, in addition to this sixteen feet, three times J f 
that amount yill be added, and so on, the law being the same

D

B A
►y ♦ Fio. 21.—Illuhtratiug the fall of the moou towards the earth. * sr

with that of a falling body. !Now, let AC he a high steep 
mountain, from the summit of which a cannon-ball jg fired in 
the horizontal direction CË. The greater thd. velocity with 
which the shot is fired, the farther it will go before it reaches 

' the ground. Suppose, at length, that we should fire it with 
a velocity of five miles a second, and thaffit should meet with 
no resistance from the air. Suppose e to be 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 sixteptf feet below e. But we have 
just seen that the earth itsejr curves away sixteen feet at this 
distance. Hence, the shof is no nearer the earth than when it 
was fired. During the npxt second, while the ball would go to 
E, it would fall forty-eight feet more, or sixty-four feet in all. 
But here, again, thé earth has still been rounding off, so the 
distance T)B is sixty-fdhir feet. Hence, the ball is still no near­
er the earth than whan it was fired, although it has been drop­
ping away from the June in which it was fired exactly like a 
falling body. Moreover, meeting with no resistance, it is still 
going on with und/minished velocity ; and, just as it has been 
falling for two seconds without getting any nearer the earth, 
so it can get nçZnearer in the third second, nor in the fourth, 
nor in any subsequent second ; but the earth will constantly 
curve away ae fast as the ball can drop. Thus the latter will 
pass clear roued the earth, and come back to the first point C,

r
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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 the 6UQ,-itself. , A very simple calcula­
tion from Kepler’s third law çhows that the force with which 
each planet thus gravitates towards the sun is inversely as the 
square of the mean distance of the planet..

Only one more step is necessary. What sort of an orbit 
will a planet describe if acted on by a force directed towards 
the sun, and inversely as the square of the distance ? A very 
simple demonstration will show that, no matter what the law 
of force, if it be constantly directed towards the sun, the radi­
us-vector of the planet will sweep over equal areas in equal 
times. And, conversely, it cannot swreep 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 sun in one of its foci, which, in the case of the 
ellipse, was Kepler)* first law. Thus, all mystery disappeared 
from the celestial Auctions, and the planets were shown to be 
simply heavy bodies/moving according to the same laws we 
see acting all arounœws, only under entirely different circum­
stances. All three ofKepler’s laws were expressed in the sin­
gle law of gravitation towards the sun, with a force acting in­
versely as the square of the distance.

4
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Very beautiful is the explanation which gravity gives of 
Kepler’s third law. We have seen that jf we take the cubes 
of the mean distances of the several planets, and divide them 
by the square of the times of revolution, the quotient will be 
the same for each planet of the system. If wre proceed in the 
same way with the satellites of Jupiter, cubing the distance 
of each satellite from Jupiter, add 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. Tms shows 
that the sun is 1050 times as heavy as Jupiter. We tliuë have 
a very cqnvenient way of weighing ” such of the planets as 
have satellites, by measuring the orbits of the satellites, and 
determining the times of their revolution. But the weight is 
not thus expressed in tons, but oi^h' in fractions of the mass 
of the^tfun. X

The law, however, is not yet complete. *» The attraction be­
tween the sun and planets must, by the third law of motion, 
be mutual. If the earth attracts the moon, she must, if the 
law be a general one, attract the planets also, and the planets 
must attra'ct 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 attractionthe plan­
ets on each other fully and exactly accounts for the dcviatiShs. 
This question Newton could answrcr only in an imperfect wTay, 
the problem being too intricate for his mathematics. lie was 
able to show that the attraction of the sun would cause ine­
qualities in the motion of the moon of the same nature as 
those observed, but he could not calculate their exact amount. 
Still, the general correspondence of his theory 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 
shpuld 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 snn, earth, and planets attract 

l^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. 
Hence we conclude that the power of attraction resides, not 
in the earth as a whole, but in each individual particle of the 
matter composing it ; that is, the attraction of the earth upon 
a stone is simply the sum total of the attractions between the 
stone and all the particles composing the earth.

There is no known- limit to the distance to which the at­
traction of gravitation extends. The attraction of the sun 
upon the most distant known planets, Uranus and Neptune, 
shows n<Tlthe 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 "tun is so small that a million 
years would be required for it to produce any important ef­
fect. Wo are thus led to the law of universal gravitation, ex­
pressed as follows :

Every particle of matter in the universe attracts every other par­
ticle with a force directly as their masses, and inversely as the 
square of the distance which separates them.

§ 2. Gravitation of Small Masses.—Density of the Earth.
To make perfect the pe^of that gravity does really reside 

in each particle of matter, it was desirable to show, by actual 
experiment, that isolated masses did really attract each other, 
as required by Newton's law. This experiment has been

7

V
V.



«

82 SYSTEM Of THE WOULD HISTORICALLY DEVELOPED.

njade 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 determineJ. The attraction of a sphere upon a point 
at its surface is shown, mathematically, to be the same as if 
the entire mass of the sphere were concentrated in its centre.
It is, therefore, directly as the total amount of matter in the . 
sphere, that is, its weight, and inversely as the square of its 
radius. Let us, then, compare the attraction of two spheres of 
the same material, of which the diameter of the one is double 
that of the other. The larger will have eight times the bulk, 
and therefore eight times the mass, of the smaller. But 
against this is the disadvantage that a particle on its surface 

twice as far from its centre as in the case of the smaller 
here, which causes a diminution of one-fourth. Conse­

quently, it will attract such a particle with double the force 
that the smaller sphere will ; that is, the attractions arc direct-.
ly as the diameters of the spheres, if the densities arc cquaL
If the densities are not equal, the attraction is proportional to 
the product of the density into the diameter.

The diamctcrof the earth is, in round numbers, forty millions 
of feet. Consequently, the attraction of a sphere of the same 
mean density as the earth, but one foot in diameter, will be

part the attraction of the earth ; that is, TînrùînnnT
the weight of the body attracted. Consequently, if we should 
measure the attraction of such a sphere of lead, and find that 
it wras just poo gTnr that of the weight of the body attracted, 
we would conclude that the mean. density of the earth was 
equal to that of lead. But the attraction is actually found 
to be nearly twice as great as this ; consequently, a lpaden 
sphere is nearly twice as dense as the average of the mat­
ter Composing the earth. Such a determination of the density 
of the earth is known as the Cavendish experiment, from the 
name of the physicist who first executed it.

The method in which a task seemingly so hopeless as meas­
uring a minute force like this is accomplished is shown in the 
following figures. It consists primarily of a torsion balancé;

V
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Fig. 22.—Uuily'e apparatus for determining the density of the earth by the CaveuSish ex­
periment The left-hand ball b is hidden behind the weight W.

of the arm KF by the fine fibre of silk, FE. The weights to 
be attracted are at the two ends, bb. 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 halls, WW, as large as the 
experimenter can procure and manage,rtvhich are supported 
on the turn-table, T. In Fig. 23, a/view of the apparatus from 
above is given, showing the relative positions of the leaden 
balls, and the suspended weighty wjficll they are to attract. 
It will be seen that in the position in which the weights are 
represented in the figure their attraction tends to make the 
torsion balance turn in the direction opposite that of the hands 
of a watch. The effect of placing the leaden balls in this posi­
tion is, that the balance begins to turn as described, and, being 
carried by its momentum beyond the position of equilibrium, 
at length comes to rest by the twisting of the silk thread by 
wliicli it is suspended, and then is carried part of the way

that is, a very light rod, e, with a weight at each end, suspend­
ed horizontally by a fine fibre of silk. In order to protect it 
against currents of air, it must be .completely enclosed in a 
ease. In Fig. 22, the balance eb is suspended from the end
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Pio. 23.—View of Rally’s apparatus from above.

dotted lines, so that they tend to make the balance swing in 
the opposite direction, and the motions of the balance are 
again determined. These motions are noted by va small mi­
croscope, viewed through 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 Daily, Esq., 
of London. The latter repetition forms one of the most elab­
orate and exhaustive series of experiments ever 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 :

Oaveildi.sh (his own result)................................................................ .• 5.48
f (Hutton's revision)...........%..............................................  5.32

Reich...................................................................................................... 5.44
Baifc....................................................................................................... 5.06*

* Memoirs of the Royal Astronomical Society, vol. xix.
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back to its original position. It makes several vibrations, 
each requiring some minutes, and at length comes to rest in a 
position different from its original one. The attracting balls 
are then placed in the reverse position, corresponding to the
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The same problem has been attacked by attempting to de­
termine the attraction of mountains, or portions of the crust 
of the earth. In fact, the first attempt 
of the sort ever made was by UaSke- 
lyne, Astronomer -Jioyal of England 
from 1,766 to 1811, who determined 
the attraction of the mountain Scho- 
hallien, in Scotland, by observing its 
effect on the plumb-line. The princi­
ple of this is very clear : on whichever 
side of a steep isolated mountain we 
hang a plumb-line, the attraction of 
the mountain will cause it to incline towards it, the direction 
of gravity, or the apparent vertical, being changed from AB 
(Fig. 24) to AE, and from CD to CO. The density of the 
earth thus obtained was 4.71, a quantity much smaller than 
that afterwards given by the 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 determine the diminution 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. 
Hence, as we rise above the surface of the earth, thus receding 
from the centre, the force of gravity diminishes. If this force 
all resided in the centre of the earth, it would continue to in­
crease as we go below the surface. But such is not the case, 
because, once inside the earth, we have matter round and 
above us the attraction of which tends to lessen the gravity 
towards the centre. If we could actually reach the centre, 
the attraction would be nothing, localise a point there would 
be equally attracted in every direction. If the density of the 
earth were uniform, the force of gravity would diminish with 
perfect uniformity from the surface to the centre. If the den­
sity increases as we approach the centre, the diminution of
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gravity will,bc less rapid.* A determination of the density of 
the earth by the diminution of gravity in a mine was made 
by Professor Airy, at the Ilarton Colliery, in Wales, in 1855. 
IIis result was 6.56. This meti uibject to uncertainty,
from the difficulty of determining the density of that portion 
of the earth the attraction of which causes the gravity of bodies 
in the bottom of the mine to be diminished.

3. Figure of the Earth.
If the earth did not revolve, 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 
beipg accurately assumed, nevertheless the surface of the 
ocean, or of any fluid covering the earth, would assume that 
form. If, now, we set such a spherical earth in rotation 
around an axis, a centrifugal force will be generated towards 
the equatorial regions, which will cause the ocean to move 
from the poles towards the equator, so that the surface will 
tend to assume the form of an oblate spheroid, the longest di-y 
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 oblateness ought to be easily measurable in geo­
detic operations. Yet another result was that, in consequence 
of the centrifugal force at the equator, bodies would be light­
er, and a clock regulated to northern latitudes would lose 
time when taken thither. L,

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

regulates ,tKé* The general law which regulates force of gravity within the earth is this :
The total attraction of the shell of earth, which is outside the attracted point ex-» 
tending all around the globe, h nothing, while the remainder of the globe, being
a sphere with the point on its Surface, attracts as if it were all concentrated at 
the centre. But this presupposesxhat the whole earth is composed of spherical 
layers, each of uniform density, which is not strictly the case.
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ns to deny that mechanical forces produced their natural .effect 
in changing the form of the surface of the ocean. Neverthe­
less, the French astronoihers long refused their assent, because 
the geodetic opcrat/ont they had undertaken in France seemed 
to indicate that tile earth wa* elongated rather than flattened 
in the directionf of the poles. The real cause of this result 
was, that the distance measured in France was so short that 
the effect of the earth’s ellipticity was entirely masked by the 
unavoidable errors of the measures, yet it long delayed the en­
tire acceptanceyf the Newtonian theory by the French astron­
omers. We-must, however, give the latter, or, speaking of 
them individually, their successors of theepext generation, the 
credij^dr 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 61 the mean 
time become entirely unnecessary.

Newton was unable to determine the exact figure which the 
earth ought to assume under the influence oftits own attrac­
tion and jthe centrifugal force of rotation, though lie could see 
that its meridian lines would be curves not very different from 
an ellipse. The complication of the problciA arises from the 
fact that, as the earth changes its form in consequence of the 

'"'rotation, the direction and force of attrac^on at the various 
points pi its surface change also ; and this, in its turn, leads

the middle of the last 
of a rotatingHuid mass 

an ellipsoid.\

toit-different figur^ ,It was not unti 
century;that the problem of the form 
was solved, and the answer found to b^

The figure of the earth is, however, hpt an exact ellipsoid, 
there being two causes oi deviation. (When we speak of the 
figure or dimensions of the earth, we mean tltose of theXqccan 
as they would be if thé ocean covered the entire /arth. y/ One 
cause of deviation As that the density of the earth increases 
as we approach its centrer The other cause is /hat 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, which are rendered very evident by the
refined determinations of modern times, and which are very
troublesome to all who arc engaged in exact geodetic opera­
tions. I

§ 4. recession 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 dclcstial sphere is only 
that poifit of the heavens towards which the axis of the earth 
points. Hence, when we come to the Copernican system, we 
see that precession must be in the earth, and not in the heav­
ens, and must consist simply in a change in the direction of 
the earth’s axis, in virtue of which it describes a circle in the 
heavens in about 25,800 years. This effect was traced by 
Newton to the attraction of the sun and moon on the 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

A

II
Fio. 25.

AB represent this ring revolving around the sun, S; the cen­
trifugal force at its centre, c, will then balance the attraction of 
the sun at the same point. But the point A being nearer the 
sun, his attraction will be greater than at c, ami the centrifu-
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gal force will be less, so that there will be a surplus force 
pulling A towards the sun. At B, on the other hand, the at­
tractive force of the sun is less, and the centrifugal force is 
greater. Consequently, there is a surplus force tending to 
draw B from the sun. The ring being oblique towards the 
sun, the effect of these Surplus forces wxmld be to make the 
ring turn round at c until the line AB pointed towards the 
sun. ^The spherical qgrth being fastened in the ring, as just 
supposed, would very slowly be turned round with the ring, so 
that its equator would fee directed towards the sun. But this 
effect is prevented by the earth’s rotation on its axis, which 
makes it act like a gyroscope, or like a spinning-top. Instead 
of being brought down towards the sun, a very slow motion, at 
right angles to this direction, is produced, and thus we have t 
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^ 
resented as constantly inclined to the right of the observer as 
the earth moves round the sun, so that the solstices are at A v 
and C, and the equinoxes at B and 1). The effect of the at­
traction of the sun and moon on the protuberance at the 
equator is, that in 6500 years the axis of the earth will incline 
towards the observer of the picture, watli nearly the inclina­
tion of U3° ; so that the solstices will be at B and 71, and the 
equinoxes at A and C. In 6500 years more the north pole 
will be pointed towards the left instead of the right, as in the 
tiguiie;.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 plane 
of the ring, AB, passed through the sun, because then the 
forces which draw A towards the sun and B from it, would act 
directly against each other, and so destroy each other’s effect. 
Now, 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 average in June and De­
cember, when the sun’s declination is greatest ; and is less in 
March and September, when the sun is on the plane of the

Lr
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equator. Moreover, in December the earth is nearer the sun 
f ' than in June, and the force greater, so that we ha(ve still an­

other inequality from this cause. j
Precession is not produced by the sun alone./ 'The moon is 

a yet more powerful agent in producing it, its smaller mass 
being more than compensated by its greater proximity to us.* 
The same causes which make the action of the sun variable 
make that'of the moon variable also, and we have the addi­
tional causp that, owing to the revolution of the moon’s node, 
the inclination of the moon’s orbit to the plane of the earth’s 
equator is subject to an oscillation having a period of 18.6 
years, producing an inequality of this same period in the pre­
cession. The several inequalities in the precession which we 
have described are known as nutation of the earth's axis, and 
are all accurately computed and laid down in astronomical 
tables. \

§o. 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 tho- moon. 
Cæsar's description of his passages across the English Channel 
shows that he was acquainted with th^lawJ In describing 
the motion of the moon, it was shown that, owing to her revo­
lution in a monthly orbit, she rises, passes thé meridian, and 
sets about fifty minutes later every day. Th^tides ebb and' 
flow twice a day, but the corresponding tide » always later 
than the day before, by the same amount, on thoiavcragc, that 
the moon is later. Hence, at any one place, the\tidcs always 
occur when the moon is near the same point of lier apparent 
diurnal course.

* Tliis may need some explanation, as the attractive force of thé sun upon the 
. earth is more than a hundred times that of the moon. The forcer which produces 
precession is proportional to the difference of the attractions opr the two sides of 
the earth, or on A and B ip Fig. 25, and this difference is gi/ater in the case of 
the moon's attraction. In fact, it varies inversely as thy cade of the distance of 
the attracting body.
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The cause qf this ebb anfr flow of the sea, aid its relation 
to the moon, was a my&tery until gravitation mowed it to be 
due to the attraction of the moon on the watçra of the oceanr- 
Tlie reason why theVe are two tidc^ a day will appear by 
studying the case of the moon’s revolution around th# earth. 
Let M be'the moon, E the earth, and EM the line joining their 
centres. Now, strictly speaking, tUp earth does not revolve 
around the moon, any more than the) moon around the earth ; 
but, by the principle of action and reaction, both move around 
their common centre of gravity. The earth being eighty 
times as heavy as the moon, this centre is situated within the 
former, about three-fourths of the way from its centre to its 
-surface, at the point 0 in the figure. Tlie manner in which

l' iu. 20'—Attraction of the moon tending to produce tides.

the moon produces the tides is much the same as that in 
which precession is produced. Near the centre of the earth, 
E, the centrifugal force of the earth’s monthly rotation around 
G, and the attraction of the moon, counterbalance each other, 
so that a point there has no disposition to move under the influ­
ence of these combined forces. As we pass from E to Z>, the 
part of the earth’s surface opposite the moon, the centrifugal 
force around G keeps increasing, owing to our greater distance 
from the centre, while the attraction of the moon diminishes. 
Hence, at 1) the centrifugal force predominates, and tends to 
throw the waters of the ocean out, as shown in the figure. 
Again, as we pass from the centre E to C, the centrifugal force 
constantly diminishes till we reach the centre of revolution, 
G, when it vanishes, and, beyond G, begins to act in the Oppo­
site direction. Hence, atl 0 the attraction of the moon and 
the small centrifugal forA; around G both combine to throw

4» -
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the waters of the ocean out in the direction of the moon. 
Thus, there is a force causing the waters to rise at i) and C, 
and therefore to fall at A and B; and there are, therefore, two 
tides to each!apparent diurnal revolution of the moon.

If the Vatçrs 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 wras in the 
middle of that portion of her course which is under the hori­
zon. But, owing to the inertia of the water, some time is 
necessary for so slight a force to set it iq motion, and, once in 
motion, it continues so after the force has qeased, 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 hours after the moon had passed the 
meridian. Yet another circumstance interferes with the free 
motion of the water — namely, the islands and continents. 
These deflect the tidal wave from its course in such a way that 
it may, in some cases, be many hours behind its time, or even 
a whole day., Sometimes two waves may meet each other, 
and raise an extraordinarily high tide. At other times the 
tides may have to run up a long bay, where the motion of a 
long mass of water will cause an enormous tide to be raised. 
In the Bay of Fundy both of these causes are combined. A 
tidal wave coming up the Atlantic coast meets the ocean 
wave from the east, and, entering the bay with their com­
bined force, the water at the head of it is forced1* up to the 
height of sixty or seventy feet, on the principle seen in the 
hydraulic ram.

The sun produces a tide as well as the moon, the force 
whieli 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 TV 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 arc greater than the average, and we have the “spring- 
tides.” When the moon ,is in her first or third quarter, the
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two forces act agitfSfet each other ; the 
the .difference of the two, the ebb and flo 
average, and we have the “ neap-tides.” *

ve-nroducing force is 
e les» than the

/

§ 6. Inequalities in the Motions of the Planets produced byMheir
t Mutual Attraction.
J* tr

The profoundest question growing out of the theory of 
gravitation is whether all the inequalities in the motion of the 
moon and planets admit of being calculated from their mut­
ual attraction. This question can be completely answered 
only by actually making the calculation, and seeing whether 
the resulting motion iof each planet agrees exactly with that 
observed. The problem of computing the motion of each 
placet under the influence of the attraction of all the others 
is, however, one of such complexity that nc| complete and per­
fect solution has ever been found. Stated In its most général 
form, it is as follows : Any number of plaaiets of which the 
masses are known are projected into spaceAheir positions, ve­
locities, and directions of motion all l>eing gVen 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 formulai, by which their position at any time 
whatever shall byoetermincd. In this general |f or m, no ap­
proximation to an entire solution has ever been pound. But 
the orbits described by the planets around the smi, and by the 
satellites arounmtheir primaries, arc nearly ciromar ; and this 
circumstance àffoti(ls the means of computing the theoretical 
plafce of the planchas accurately as wofnease, provided the 
necçssary labor can be bestowed upon the work. u

What makes the problem so complex is that the forces 
which act upon the planets arc dependent on their, motions, 
and these again are determined by the forces which act on 
them. If the planets did not attract each other at all, the 
problem could be perfectly solved, because they would tlie'll 
all move in ellipses, in exact accordance with Kepler’s laws. 
Supposing them to move in ellipses, thair positions and dis­
tances at any time could be expressed iir algebraic formula?,

/
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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 ellipses, and therefore the formulae 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 untiliie knows the attractions of all the other planets on it, 
and he dannot determine these without first knowing the posi­
tion of aie planet, that is, without having solved his problem.

The micstion 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 oKbits of the two plan­
ets, or in various positions of the sun and moon, lie 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 cast 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.

WÜ|q the Continental mathematicians were fully convinced 
of the correctness of Newton’s theory, they immediately at­
tacked the problem of planetary motion with an energy and 
talent which placed them ahead of the rest of the world. 
They saw the entire insufficiency of Newton’s geometrical 
method, and the necessity of having the forces which moved 
the planets expressed by the algebraic method, and, by adopt­
ing this system, were enabled to go far ahead both of New­
ton and his countrymen. The lqst ltalf of the last century 
was the Golden Age oikmathen'iaticaf astronomy. Five il­
lustrious names of this period outshine all others : Clairaut, 
D’Alembert, Euler, Lagrange, and Laplace, all, except Euler,
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French by birth or adoption. The great works which closed 
it were the “ Mécanique Celeste ” of Laplace, and the “ Mé­
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 non - mathe­
matical reader.

Perhaps the most striking of these results is that of the sec­
ular variations of the planetary orbits. Copernicus and Kep­
ler had found, by comparing the planetary orbits as observed 
by themselves with those of Ptolemy, that the forms and posi­
tions of those orbits were subject to a slow change from cen­
tury to century. The immediate successors of Newton were 
able to trace 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
version 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, however, 
was enabled to show by a mathematical demonstration that 
these changes were due to a regular system of oscillations ex­
tending throughout the whole planchfry system, the periods of 
which were so immensely long that only a progressive motion 
could bo 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 has been diminishing ever 
since, and will continue to diminish for 25,000 years to come,

4
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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 
are 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 the time of Lagrange and Laplace, and w^is 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 attempts to account for the 
motion, it was found by Laplace that, in consequence of the 
secular diminution of the eccentricity of the earth’s orbit, the 
action of the sun on the moon was progressively changing in 
such a manner as to accelerate its motion. Computing the 
amount of the acceleration, lie found it to be about 10 sec­
onds in a century, and its action on the moon being like that 
of gravity on a falling body, the total effect would increase as 
the square of the time ; that is, while in one century the moon 
would be 10 seconds ahead, in two centuries she would be 40 
seconds ahead, in three centuries 90 seconds, and so on.

This result agreed so well with the observed acceleration, 
as determined by a comparison of ancient eclipses with mod­
ern data, that no one doubted its correctness till long after the 
time of Laplace. But, in 1853, Mr. J. C. Adams, of England, 
celebrated as one of the two mathematicians who had calcu­
lated the position of Neptune from the motions of Uranus, un­
dertook to recompute the effect of the variation of the earth’s 
eccentricity on the mean motion of the moon. He was sur­
prised to find that, carrying his process farther than Laplace 
had done, the effect in question was reduced from 10 seconds,
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the result of Laplace, to 6 seconds. On the other hand, the 
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 first 
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—Ilansen, Plana, and 
De Pontécoulant — disputed the correctness of Mr. Adams’s 
result, and maintained that that of Laplace was not affected 
with any such error as Mr. Adams had found. In fact, Ilansen, 
by a method entirely different from that of his predecessors, 
had found a result of 12 seconds, which was yet larger than 
that of Laplace. On the other hand, Delaunay, of Paris, by a 
new and ingenious method of his own, found a result agreeing 
exactly with Mr. Adams’s. 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. The majority had on their side not only the facts of 
observation, so far as they went, but the authority of Laplace ; 
and, if the question could have been settled either by observa­
tion or by authority, they must have carried the day. But the 
problem was altogether one of pure mathematics, depending 
on the computation of the effect which the gravitation of the 
sun ought .to produce on the motion of the moon. Both par­
ties were agreed as to the data, and but one correct result was ' 

possible, so that an ultimate decision could be reached only by 
calculation.

The decision of such a question could not long be delayed. 
There was really no agreement among the majority as to what 
the supposed error of Mr. Adams consisted in, or what the ex- 

ract mathematical expression for the moon’s acceleration was. 
j On the other hand, Mr. Adams showed conclusively that the 

methods of De Pontécoulant and Plana were fallacious; and the 
more profoundly the question was examined, the m '1 nt

8



I

98 SYSTEM OF THE WORLD HISTORICALLY DEVELOPED.

x it became that he was right Mr. Cayley made a computation 
of the result by a new method, and Delaunay by yet another 
method, and both agreed with Mr. Adams’s. Although their 
antagonists never formally surrendered, they tacitly abandon­
ed the field, leaving Delaunay and Adams in its undisturbed' 
possession.* 1
/ Now, however, there was a discrepancy between the theo­

retical and okserved acceleration, the cause of which was to 
be investigated. A possible cause happened to be already 
known : the friction of the tidal wave must constantly retard 
the diurnal motion of the earth on its axis, though it is impos­
sible to say 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 
oidy 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 for 
the excess of the apparent acceleration over that computed is 

_ about ten seconds in a century; that is,we must suppose 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 ; and we are not yet 
in position to pronounce upon it with certainty.

The secular acceleration is not the only variation in the 
i/oon’s mean motion which has perplexed the mathematicians. 
About the close of the last century, it was found by Laplace 
that the moon had, for a number of years, been falling behind

* The writer lins reason to believe it nn historien! fact that Hansen,on revising 
bis own calculations, and including terms he at first suppose^ to be insensible, 
found that he would he led substantially to the result of Adams, although he 
never made any formal publication of this fact. /
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her calculated place, a result which seemed to show that there 
was some oscillation of long period which had been overlooked, 
lie made two conjectural explanations of this inequality, but 
both were disproved by subsequent investigators. The ques­
tion, therefore, remained without any satisfactory solution till 
1846, when llansen 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 
fouid 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 hero was another mathe­
matical discrepancy. There was not room, however, for much 
discussion this time. llansen himself admitted that he had 
been unable to determine the amount of this inequality in a 
satisfactory manner from the theory of gravitation, and had 
therefore made it agree with observation, an empirical process 
which a mathematician would never adopt if he could avoid 
it. Even if observations were thus satisfied, doubt would still 
remain. But it has lately been found that this empirical 
term of Hansen’s no longer agrees with observation, and that 
it does not satisfactorily agree with observations before 1700. 
In consequence, there are still slow changes in the motion of 
our satellite which gravitation has not yet accounted for. We 
are, apparently, forced to the conclusion either that the motion 
of the moon is influenced by some other cause than the gravi­
tation of the other heavenly bodies, or that these inequalities 
(ire only apparent, being really due to small changes in the 
earth’s axial rotation, and in the consequent length of the day. 
If we admit the latter explanation, it will follow that the 
earth’s rotation is influenced by some other cause than the 
tidal friction ; and that, instead of decreasing uniformly, it va­
ries from time to time in an irregular manner. The observed 
inequalities in the motion of the moon may be fully accounted 
for by changes in the earth's rotation, amounting in the ag­
gregate to half a minute or so of time—changes which could
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be detected by a perfect clock kept1 going for a number of 
years. But, as it takes many years for these changes to occur, 
no clock yet made will detect them.

Yet another change not entijely^accounted for on the the­
ory of gravitation occurs/irr't1ie motion of the plauet Mercury. 
From a discussion of'all the observed transits of this planet 
across the disk of'tlie sun, Leverrier has found that the mo­
tion of the perihelion of Mercury is about 40 seconds in a 
century greatdr 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 theory. Leverrier explains this by im­
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 istaii immense disk of matter of some 
kind surrounding the sun, and extending out to the orbit of 
the earth, where it gradually fades away. The 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 the observed motion of the perihelion of 
Mercury. The evidence on this subject will be considered 
more fully in treating of Mercury.

With the exceptions just described, all the motions in the 
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
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from errors in the data from which the mathematician must 
start in computing the motion of any planet. The time of 
revolution of a planet, the eccentricity of its orbit, the position 
of its perihelion, and its place in the orbit ^t 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 “errors of the tables” 
constantly necessary. ^

§ 7. Relation 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 multitude of 
stars, which always preserved their relative positions, as if they 
were set in a sphere of crystal, while the others moved, each 
in its own orbit, according to laws which li^ve been described.
We 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- x 'y 
ary planets, revolving around them. Before the invention of 
the 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 tl*e orbit of Sat­
urn, and an immense swarm of smaller ones between the or­
bits of Mars and Jupiter, have been discovered ; wliild the 
four outer planets—Jupiter, Saturn, Uranus, and Neptyme— 
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 tEtt of all the other bod­
ies of his system combined, but by thff fact that he shines by 
his own light, while the planets an £ satellites arc «lark bodies, 
shining only by reflecting the li^t <4 the sun. *

*
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A remarkable symmetry of structure 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 pf 
such a nature that each planet may make countless revolutions 
without the structure of the system undergoing any change.

Turning our attention from this system to the thousands of 
fixed stars which stud the heavens, the first thing to be consid­
ered is ’their enormous distance asunder, compared with the 
dimensions of the solar system, though the latter are them­
selves inconceivably great. To give an idea of the relative 
distances, suppose a voyager through the celestial spaces could 
travel from the sun to the outermost planet of our system in 
twenty-four hours. So enormous would be his velocity, that it 
would carry him across the Atlantic Ocean, from New York 
to Liverpool, in less than a tenth of a second of the clock. 
Starting from the sun with this velocity, he would cross the 
orbits of the inner planets in rapid succession, and the outer 
ones more slowly, until, at the end àf a single day, he wotild 
reach the confines of our system, crossing the orbit of Neptune. 
But, though he passed eight planets the first day, he would 
pass none the next, for he would have to journey eighteen or 
twenty yeans, without diminution of speed, before lie would 
reach the nearest star, and would then have to continue his 
journey as far again before he could reach another. All the 
planets of our system would have vanished in the distance, in 
the course of the first three days, and the sun would be 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 years would be required to 
traverse the space between them, even when the voyager went 
at the rate wre have supposed. The solar and the stellar sys­
tems thus offerVs two distinct fields of inquiry, into which we 
shall entei; after describing the instruments and methods by
which they are investigated.
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INTRODUCTORY REMARKS.

Should the reader ask what Practical Astronomy is, the 
best answer might be given him 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 within a hundred yards by observations of the 
stars.” This, from a utilitarian point of view, is one of the 
most important operations of Practical Astronomy. When wo 
travel into regions little known, whether on the ocean or on 
the Western plains, or when we wish to make a map of a 
country, we have no way of finding our position by reference 
to terrestrial objects. Our only course is to observe the heav­
ens, and find in what point the zenith of our place intersects 
the celestial sphere at some moment of Greenwich or Wash­
ington time, and then the problem is at once solved. The in­
struments and methods by which tins is done may also be ap­
plied to celestial measurements, ^nd 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 o measuring the heavens, and of
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determining positions on the earth by o^rvations of the heav­
enly bodies. The general construction of these instruments, 
and the leading principles which underlie their use and em­
ployaient, can be explained with the aid of a few technical 
terms which we shall define as we liave 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 a{e/the gnomon and the astrolabe, or armillary sphere. 
The former was- little more than a large sun-dial of the sim­
plest construction, by which the altitude and position of the 
sun were 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 sharply defined. In fact, 
however, owing to the apparent size of the solar disk, the shad­
ow of any object at the distance of a few feet becomes ill-de­
fined, shading off so gradually that it is hard to say where it 
ends. No,|pproach to accuracy can therefore be attained by 
the gnomon.

Notwithstanding the rudeness of this instrument, it sbems 
to have been the one universally employed by the ancients 
for the determination of the times when the sun reached 
the equinoxes and solstices. The day when the shadow was 
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 sun. The 
day when the shadow was longest marked the winter solstice ; 
and the day when the altitude of the sun was midway between 
the altitudes at the two solstices marked the equinoxes. Thus 
this rude instrument served the purpose of determining the 
length of the year with an accuracy sufficient for thé 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.

X
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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 iu 
or near the ecliptic, as the sun and moon, or a star and planet. 
It was by such measures that Hipparchus and Ptolehaj were 
able to determine the larger inequalities in the motions of the 
sun, moon, and planets.

Fio. 27.—Armillary sphere, as described by Ptolemy, and used by him and by Hipparchus. 
The circle El is set in the plane of the ecliptic, the line PP being directed towards its 
pole. The circle ApMp passes through the poles of both the ecliptic and the equator. 
The inner pair of circles turn ou the axis PP, and are furnished with sights which may 
be directed ou the object to be observed. The latitude apd longitude of the object are 
then road off by tlfc position of the circles.
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CHAPTER I.

iV THE TELESCOPE.

§ 1. The First Telescopes. ^
The telescope is so essential a part of every instrument in­

tended for astronomical measurement, that, apart from its own 
importance, it must claim the first place in any description of 
astronomical instruments. The question, Who made the first 
telescope ? was long discussed, and, perhaps, will never be con­
clusively settled. If the question were merely, Who is entitled 
to the credit of the invention under the rules according to 
which scientific credit is now awarded ? we conceive that the 
answer must be, Galileo. The first publisher of a result or 
discovery, supposing such result or discovery to be honestly 
his ojvn, 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 others the idea that the instrument was possible, 
but no hint as to how it was made.

As a historic fact, however, there is no serious question that 
the telescope originated in Holland ; but the desire of the in­
ventors, or of the authorities, or both, to profit by the posses­
sion of an instrument of such extraordinary powers, prevented 
the knowledge of its construction from spreading abroad. The 
honor of being the originator has been claimed for three men, 
each of whom has had his paVtisans. Their names are Mctius,

*
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Lipperhey, and Jansenlast two being spectacle-makers
in tl)C town of Middleburg, and the first a professor of mathe­
matics.

The claims of Jansen were sustained by Peter Borclli, 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 tl ' Jansen had shown a telescope sixteen inches
long# to Prince Maurice and the Archduke Albert, who, per- t) 
ceiving the importance of the invention in war, offered liim
money to keep it a secret. If this story be true, it would be 
interesting to knoC on what terms Jansen was induced to sell
out his right to immortality. But Borelli’s case rests on the 
testimony of two or three old men who had known Jansen in 
their youth, taken forty-five or fifty years after the occurrence 
of the events, when Jansen had long been dead, and has there­
fore never (>een 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 Mu­
tins. The Government refused a patent to Lipperhey, <$ the 
ground that the invention was already known elsewhere, but 
ordered several instruments from him, and enjoined him to 
keep their construction a secret#

It will be seen from this that the historic question, Who 
made the first telescope t does 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

“ De Vero Tel esc op ii Inventore,*’ The Hague, 1655.
c
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was in Venice on a visit, and there received a letter from 
Paris, in which the inventidh was mentioned. lie at once set 
^pimself to the reinvention of the instrument, and was so suc­
cessful that in a few days lie exhibited a telescope magnify­
ing three times, to the astonished authorities of the city. Re­
turning to his home in Florence, he made otlipr and larger 
ones, which regaled to him the spots on the stin, the phases 
of Venus, the mountains on the moon, the satellites of Jupiter, 

« the seeming handles of Saturn, and some of the myriads of 
stars, separately invisible to the naked eye, whose combined 
light forms the milky-way. But the largest of these instru­
ments 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 modern 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 : •

Fio. 28.—The Galilean telescope. The dotted lines show the course of the rays through '

The distance of the lenses was such that the rays of light 
frim a star passing through the large convex lens, or </>ject- 
glass, OB, met the concave lens, R, 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 

j 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 modern telescopes are constructed. The 
probities of every such instrument depend on the power pos­
sessed by a lens or by a concave mirror of forming an im­
age of any distant object in its focus. This is done in the
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case of jthe lens by refracting the light which passes through 
it, and in the case of the mirror by reflecting back the rays 
which strike it. In order to form an image of point, it is 
necessary that a portion of the rays of light Hvliich emanate 
from the point shall be collected and made to converge to 

‘some other point. For instance, in the following figure, the
L E

Fio. 29.—Formation of an image by 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 their course, and 
made to converge to a point, F. Continuing their course, 
they diverge from F exactly as if F 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 the real point. The dis­
tance, OF, is called the focal length of the lens.

If, instead of a simple point, we have an object of some 
api>arcnty 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 focus. Each point of the object will then have its own 
point in the image. These points, orrimages, will be spread 
out over the surface, EFE, which is called the focal plane, and 
will make up a representation, or image, of the entire object 
on a small scale, but in a rcverseuNfosition, exactly as in the 
camera of a photographer. An eye! at B within the cone of 
rays will then see all or a part of me object reversed in the 
focal plane. The image thus formed may be viewed by the

*

/
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eye 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 focal length of the former—that is, the greater the distance 
OF— the larger the image will be ; and the less the focal length 
of the eye-lens, the nearer the eye can be brought to the im­
age, and the more the latter will be magnified. The magnify­
ing power is found by dividing the focal length of the objec­
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 were 
three-quarters of an inch, the quotient of these numbers would 
be 48, which would be the magnifying power. If the focal 
lengths of these lenses were equal, the telescope would not 
magnify at all. By simply turning a telescope end fbr end, 
and looking in atlthe objective, we have a reversed telescope, 
which diminishes objects in the same proportion that it mag­
nifies them when not reversed.

Frbm 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 eye-lens. If, for instance, we 
wish our telescope of 36 inches focal length to magnify 3600 
times, we have only to apply to it arv^ye-lens of of an inch 
focal length. But, in attempting to do this, a difficulty arises 
with which astronomers have always had to contend, and 
which has its origin in the imperfection of the image formed 
by the object-glass. No lens will bring all the rays of light 
to absolutely the same focus. When light passes through a 
prism, the various colors are refracted unequally, red being 
refracted the least, and violet the most. It is the same 
when light is refracted by a lens, and the consequence is that





Fio. 30.—A great telescope of the seventeenth century, after BlanchinL
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the red raya 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 impossible to get any accurate image of a star or 

i other object at which the teleseojK) is jointed, the eye seeing 
only a confused mixture of images of various colors. When 
a sufficiently low magnifying power is used, the confusion will 
be slight, the edges of the object l>eing 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 lopk larger in the same proportion ; so that the 
observer will see no more than l>efore. This separation of the 
light in a telescope is termed rfnvmatic 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, aiid the consequent size of the confused image. If 
tjyy made an object-glass of any fixed diameSi-, say six inches, 
they found that the image was no more confused when the 
focal length was sixty feet than when it was six, and the same 
eye-lens could therefore bo used in both cases. But the im­
age in the focus of the first was ten times as large as in the 
second, and thus using the same eye-lens would give ten times 
the magnifying power. Iluyghcns, Cassini, Ilevelius, and oth­
er astronomers of the latter part of the seventeenth century, 
made telescopes a hundred feet or upwards in length. Some 

^astronomers then had to diseuse with a tube entirely ; the ob­
jective being mounted by Cassini on the top of a long pole, 
while the ocular was moved along near the ground. Ilevelius 
kept his objective and ocular connected by a long rod which 
replaced the tube. Very complicated and ingenious arrange­
ments were sometimes used in managing these huge instru­
ments, of which we give one specimen, taken from the work 
of Blanchini, “Ifesperi et Phosphori Xova Phirnomena,” in which 
that astronomer describes his celebrated observations on the 
rotation of Venus.

i)



MA ( ' TI CA L A S THONOM Y.114

§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 first published 
by Euler, the German mathematician. The invention of Dol­
lond consists in the combination of a convex and concave lens 
of two kinds of glass in such a way that their aberrations 
shall counteract each other. How this is effected will he best, 
seen by taking the case of refraction by a prism, where the • 
same principle comes into play. The separation of the light 
into its prismatic colors is here termed dispersion. Suppose, 
now, that we take two prisms of glass, ABC and ACI), (Fig. 
31), and join them in the manner shown in the figure. If a

it

/>•

Fig. 31.—Refraction through a compound prism.nd prism. 
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ray, RS, pass through the two, their actions'll it will tend
to counteract each other, owing to the opposite directions in 
which their angles^ are turned, and the ray |vill be refracted 
onljr by the difference of the refractive powers, and disjiersed 
by the difference of the dispersive powers. If the dispersive 
powers are equal, there will he no dispersion at all, the ray 
passing through without any separation of its colors. If the 
two prisms arc made of the same kind of glass, their dispersive 
powers can be made equal only by making them of the same 
angle, and then their refractive powers will be equal also, and 
the ray will pass through without any refraction. As our ob-
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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 1x3 equal, but their refractive powers un­
equal ? The researches of Etiler and Dollondl answered this 
question in the affirmative by,showing thaw the dispersive 
potwer 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 A CD of 
flint, the angle of the flint at C being half that of the crown 
at A, the two opposite dispersions will neutralize each other, 
and the rays will pass through without being broken up into 
ttie separate colors. But the crown prism, with double the an­
gle, will have a more powerful refractive power than the flint ; 
so that, by combining the two, we slmll have refraction without 
dispersion, which solves the problem.

The manner in which this principle is applied to the con­
struction of an oljject-gl^ss is this: a convex lens of crown is 
combined with a concave lens of flint of about half the cur­
vature. No exact rule respecting the ratio of the two 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 abeiTations, but in oppo­
site directions, while the crown refpctii^jpore powerfully 
than the flint, the rays will be brought to W fohus at a dis­
tance a little more than double the focal distance of the former. 
A combination of this sort is called an 
Some of the earlier achromatic objectives xt^ere 
lenses, a double concave lens of flint glass 
tween two double convex ones of crown, 
ever, but two lenses are used, the forms of 
which, as used in the smaller European tele­
scopes, and in all the telescopes of Mr. A Ivan 
Clark, arc shown in Fig. 32. The crown- 
glass is here a double convex lens, and the

Crown 
Fig. 32.—Section of nil 
achromatic objective.
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iatic objective.
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eing fitted he- 
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cur vatu res of the two faces are equal. The curvature of the^r 
inside face of the flint is the same as that of the crown, so 
that the two faces lit accurately together, while the outer face 
is nearly flat. If the dispersive power of the flint were just 
double that of the crown, this face would have to be flat 
to produce achromatism ; but this is not generally the case. 
The fact is that, as no two specimens of glass made at dif­
ferent meltings have exactly the same refractive and disper­
sive powers, the optician, in making a telescope, must find the 
ratios of dispersion of hjs two glasses, and then give the outer 
face of his flint such a degree of curvature as to neutralize 
the dispersion of his crown gl^ss. Usually, this face will have 
to be slightly concave. J

When the inner faces of me glasses are tlius made to tit, it 
is not uncommon tb join the glasses together with a transpar­
ent balsam, in order to ckminish the loss of light hi passing 
through the glass. Whenever light falls upon transparent 
glass, between three and four per cent, of it is reflected back, 
and when, after passing through, it leaves again, about the 
same an^punt is reflected back into the glass. Consequently, 
about seven pejr cent, of the light is lost in passing through 
each lens. But when the two lenses are joined with balsam 
or castor-oil, the reflection from the sècond surface of the flint 
and theflrst surface of the crown is greatly diminished, and a 
loss of perhaps six per cent, of the light is avoided.*

As larger and more perfect achromatic telescopes were 
made, a new source of aberration was discovered, no practical 
method of correcting which is yet known. It arises from the 
fact that, flint glass, as compared with crown, disperses the blue 
end <?f the spectrum moue than the red end. If we make

lience-srfmetii* When there is no balsam, another inconvenience-sflmetimes arises from a 
double reflection of light from the inner surfaces of the glass. Of the light re­
flected bads’from|îie first surface of the crown, four per cent, is again reflected 
from the Second surface of the flint, and sent down to the focus of the telescope 
with the direct rays. If there be the slightest misplacement of one of the lenses, 
the reflected rays will come to a different focus from the direct o#es, and every 
bright sBr \ÿll seem to have a small companion star along side of^it.
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lenses of flint and crown having equal dispersive power, we 
shall find that the red end is longest in the crown-glass spec­
trum, and the blue end in the flint-glass spectrum. The cojw 
sequence is that when we join a pair of pritSms in reversed 
positions, as shown in Fig. 31, the two dispersions cannot be 
made to destroy each other entirely. Instead of the refracted 
light being all joined in one white ray, the spectrum will be 
folded over, as it were, the red and indigo ends being joined 
together, the faint violet light extending out by itself, while 
the yellow and green arc 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 yrown 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 largo 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 arcolc, formed by 
the indigo rays thrown out by the flint-glass. If the eye-piece 
is pushed in, so that the star is seen, not as^a point, but as a 
small disk, the centre of this disk will be green or yellow, 
while the bordent*will be reddish purple. u3ut, in the immense 
refractors of two-fleet aperture or upwards, of 'ti’hieh a number 
have been produced of late years, the secondary aberration 
constitutes the most serious optical defect; and it is a defect 
which, arising from the properties of glass itself, no art can 
diminish. The difficulty may be lessened in the same way 
that the chromatic aberration was lessened in the older tele­
scopes, namely, by increasing the length of the instrument. 
In doing this, however, with glasses of such large size, engi­
neering difficulties are encountered which soon bepome insur­
mountable. We must, 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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Fiu. 33.— Section of eye-piece 
of a telescope.

The eye-piece uf a telescope, as well as its'objcctive, 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~ffttK field - lens, it^ therefore placed 
very nçar the image, "ïor the purpose 
of refracting the outer rays into the 
proper direction to form a distinct 
image with the aid of the eye-lens.J 
In Fig. 33 such an eye-piece is repf 
resented, in which the field-lens is' 

between the image and the eye. This is called a positive 
eye-piece. In the negative eye-piece the rays pass through 
the field-lens just before coming to a focus, so that the image 
is formed just within that lens. The positive eye - piece is 
used when it is required to use a micrometer in the focal 
plane ; but for mere looking the negative ocular is best. All 
telescopes are supplied with a number of -eye - pieces, by 
changing which the 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. This 
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 the 
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 nearly 
the same direction, the problem of using great telescopes 
would bo much simplified. The objective and the eye-piece 
could be fixed so as to point at the object, aitd the observer 
could scrutinize it at his leisure. But actually, when we use



119THE MOUNTING OF TffE TELESCOPE.

axtelcsco^c, the diurnal ijTvoît|tion of the earth is apparently 
increased in proportion (to the magnifying power of the in­
strument; and if the lattèr 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 bright 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,sccond^the means of mov­
ing the telescope so that 
it shall follow the object 
in its ' diurnal motion, 
and thus keep its image 
in the field of view. The 
following are the me­
chanical contrivances by 
which these objects are 
effected :

The object-glass is 
placed in one end of a 
tube, 0AT, 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, Er The

, . r , i ,i . Fig. 34.—Mode of mounting a telescope so as to ful-
Object 01 the tube IS to low .a star iu its diurmW motion.

\



120 PRACTICAL ASTRONOMY.

keep the glasses in tlieir proper relative positions, and to pro-. 
tect the eye of the observer from stray light.

The tube has an axis, AB, firmly fastened to it at A near its 
middle, which axis passes through a cylindrical case, C, into 

•i which it neatly tits, and in which it can turn. By turning the 
telescope on this axis, the end E can be brought towards the 
reader, and 0 from him, or vickyersa. This axis is called the 
declination axis. The case, C, is\{irmly fastened to a second 
axis, DE, 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, W'itli the part, A C, of the case, may be brought 
towards the observer, while the end B will recede from him* 
or vice versa. In order that the weight of the telescope may 
not make it turn on the polar axis, it is balanced by a weight 
at B, on the other end o|> the declination axis. This weight 
is commonly divided, a part being carried by the axrs, 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 tire general nature of the mechanism by which an 
astronomical telescope is mounted. The essential point is 
that there shall be two axes^-one tixed, and pointing at the 
pole, and one at right angles to it, and turning with it. In 
the arrangement of these axes there are great 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 the 
declination axis, A B, through an arc of 90°, tjie eye-piece, E. 
being brought towards the spectator ; the objbet end will then 
point towards the east horizon, and therefore 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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pule we set it by turning 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 toi the polar dis­
tance of the star, and then on the polar axis till it points at 
the star. This pointing is effected by cities divided into de­
grees and minutes, not shown in the ligure, byjwhich the dis­
tance which t|ytelescope points from the pole and from 
meridian may be found at any time.

In order that the star, when orîèe 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 tu|6is 
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,” 1\ consisting of a 
small telescope of low power pointing in the same direction 
with the larger one. An object can be'seen in the small tel­
escope without the pointing being so accurate as is necessary 
in the case of the large one ; and, when once seen, the tele­
scope is moved until the object is in the middle of the field 
of view, when it is also in the field of view of the large one.

§ 4. The Reflecting Telescope.
Two radically different kinds of telescopes are made : the 

one just described, known as the refracting telescope, because 
dependent on the refraction of light 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 chromatic
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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, G, and the surface of

Fig. 38.—Speculum bringing raya to a single focus 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 nust be between F and G, directly in the rays 
of light emanating from the object. By placing the eye here, 
not opjy 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 Ilcrsehel.

The Herschelian Telescope. — In this form of telescope the 
mirror is slightly tipped, so that the image, instead of being 
formed in the centre of the tube, is formed near one side of 
it, as in Fig. 36. The observer can then view it without put­
ting his head inside the tube, and, therefore, without cutting 
off any material portion of the light. In observation, he must 
stand at the upper, or outer, end of the tube, and 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

Fig. 36.—Ilerschelian telescope.

the rays cannot be brought 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 to throw 
the rays to the side of the tube, where they come to a focus, 
ayd 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 off some of the light, but 
not enough to be a serious defect. An improvement which 
lessens this defect has been made by Professor Henry Draper.

\,txO,nnm‘Uin J

Fig. X7—Horizontal section of n Newtonian telesgpptr This section shows how the lumi­
nous rays reflected from the parabolic mirror M meet a small rectangular prism m », 
which replaces the inclined plane mirror used In the old form of Newtonian telescope. 
After undergoing a total reflection from m », the rays form at aha very small image 
of the heavenly body.

The,inclined mirror is replaced by a small rectangular prism, 
by reflection from which the image is formed very near the 
prisirt. 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.

r The Gregorian Telescope.—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, R, is placed, by which the light is reflected back again

U.
Fio. 38.—Section of the Gregorian telescope.

c
down the tube. The larger mirror, M, has an opening through 
its centre, and the small mirror, R, is so adjusted as to form a 
second image of the object in this opening. This image is 
then viewed by*an eye-piece which is screwed into the opening.

The Cassegrainian Telescope—In principle the same with the 
Gregorian, differs from it only in that the small mirror, R, is 
convex, and is placed inside the focus, F, so that the rays are 
reflected from it before reaching the focus, a'nd no image is 
formed until they reach the opening in the large mirror. 
This form has an advantage over the Gregorian in that the 
telescope may be made shorter, and the small mirror can be 
more easily shaped to the required figure. It has therefore 
entirely superseded the original Gregorian form.

Optically, these forms of telescope arc 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 he looks into an eye-piece screwed into the side of the 
tube. If the telescope is a small one, this inconvenience is 
not felt ; but with large telescopes, twenty feet long or up­
wards, the case is entirely different. Means must then be pro­
vided by which the observer may be carried in the air at a 
height equal to the leng e instrument, and this requires
considerable mechanism lanagcmcnt of which is often

\
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very troublesome. On the other hand, the Cassegraiiiian tele­
scope iÿ 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 wilt 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 oj Modern Times.
The reflecting telescopes made by Newton and his contem­

poraries wëre very small indeed, none being more than a few 
inches in diameter. Though vastly more manageable than tile 
immensely long refractors of Iltiyghçns, they do not seem to 
have exceeded them in effectimiess. e might, therefore, 
have expected the achromatic telescope\o supersede the re­
flector entirely if it couldbe made of large size. But in the 
time of Dollontrhtwas impossible to produce disks of flint-glasà 
of sufficient unifo/mity for p telescope more than a very few 
inches in diameter. An aéhWhnatic of four inches aperture 
was then considered of extraordinary size, and good ones of 
more than two or three inches were rare. Consequently, for 
the purpose of seeing the most faint and difficult objects, the 
earlier achromatics were little, if any, better than the long 
telescopes of Iluyghens and Cassini. As there were no such 
obstacles to the polishing of large mirrors, it was clear that it 
was to the reflecting telescope that recourse must be had for 
any gretit increase in optical power, xfefore the middle of 
thejast century the reflectors werej little larger than the re­
fractors, and had not exceeded them in their optical perform­
ance. But a genius now arose who was to make a wonderful 
improveirient in their construction.

* The Melbourne telescope has an eye-lens six inches in diameter.

L
ft



120 1‘RACTICAL ASTROXOHr.

William Ilcrechel, in 1766,was a church-organist and teach­
er of music of very high repute in Bath, who spent what little 
leisure he had in the study of mathematics, astronomy, and 
optics. By accident a Gregorian reflector two feet long fell 
into his hands, and, turning it to the heavens,he was so enrapt­
ured with the views presented to him that he sent to London 
to see if lie could not purchase one of greater power. \Thc 
price named being far above his means, lie resolved to make 
one for himself. After many experiments with metallic al­
loys, to learn which would reflect most light, and many efforts 
to find the best way of polishing his mirror, and giving it a 
parabolic form, he produced a five-foot Newtonian reflector, 
x^hicli revealed to him a number of interesting celestial phe­
nomena, though, of course,nothing that was not already knajxm. 
Determined to aim at nothing less than the largest telcsctyiK*' 
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 were telescopes of constantly increasing size, 
until he attained the hitherto unthought-of aperture of two feet, 
with a length of twenty feet. With one of these he discov­
ered the planet Uranus. The fame of the musician-astrono­
mer reaching the ears of King George III., that monarch gave 
him a jxension of £200 per annum, to enable him to devote 
his life to a career of astronottôcal 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 
newt-satellites of Saturn.

Ilerschel now found that he had attained the limit of man­
ageable size. The observer had to be suspended perhaps thir­
ty or forty feet in the air, in a room large enough to hold, not 
only himself, but all the means necessary for recording his 

* observations ; and this room had to follow the telescope as it 
moved, to keep a star in the field. To this was added the 
difficulty of keeping the mirror in proper figure, the mere 
change of tenij>crature in the night operating injuriously in 
this respect We need not, therefore, be surprised to learn
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Fiu. 39.—IlcrschelV great telescope.

that Ilcrschel made very little use of this instrument, and pre­
ferred the twenty-foot even in scrutinizing the most difficult 
objects.*

* Herschel's great instrument is still preserved, but is not mounted for use ; 
indeed, it is probable that the mirror lost all its lustre long years ago. In 1830, 
Sir John Herschcl dismounted it, laid it in a horizontal position, and closed it up 
after a family celebration inside the tube, at w luvji the following song was sung :

THE OLD TELESCOPE.
[To be sung on New-year's-eve, 1S39- 40, by I'ttfta. .Vuiiim#, Mu latto (lerlach, and all the Utile 

liudies in the Tube the ret if (uvtetnbUti. 1
In the old Telescope's tube we sit.
And the shades of the past around ns flit;
His requiem sing we with shout and din,
While the old year goes ont, and the new comes in.

CAorus.—Merrily, merrily let ns all sing,
And make the old telescope rattle and ring !

*>
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The only immediate successor of Sir William Ilerschel in 
the construction of great telescopes was his son, Sir John Iler­
schel. But the latter made none to equal the largest of his 
father’s 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 Parsonstpwn, Irc-

Fall fifty years did he laugh at the storm,
And the blast could not shake hie mtyestic form ;
Now prone he lies, where he once stood high,
And searched the deep^beaven with his broad, bright eye.

Chorus.— Merrily, merrily, etc., etc.

There are wonders no living sight has seen,
Which within this hollow have pictured been ;
Which mortal record can never recall,
And are known to Him only who made them alt 

Chorus.—Merrily, merrily, etc., etc.

Here watched our father the wintry night,
And-bis gaze has been fed with preadamite light.
Hip labors were lightened by sisterly love,
Ajjd, united, they strained their vision above.

Chorus.—Merrily, merrily, etc., etc.

He has stretched him quietly down, at length,
To bask in the starlight his giant strength ;
And Time shall here a tough morsel find 
For his steel-devouring teeth to grind.

Chorus.—Merrily, merrily, etc., etc.

He will grind it at last, as grind it he must,
And its brass and its iron shall be clay and rust ;
But scathless ages shall roll away,
And nurture its frame, and its form’s (jecay.

Chorus.— Merrily, merrily, etc., etc.

A new year dawns, and the old year's past ;
God send it, a happy one like the last 
(A little more sun and a little less rain 
To save us from cough and rheumatic pain).

Chorus.—Merrily, merrily, etc., etc.

" God grant that its ebd this group may find 
In love and in harmony fondly joined !

W And that some of us, fifty years hence, once more 
May make the old Telescope^ echoes roar.

Chorus.—Merrily, merrily, etc., etc.

* William Parsons, third Earl of Rosse, the original constructor of this tele­
scope, died in 1807. The work of the instrument is continued by his son, the pres­
ent earl.
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land. The speculum of tliip telescope is six feet in diameter, 

and about fifty-four feet focal length, and was cast in 1842. 
)nc of the great improvements made by the Earl of Jtossc 

was the introduction of steam machinery for grinding and 
polishing the great mirror, an instrumentality of which Ilcr- 
scliel could not avail himself. The mounting of this telescope 
is. decidedly* different from that adopted by Ilerschel. The 
telescope is placed between two walls of masonry, which only 
lllow it to move about 10° on each side o4#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 wrcst, so as to follow the star, by a long screw 
driven by an immense piece of clock - work. It is commonly 
used as a Newtonian, the observer looking into the side of the 
tube near the upper end. To enable him to reach flic mouth 
of the tube, various systems of movable platforms and staging 
arc employed. One of the platforms is suspended south of 
the piers ; it extends cast and west by the distance between 
the walls, and may be raised by machinery so as to be directly 
under the mouth of theVdescope so long as the altitude of the 
latter is less than 45°. AVhen the altitude is greater than this, 
the observer ascends a stairway* to the top of one of the walls, 
where lie mounts one of several sliding stages, by which he 
can be carried to the mouth of the telescope, in any position 
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 tits it 
for .the latter object.

Other Reflecting Telescopes.—Although no other reilector ap­
proaching the great one of the Earl of Rosse in size has over 
been made, some others are worthy of notice, on account of 
their perfection of figure and the importance of the discov­
eries madc'with them. Among these the first place is due to 
the great reflectors of Mr. William Lassell, of England. This 
gentleman nmtfif"a reflector of two feet aperture about the

1
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Fio. 41.—Mr. Lassell’s great four-foot reflector, as mounted at Malta.

In 1870, a reflecting telescope four feet in diameter, on the 
Cassegrainian plan, was made by Thomas Grubb & Son, of 
Dublin, for the Observatory of Melbourne, Australia. This 
instrument is remarkable, not only for its perfection of figure, 
but as being probably the most easily managed large reflector 
ever made.

same time that Rosse constructed his immense six-foot. The 
perfection of figure of thejmirror was evinced by the discov-, 
ery of two satellites of Urapus, which had been previously un­
known and unseen, unless, as is possible, Herscliel 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 pf Malta, where he made a series of observations on 
satellites and nebulae.
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t'm. 42. —The new Paris reflector. «
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The only American who has ever successfully, undertaken 
the construction of large reflecting telescopes is Professor Ilen- 

( ry Draper, of New York, who has one of twenty-eight inches 
I aperture, the work of his own hands. This instrument was 
l mounted about 1872 in the owner's p^vate observatory at 
\ Hastings, on the Hudson. The mirror is not of speculum 
upetal, but of silvered glass, and is almost perfect in figure. 
This telescope has been principally employed in leaking 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 gfreat 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 was mounted in 1875; but, unfortunately, the proper meas­
ures were not tatyw^jo prevent 1 he glass from bending under 
its own weight, and thus destroying the perfection of the 
parabolic figure which M. Mar in 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 sc me respects peculiar, we pre­
sent a view of it in Fig. 42, on pf ge 134.

§ 6. Great Refracting Telescopes.
We have already remarked that, in the early clays 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, Guinand, a Swiss mechanic, after 
a long series of experiments, discovered a method by which 
he could produce disks of flint-glass of a size before unheard 
of. The celebrated Fraunhofer was then commencing busi­
ness as an optician iîï-Munich, and hearing of Guinand’s suc­
cess induced him to come t<5 Munich and commence the man­
ufacture of optical glass. Fraunhofer was a physicist of a

t I
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Fui. 43.—The great Melbonme reflector. T, the tube containing the great mirror near ite 
lower end. Y, the email mirror throwing the light back to the eye-piece, y. C N, the 
polar axis. U, the counterpoise at the end of the declination axis. Z, the clock-work 
which moves the telescope by the jointed rods zee E, and the clamp F.

high order, and made a more careful and exhaustive study of 
the optical qualities of £lass, and the conditions for making 
the best telescope, than any one before him had ever attempted. 
With the aid of the large disks furnished 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 inches aperture, which were 
then considered most extraordinary. One of these belongs
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to the Pulkowa Observatory, in Russia ; and the other was 
purchased by a subscription of citizens of Boston for the ob­
servatory of Harvard University.

No rival of the house of Fraunhofer in the construction of 
great refractors arose until he had been dead thirty years, and 
then it arose where least expected. In 1846, Mr. Alvan Clark 
was a citizen of Cambridgeport, Massachusetts, unknown to 
fame, who made a modest livelihood by pursuing the self- 
taught art of portrait-painting, and beguiled his leisure by 
the construction of small telescopes. Though without the 
advantage of a mathematical education, he had a perfect 
knowledge of optical principles to just the extent necessary 
to enable him to make and judge a telescope. Having been 
led by accident to attempt the grinding of lenses, he soon pro­
duced objectives equal in quality to any ever made, and, if 
he had been a citizen of any other civilized country, would 
have found no difficulty in establishing a reputation. But 
he had to struggle ten years with that neglect and incre­
dulity which is the common lot of native genius in this coun­
try ; and, extraordinary as it may seem, it was by a foreigner 
that his name and powers were first brought to the notice 
of the astronomical world. Bev. W. B. Dawes, one of the 
leading amateur astronomers of England, and an active mem­
ber of the Boyal Astronomical Society, purchased an object- 
glass from Mr. Clark in 1853. He found it so excellent that 
in the course of the next two or three years he ordered several 
others, and, finally, an entire telescope. He also made several 
communications to the Astronomical Society, giving lists of 
difficult double stars detected by Mr. Clark with telescopes of 
his own construction, and showing that Mr. Clark’s objectives 
were almost perfect in definition.

The result of this was that the American artist began fo be. 
^appreciated in his own country ; and in I860 he received an 
Junior from the University of Mississippi, of which Dr. F. A. 
1‘. Barnard* was then president, for a refractor of eighteen

* Now President of Columbia College, New York City.
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inches aperture, which was three inches greater than the larg­
est that Iiad then been made. Before the glass was finished, 
it was made famous by jfrfie discovery of the companion of 
Sirius, a success for which the Lalande medal was awarded \ 
by the French Academy of Sciences. While this telescope 
was in progress, the civil war broke out, and prevented the 
party (originally ordering it from taking it; but it was soon 
sold tp the Astronomical Society of Chicago, in which city it 
was mounted in 1863. The definition of this telescope is very I 
fine ; but the defects of the dome in which it is mounted, and . 
the want of means to support an astronomer, have greatly 
interfered with its efficiency.

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 
It. S. Ncwall, Esq., of Gateshead, England, of which the defi­
nition is very goo«|. This instrument was intended by its 
owner to'the transported to some finer climate than that of 
England ; /but this project has not been put into execution.
In the summer of 1874 it was used by Mr. Lockyer, in a study 
of Coggia’s comet.

During the time that these immense telescopes were being 
made on evei# hand, and after it was proved that telescopes of\ 
n#ore than two feet aperture could be made, the National Ob­
servatory of the United States had nothing better than an old 
Munich retractor of nine and a half inches, such as Fraunho­
fer used to make early in the century. The attention of Con­
gress was so forcibly called to this deficiency, and to the abili­
ties of.tlie firm of Alvan Clark <fc Sons to remedy it, that, in 
1870, a bill was passed authorizing the superintendent of the 
observatory to contract for a telescope of the largest size of 
American manufacture. The aperture agreed on was twenty- 
six inches, exceeding that of Mr. Newall’s telescope by only • 
one inch. It proved extremely difficult .to obtain disks of 
rough glass even of this size, and more than a year elapset} 
after Messrs. Chance ifc Co. received the order from Mr. Clark 
before they were able to complete good disks of the required

ri
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size. Tlie glass arrived in December, 1871, and work was com­
menced in January following. The labor of polishing the 
glasses was completed in October, 1872 ; the whole instrument 
was completed in a year more, and was finally mounted and 
ready for observation in November, 1873. The figure of this 
glass is almost |>erfect, its principal defect arising from the 
secondary aberration which is inseparable from a large re­
fractor. It lias been principally employed in observing the 
satellites of Saturn, Uranus, ahd Neptune, with the view of de­
termining the masses of these planets.

§ 7. The Magnifying Powers of the Two Classes of Telescopes. V
Questions which now very naturally arise are, Which of tlie 

two classes of telescopes we have ^scribed is the more power­
ful, the reflector or the refractor 1 and is there any limit to the 
magnifying power of either 1 To these questions it is difficult 
to return a decided answer, because each class has its peculiar 
advantages, and in each class many difficulties lie in the way 
of obtaining the highest magnifying power. The fact is, that 
very exaggerated ideas of the magnifying power of great tele­
scopes are entertained by the public. It will, therefore, be 
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, tiret, that when we look at a luminous jH»int—a star, 
for instance—without a telescope, we see it by the aid of the 
cone of light which enters the pupil of tlifc 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 tlie retina, and unless this quantity of light is suffi­
cient to be perceptible, the star will not be seen. No\\\ jtftT 
jnay liken the telescope to a “ Cyclopean eye,” of wMcn the 
object-glass is the /upil, because, by its aid, all the light which 
falls on the object-glass is brought to a focus on the retina, 
provided that a sunicicntly small eye-piece is used. Of course, 
we must except tl/at portion of the light which is lost in pass­
ing through the glasses. * Since thcfquantity of light which
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falls on a surface is proportional to the extent of the surface, 
and therefore to the square of its diameter, it follows that, 
because a telcsco]X) 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 the light which the pupil will ; 
and so with any other aperture. A star viewed with the 
telescope will, therefore, ap*i>car brighter than to the naked 
eye in proj>ortion to the square of the aperture of the in­
strument. But the star will not be magnified like a planet, 
because a point is only a point, no matter how often we mul­
tiply it. It is true that a bright strtf in the telescope some­
times appears to have'a perceptibly disk; but this is owing tfo 
various imperfections of the image, having their origin in the 
air, the instrument, and the eye, all of which have the effect or\ 
slightly scattering a portion of the light which comes from the 
star. Hence, with perfect vision the apparent brilliancy of a 
star will be proportional to the square of the aperture of the 
telescope. It is said that Sir William Ilcrsehcl, at a time when 
by accident his telescope was so pointed that Sirius was about 
to enter its field of view, was first apprised of what was com­
ing by the appearance of a dawn like the morning. The light 
increased rapidly, until the star itself appeared with a dazzling 
splendor which reminded him of the rising sun. Indeed, in 
any good telescope of two feet aperture or upwards, Sirius is 
an almost dazzling object to an eye which has rested for some 
time in darkness, g

But in order that all the light which falls on the object- 
glass, or mirror, of a teleseo]>e may enter the pupil of the eye, 
it is necessary that the magnifying power be at least equal to 
the ratio which the aperture of the telescope bears to that of 
the pupil. The latter is generally about one-fifth of an inch. 
We must, therefore, employ a magnifying power of at least 
five for every inch of aj>erture, or we will not get the full ad­
vantage of our object-glass. The reason of this will be appar­
ent by studying Fig. 29, p. 109, from which it will be seen that 
a pencil of parallel rays falling on the object-glass, and pass­
ing through the eye piece, will be reduced in diameter in the
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ratio of the focal distance of the objective to that of the eye­
piece, which is tho same as the magnifying power. For in­
stance, if to a twenty-four-inch telescope we attached an eye­
piece so large tjiat tho magnifying power Was only 48, and 
pointed it at a » right 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 tho power 120, after which no 
further increase of brilliancy would bo possible.

All this supposes that wo are viewing a star or other lumi­
nous point. If tho object has a sensible surface, like the moon, 
or a large nebula, and wo consider its apparent superficial 
brilliancy, the case will lie in part reversed. The object will 
then ap}>ear equally illuminated, with all powers below five 
for each inch of aperture, but will begin to grow darker when 
we pass above that limit. Tho reason of this is, that as we 
increase the magnifying jxnver the light is spread over a larger 
surface of tho retina, and is thus enfeebled. So long as our 
magnifying power is below tho limit, the increased quantity 
of light which enters the pupil by an increase of magnifying 
}M)wer just compensates for tho greater surface over which it 
is s^Stead, so that the brilliancy is constant. Above the limit 
of five to tho inch, tho surface over which the light is spread, 
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 first sight seem para­
doxical is, that tho degree of illumination to which we now 
refer can never bo increased by the use of the telescope, but, 
at tlife best, will bo tho same as to the nakbd eye. Indeed, 
as some light is necessarily lost in passing through any tele­
scope, the illumination is always less with the telescope. With 
the best reflectors of speculum metal, the illumination will lie 
reduced to one-lmlf, or less, if tho polish is not }>crfcct ; and 
with refractors it will be reduced to seven or eight tenths. As 
examples of these conclusions, the sky can never be made to 
appear as bright through a telescope as to the naked eye ; the
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moon or a large nebula will appear more brightly illuminated 
through a refracting 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 have described, will 
not cause any inconvenience ; but the outer planets and many 
of the nebulae are so faintly illuminated that a magnifying 

! power many times exceeding the limit cannot be used with 
advantage.

Still another cause which places a limit to the power of 
telescopes is diffraction. When the “ emergent pencil ” is 
reduced below of an inch in diameter—that is, when the . 
magnifying power is greater than 50 for every inejf^of aper- * 
ture of the object-glass—the outlines of every object observed 
become confused and indistinct, no matter how bright the il­
lumination or how perfect the glass may be. The effect is the 
same as if we looked through a small pin-hole in a card, an 
experiment which anyone may try. This effect is owing to 
the diffraction of the light at the edge of the object-glass or 
mirror, and it increases so rapidly with the magnifying power 
that when we carry the latter above 100 to the inch, the in­
crease of indistinctness neutralizes the increase of power. If, 
then, we multiply the aperture of the telescope in inches by 
100, we shall have a limit beyond which there is no use in 
magnifying. Indeed, it is doubtful if any real advantage is 
gained beyond 00 to the inch. In a telescope of two feet (24 
inches) aperture this limit would be 2400. Such a limit can­
not be set with entire exactness ; but, even under the most fa­
vorable circumstances, the advantage in attempting to surpass 

.a power of 70 to the inch will be very slight.
The foregoing remarks apply to the most perfect telescopes, 

used under the most favorable circumstances. But the best 
telescope has imperfections which would nearly 'always pre­
vent the use of the highest magnifying powers in astronomical 
observations. In the refracting telescope the principal defect 
arises from the secondary aberration already explained, which, 
arising from an inherent quality of the glass itself, cannot he 
obviated by perfection of workmanship. In the case of the re-
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fleeter, the corresponding difficulty is to keep the mirror in per­
fect figure in every position. As the teleseoj>e 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
age in the focus ; and, though this liability is greatly dimin­
ished by the plan now adopted, of supporting the mirror on a 
system of levers or on an air-cushion, it is generally trouble­
some, owing to the difficulty of keeping the apparatus in order.

If we compare the refracting and reflecting telescopes which 
have hitherto been made, it is easy to make a summary of 
their relative advantages. If properly made and attended to, 
the refractor is easy to manage, convenient in use, and al­
ways in order for working with its full power. If its greatest 
defect, the secondary spectrum, cannot be diminished by skill, 
neither can it be increased by the want of skill on the part of 
the observer. *So important is this certainty of operation, that 
far the greater part of the astronomical/ observations of the 
present century have been made with refractors, which have 
always proved themselves the best working instruments. Still, 
the defects arising from the secondary spectrum arc inherent 
in the latter, and increase with the aperture of the glass to 
such an extent that no advantage can ever be gained by carry-^ 
ing the diameter of the lenses beyond a limit which may be 
somewhere between 30 and 3G inches. On the other hand, 
when we consider mere seeing-jxnver, calculation at least gives 
the preference 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, we inquire 
what difficult objects have actually been seen with the two 
classes of instruments, the result seems to indicate that Jjjic 
greatest refractor is equal in optical power to the great reflect­
ors. No known object seen with the latter is too faint to be 
seen with the former. Why this discrepancy between the 
calculated powers of the great reflectors and their kctual per­
formance? The only causes we can find for it are impcrfec-

y
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lions in the figure and polish of the grc#t mirroiw The great 
refractors are substantially perfect in their workmanship ; the 
reflected do not appear to be perfect, though what the imper- 
fections may be, it is impossible to say with entire certainty. 
Whether the great telescope of the future shall belong to the 
one class or the other must depend upon whether the imper­
fections of the reflecting mirror can be completely overcome. 
Mr. Grubb, the maker of the great Melbourne telescope, thinks 
he has completely succeeded in this, so as to insure a mirror 
of six, seven, or even eight feet in diameter which shall be as 
l>erfect as an object-glass. If he is right — and there is no 
mechanician whose opinion ie entitled to greater confidence— 
then he has solved the problem in favor of the reflector, so far 
as optical power is concerned. But so largfe a telescope will 
be so difficult to manipulate, that we must still look to the re­
fractor as the working instrument of the future as well as of 
the past ; though, for the discovery and examination of very 
faint objects, it irfRy be found that the advantage will all Ikj 
on the side of the future great reflector.

The great foe to astronomical observation is one which 
people seldom take into account, namely, the atmosphere. 
When we look at a distant object along the surface of the 
ground on a hot summer day, we notice a certain waviness of 
outline, accompanied by a slight,trembling. If we look with 
a telescope, we shall find this waling and trembling magnified 
as much as the object is, §o that we can see little better with 
the most powerful telescofx* 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 requiring high magnifying powc&can 
very rarely be advantageously made in the daytime. By 
night the air is not so much disturbed, yet there are always 
currents of air of slightly different temperatures, the crossing 
and mixing of which produce the same effects in a small de­
gree. To such currents is due the twinkling of the stars; 
and we may lay it down as a rule, that when a star twinkles
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the finest observation of it cannot be made with a telescope of 
high power. Instead of presenting the appearance of a bright, 
well-defined point, it will look like a blaze of light flaring 
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 amount of this atmospheric disturbance varies 
greatly from night to night, but it is never entirely absent. 
If no continuous disturbance of the image could be seen with 
a power of 400, most astronomers would regard the night as a 
very good one ; and nights on which a power of more than 
1000 can be advantageously employed are quite rare, at least 
in this climate.

It has sometimes been said that Sir William Ilerschel ci 
ployed a power as high as 6000 with one of his great telV 
scopes, and, on the strength of this, that the moon may hav\ 
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 seei^ as if at the distance of forty 
miles, even if Ilerschel used his largest telescope — that of 
four feet aperture—but tluft the vision would be the same as 
if he had looked through a pin-hole of an inch in diam­
eter, and through several yards of running water, (jqj many 
miles of air. It is doubtful whether the moon has ever bee “ 
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 tabled an ds in the western and 
south-western regions of North America, the atmosphere is 
clear and steady in an extraordinary dogbee ; and if this sup­
position is entirely correct, a great gain to astronomy might 

"îtükdt from establishing an observatory in that legion.
V 11
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CIIAPtER II.

APPLICATION OF THE TELESCOPE TO CELESTIAL MEASUREMENTS.

§ l. 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 observer are 
placed. The operations df Practical J^-onomy 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 pearly to terrestrial longitude is called Right As-

■i cension, and that which corresponds to terrestrial
called Declination.

In Fig. 45 let the globe be the celestial sphere, represented
as if viewed from the outside by an observer situated towards
the east, though we necessarily see the actual sphere from the 
centre. Pis the north pole, AB the horizon, Q the south pole 
(invisible in northern latitudes because below the horizon), 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 })ole, just like meridians 
on the earth. The meridian from which right ascensions are 
counted, corresponding in

of the earth, is that which passes Greenwich on the surface
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 
the autumn : they are a Andromèdes and y Pegasi, on Maps 
II. and V., and |3 Cassiopeiæ, on Map 1. 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 tl^e 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 fejekoned, 
not in degrees, but in hours, minutes, and seconds /of time.

Equato •

Fig. 44.—Circles of the celestial sphere.

/./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, 
just as we know the position of a city on the earth when its 
longitude and latitude are given.

It must be observed that the declinations of the heavenly

.• .
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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 intersects 
the surface of the earth is our terrestrial, or geographical, equa­
tor. If an observer standing on thd geographical equator im- 

1 agiues this plane running east and western! cutting, into and 
through the earth, where he stands he Will have the astro­
nomical equator, which differs from the geographical equator 
only in bemg the plane in which the latter is situated. Now 
imagine this plane continued in every direction without limit 
till it cuts the infinite ceiestial sphere as in Fig. 17, page 02. 
The, circle in which it intersects this sphere will be the celes­
tial equator. It will pass directly over the head of the ob­
server at the equator. '

There is a general correspondence between latitude'on the 
earth and declination in the heavens, which may bq seen by 
referring to the same figure. Here the reader must conceive 
of the earth’ as a globe, ep, situated in jjie centre of the celes­
tial sphere, ÏJPQS, which is infinitely larger than the earth. 
The plane represented by KQ is the astronomical equator, di­
viding both the earth and the imaginary celestial sphere into 
two'equal hemisphere^. Suppose, now, that the. observer, in­
stead of standing itnde)’ the equator, is standing under soin 
other parallel, say that of 45° N. (Being in this latitude mean 
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 he in 45° celestial declinatioti.; If we imagine a pencil 
of infinite length rising vertical!/ where the observer stands
so that its point shall meet the celestial sphere in his zenith, 
and if, as the <Wth performs its diurnal revolution on its axis, 
we imagine this pencil to leave its mark on the celestial sphere, 
this mark will blithe parallel of 45° N. declination, or a cir­
cle everywhere equally distant from the equator and from the 
pole. The same observerai 11 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, he has only to find what parallel of 
declination passes through his zenith, the lmer 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 m 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 
knu^vn 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, lie measures the altitudes above 
thé horizon at which any star near the pole passes the merid­
ian, both above the pole and under the pole. The -mean of 
the two gives the latitude.

Let us now consider the more complex problem of deter­
mining longitudes. If the earth did not revolve, the observ­
er’s longitude Would correspond to the right ascension of his 
zenith in the same fixed manner that his latitude corresponds 
to its declination. But, owing to the diurnal motion, there is 
no such fixed correspondence/ It is therefore necessary to 
have some means of representing the constantly varying rela­
tion.

Wherever oh the earth’s surface an observes may stand, his 
meridian, both terrestrial and celestial, is 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 the earth into two hemispheres, and is 
perpendicular to the equator. In Fig. 17, the celestial jgid ter­
restrial spheres are supposed to be cut through bv 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 disappears 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 50 minutes 
4.09 seconds. The reader will find it more ^asy 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 arc, then, two sets of meridians on 
the celestial sphere. One set (that represented in Fig. 45) is 
fixed among Uje stare, and is in constant apparent motion 
from 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 
placX is the moment at which the vernal equinox passes the 
meriaian of «that place, and sidereal time is counted round 
from 0 hour to 24 hours, when the equinox will have returned 
to the meridian, and the count is commenced over again. 
Since right asccnsiohs in the heavens are counted from the 
equinox, when it is sidereal noon, or 0 hour, all celestial ob­
jects on the meridian of the place are in 0° of right asccnsioij. 
At 1 hour sidereal time, the meridians have moved 15°, and
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objects now on the meridian are in 15° of right ascension. 
Throughout its whole diurnal course the right ascension of the 
meridian constantly increases at the rate of 15° per hour, so 
that the right ascension is always 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 arc 
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 bf Greenwich to that of Wash­
ington. In consequence, when it is 0 hour, sidereal time at 
Washington, it is 5 hours 8 minutes 12 seconds sidereal time 
at Greenwich.

About March 22d of every year, sidereal 0 hour occurs very 
nearly at noon. On each successive day it occurs about 3 min­
utes 5b 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 begiqning-of each
month :

lire. Min. Hr*. Min.
January.................... ................. 18 4 5 July....................... . G 38
February ................... ................. 20 47 August.................. . 8 40
March....................... ................  22 37 September............

............ V"
.. 10 43

April........................ ................  0 40 October................ .. 12 41
May.......................... ................. 2 38 November............ .. 14 43
June.......................... .................. 4 40 December............ .. 1G 42

The sidereal time at any tour of the year may l>e 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 «dd 4 minutes for each day of 
tho month, and the hour p*st noon. The sum of these man-
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bers, subtracting 24 hours if the sum exceeds that quantity, 
will give the sidereal time. As an example, let it be required 
to find the sidereal time corresponding to November 13th at 
3 a.m. This is 15 hours jwst noon. So we have

November, from table
13 days X 4...................
Past noon....................

14 43 
0 52 

in o
30 35 
24 0Subtract

Sidereal time required <> 35

The sidereal time obtained in this way will seldom
he more than live minutes in error during the remainder of 
this century. In every observatory the principal clock runs 
by sidereal time, so that by looking at its face the astronomer 
knows what stars are on or near the meridian. Having the 
sidereal time, the stars which are on the meridian may be 
found by reference to the star maps, where the " 1 ‘
sions are shown on the borders of the maps.

§ 2. The Meridian Circle, anitfts 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 qlass of readers, 
we shall confine ourselves for the present to one which may 
be called the fundamental instrument of modern astronomy, 
the application of which has direct and immediate reference 
to the circles of the celestial sphere described in the preceding 
section. This one is termed the Meridian Circle, or Transitedr- 
cle. Its essential parts are a»moderate-sized telescope balanced 
on an axis passing through its centre, with a system of line 
lines in the eye-piece ; one or two circles fastened on the axis, 
revolving with the telescope, and having degrees and subdi­
visions cut on their outer edges; and a set of microscope mi­
crometers for measuring between the lines so cut. It is abso­
lutely necessary that every part of the instrument shall be of 
the most perfect workmanship, and that the masonry piers on
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which it is mounted shall be as stable as it is possible to make 
them. v* ^

There are many differences of detail in the construction 
and mounting of different meridian circles, but they all turn 
mi an'kast and west horizontal axis, and therefore the telescope 
moves only in The plane of the meridian. Fig. 45 shows the

Fig. 45.—The Washington transit circle.

construction of the great circle in the î^aval Observatory, 
Washington. The marble piers, PP, arc 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 large cube, about fifteen inches on each side. 
From the cast and west side of this cube extend the trunn­
ions, which arc so large next the cube as to be nearly conical 
in shape. The outer ends terminate in finely ground steel 
pivots two and a half inches in diameter, which rest on brass 
Y's firmly fixed to heavy castings set into the piers with liy-

r
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draulic cement. In order that the delicate pivots may not 
be worn by the whole weight of the instrument resting on 
them, the counterpoises, BB, support all the weight except 30 
or 40 pounds. Near the ends of the axis are the circles, seen 
edgewise, which are firmly screwed on the trunnions, and there­
fore turn with the instrument. Each pier carries four arms, 
and each of these arms carries a microscope, marked m, hav- 
mg"m its focus the face of the circle on which the lines are 
cut. These lines divide the circle into 360°, and each degree 
into thirty spaces of two minutes each, so that there are 10,800 
lines cut on the circle. They are cut in a silver band, and are 
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 lino with the axis, is a lamp which throws 
light into the telescope so as to illuminate the field of view. 
Reflecting prisms inside of the pier throw some of the light 
upon those joints of the circle which are viewed by the mi­
croscopes, so as to illuminate the fine divisions on the circle. 
Being thus limited in its movements, an object can be seen 
with the tclescojie only when on, or very near, the meridian. 
The sole use of the instrument is to observe the exact times 
at which stars cross the meridian, and their altitudes above 
the horizon, or distances from the zenith, at the time of cross­
ing. To give precision to X^icsc observations, the eye-piece of 
the instrument is supplied with a system of fine black lines,

usually made of spider’s web, as 
shown in Fig. 46. These lines 
are set in the focus, so that the 
image of a star crossing the me­
ridian passes over them. The 
middle vertical spider line marks 
the meridian ; and to find the 
time of meridian transit of a star 
it is only necessary to note the 
moment of passage of its image 
over this line. But, to give great­
er precision and certainty to his

Km. 46.—Spider lines in field of view of 
a meridian circle.
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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 <||^>ec- 
onds, and estiflfkting the tenths of a second at which thefran- 
sit over a line took place. If, for instance, he should find that 
the star had not reached the lino when the tick of twenty- 
three seconds was heard, but crossed before the twenty-fourth 
second was ticked, ho would know that the time was twenty- 
three seconds and some fraction, and would have to estimate 
what that fraction was. A skilful observer wiH generally 
make this estimate within a tenth of a second, and will only 
on rare occasions be in error by as much as two tenths.

Shortly after the introduction of the electric-telegraph, the 
American astronomers of that day introduced a much easier 
method of determining the time of transit of a star, by means 
of the electro-chronograph. As now made, this instrument con­
sists of a revolving cylinder, having a sheet of paper wrapped 
around it, and making one revolution per minute. A j»en 
or other marker is connected with a telegraphic apparatus in 
such a way that whenever a signal is sent to the j>en it makes 
a mark on the moving paper. This pen moves lengthwise of 
the cylinder at the rate of about an inch in ten minutes, so 
that, in consequence of the turning of the cylinder on its axis, 
the marks of the pen will be along a spiral, the folds of which 
arc one-tenth of an inch apart. The galvanic circuit which 
works the pen is connected with the sidereal clock, so that the 
latter causes the pen to make a signal every second. The 
same pen may be worked by a telegraphic key in the hand 
of the observer. The latter, looking into his telescope, and 
watching the approach of the image of the star to each wire, 
makes a signal at the moment at which the star crosses. This 
signal is recorded on the chronograph in its proper place 
among the clock signals, from which it may be distinguished 
by its greater strength. The record is permanent, and the 
sheet may be taken off and read at leisure, the exact tenth of

i
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a second at which each signal was made being seen by its 
position among the clock signals. The great advantages of 
this method are, that great skill and practice are not required 
to make good observations, and that the observer need not see 
either the clock or his book, and can make a great number of 
observations in the course of the evening which may be read 
off ftt 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 car 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 arc un­
der them, and what number of seconds the nearest Jinc is from
the proper point in the field ofjthe 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 even nearer, if all the apparatus is in the best order. 
The (tbinuteness 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 me leading operations necessary in 
determinations with a meridian circle. To complete the de- 

nination of the position of aAstar as accurately as a prac- 
uavd observer caiPbisctyt it with the spider line is a much more 
complicated matter, o^ing to the unavoidable errors and im­
perfections of his instrument. It is impossible to set the lat­
ter in the meridian .with mathematical precision, and, if it were 
done, it would no/renftiin so a single day. When the astron­
omer comes to t/ntlia of seconds, lie lias difficulties to contend 
with at every/step. sTlie effects of changes of temperature 
and motions of the solid earth on the foundations of his in­
strument are such as to keep it constantly changing ; his clock 
is so far from going right that he never attempts to set it per­
fectly right, but only determines its error from his observa-
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tions. Every observation must, therefore, be eorrected for a 
number of instrumental errors 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 have already shown 
that the difference of longitude between two points is meas­
ured by the time it takes a star to move from the meridian of 
the easternmost point to that of the westernmost point. We 
have also explained in the last section how an observer with a 
meridian circle determines and records the passage of a star 
over his meridian tfithiff 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/instruction, and is termed a 
Transit Instrument. When the ybserver makes a telegraphic 
record of the moment of transir of a star by striking a l^ey in 
the manner described, it is evident that the electro-chrono­
graph on which his taps are recorded may be at any distance 
to which the electric current can carry his signal. It may, 
therefore, be in a distant city. There is no difficulty in 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 arc connected by telegraph, so that any signal made 
by either observer is recorded on both chronographs. As 
the Washington observer sees a star previously agreed on pass 
over the lines in the focus of his instrument, he makes sig­
nals with his telegraphic key, which are recorded both on his 
own chronograph and on that of Cincinnati. When the star 
reaches the meridian of the latter city, the observer there sig­
nals the transit of the star in like manner, and- the moment

9
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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 he too small. 
The .Çincinliati observation, which comes last, being recorded 
a little too late at Washington, the difference of time on the 
Washington chronograph will be a little too great. The mean 
of the results on the two chronographs will be the correct 
longitude, while their difference will be twice the time it takes 
the electric current to pass between the two cities. The re­
sults thus obtained^ for^the velocity of electricity are by no 
means accordant, out the larger it umber 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 ah 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 minutd of arc in longitude de­
pends on the latitude. It is about 6600 feet, or a mile and a 
sixth at the equator, but diminishes ^whether we go north or 
south, owing to the approach oftittf meridians on the globular 
carthnts can be seen on a glotSc. In the latitude of ounMid- 
dle Sortes it is'hbout 4600 feet,, so that the surface of the earth 
there moves over 1150 feet a second. At the latitude of 
Greenwich it is 3800 feet, so that the motipn is 050 feet per 
fécond. Two toilful astronomers, by making a great num­
ber of observations, can determine the time it takes (the stars 
to pass from one meridian to another within one or two hun­
dredths of a secçnd of time, and can therefore make sure of 
the difference of longitude bltween two distant cities within 
si.vdr eight yards. ,

Of late the telegraphic method of determining longitudes
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has been applied in a way a little different, though restiiij 
the same principles. Instead of recording the transits of sti 
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 dtti be found, and this 
difference is the difference of longitude in timex A few years 
ago, when the difference of longitude between pohits on the 
Atlantic and Pacific coasts was determined by ^lie 
Survey, a clock in Cambridge was made to record its beats on 
a chronograph in San Francisco, and vicejversa. 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. Ililgard, 
both of the Survey. These three campaigns gave the follow­
ing separate results for the difference of longitude between 
the Royal Observatory, Greenwich, and the Naval Observato­

ry, Washington/
Hrs. Min. Sec.

Dr. Gould, 18C7........................................................  5 8 12.11
Mr. Dean, 1870..........^........................................... 5 8 12.10
Mr. Ililgard, 1872.................................................... 5 8 12.09

The extreme difference, it will he seen, is less than a tenth of 
a second, and would probably have been smaller but for the 
numerous difficulties attendant on a determination through a 
long ocean cable, which are much greater than through a land 
line.

The use of the telegraph for the determination of longittide 
is necessarily limited, and other methods must therefore gen­
erally be used. The general problem of determining a longe 
tude, whether that of a ship upon the ocean or of a station

\
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unon tlje ^and, depends on two requirements : (1) a knowledge 
or the lbeal time at the station, and (2) a knowledge of the
corresponding time at Greenwich, Washington, or some other 
standard meridian. The differenced these two represents 
the longitude.

Thç 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 tremit 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- v 
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 eaèt or west. Having found the altitude, the calcu­
lation of a spherical triangle from the data given in the Nau­
tical AImanac at once gives the local time, or flic error of the
chronometer on local time.

The difficult problem is to' determine the Greenwich time. 
So necessary to navigation is some method of doing this, that ■> 
the British Government,long had a standing offer of a reward 
of £10,000 to any one who would Jind 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 be “to apply himself with 
the most exact care and diligence to the rectifying the Ta­
bles of the Motions of the Heavens, and the places of the 
Fixed Stars, in order to find out the so much desired Longi­
tude at Sea for the perfecting the Art of Navigation.” The 
reward above referred to was ultimately divided between an 
astronomer, Tobias Mayer, who le a great improvement in 
the tables of the moon, and a w i-maker who improved the 
marine ehroilorneter.

The moon, making her monthlyVircuit 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. Tin's he does by observing her po­
sition^ 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 dctcr- 

<*■ mining the time from a clock which has nothing but an hour- 
hand. The moon movef 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 cyor would be 
miles of longitude. Even this degtpe of-exactness can be ob­
tained only by having the moon’s place relatively to the stars 
predicted with great accuracy ; and Were we meet with one of 
the most complex problems of astronomy, the efforts to solve 
which have already been mentioned.

In addition to the uncertainty of which we have spoken, 
this method is open to the objection of being difficult, owing 

'to the long calculation necessary to free the measured distance 
from the effects of the refraction of both bodies, by the atmos­
phere, and of the parallax of theunoon. 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 calculated rate, so that it answers all the purposes of 
navigation.

Still another 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-

j
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ington 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 his observation may 
be half a minute, or even an entire minute, so that this meth­
od is not at all accurate.

Where an astronomer can fit up a } jrtable observatory, the 
observation of the moon affords him a much more accurate 
longitude than it does the navigator, because he can use better 
instruments. If he has a transit instrument, he determines 
from observation the right ascension of the moon's limb as 
she passes his meridian, and then, referring to the Nautical 
Almanac^he finds at what Greenwich time the limb had Jins 
ri^lit ascension. A single transit would, kfr the moon's place 
were correctly predicted, give a longitude correct within six 
or eight seconds of time. It is found, however, that, owing to 
the errors of the moon’s tables, it is necessary for the astron­
omer to wait for corresponding observations of the moon at 
some standard observatory before he can be sure of this de­
gree of accuracy.

§ 4. Man, 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 purposes of civil life, ain^evcn in astron­
omy its use is generally confined to the dctern\ination of right 
ascensions. Solar time, regulated by the diurnal motion of the 
sun, is almost universally used in astronomical observations as 
well as in civil life. Formerly, solar time was made to con­
form absolutely to the motion of the sun ; that is, it was noon 
when the sun was on the meridian, and the hours were those 
that would be given by a sundial. If the internal between 
two consecutive transits of the sun were always the same, 
this measure would have been adhered to. But there arc two 
sources of variation in the motion of the sun in right ascen­
sion, the effect of which is to make these intervals unequal :
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1. The eccentricity of the earth’s orbit. In consequence 
of this, as already explained, the angular motion of the earth 
round the sun is more rapid in December, when the earth is , 
nearest the sun, than in June, when it is farthest. The aver­
age, or mean, motion is such that the sun is 3 minutes 5G sec­
onds longer in returning to the meridian than a star is. But, 
owing to the eccentricity, this motion is actually one-thirtieth 
greater in December, and the same amount less in June; so 
that it varies frap 3 minuter 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, 
Ms 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 cast. It, then, sun 
and star cross the meridian together one day near tlie equinox, 
he will not be 3 minutes 5G stands later than the star in 
crossing the next day, but abouWine-twelfth less, or 20 sec­
onds. Therefore, at the times of the equinoxes, the solar days 
arc about 20 seconds shorter than the average. At the sol­
stices, the opposite effect is produced. The si/n, 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- 
edv\fith him the day before. The days arc then 20 seconds 
longer than the average, from this cause.

So long as clocks could not be made to keep time within 
30 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 the sun, it be­
came necessary either to keep puttmgNthein^licad when ,|hc 
sun went too fast, and behind 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^ 
qui red ; the standard sun for time being, not the real sun, but 
a “ mean sun,” which is sometimes ahead oAlic real one, and
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sometimes behind it. The irregular time depending on the 
motion of the true sun, or that given by a snndial, is called 
Apparent Time, while that given by the mean sun, or by a 
clock going at a uniform rate, is called Mean Time. The two 
measures coincide four times in a.year; during two interme­
diate seasons the mean time is ahead, and during two it is 
behind. The following are the dates of coincidence, and of 
maximum deviation, which vary but slightly from year to 
year :

February 10th................................... True sun 15 minutes slow.
April 15th........
May 14 th..........
J une 14th........
July 25th..........
August 31st......
November 2d ... 
December 24 th.

correct.
4 minutes fast, 
correct.
fi minutes slow, 
correct.
1(1 minutes fast, 
correct.

When the sun is slow, it passes the meridian after mean noon, 
and the clock is faster than the snndial, and rice versa. These 
wide deviations are the result of the gradual accumulations of 
the deviations of a few seconds from day to day, the cause of 
which has just been explained. Thus, during the interval be­
tween November 2d and February 12th, the sun is constantly 
falling behind the «lock at an average rate of 18 or 19 seconds 
a day, which, continued through 100 days, brings it from 10 
minutes fast to 15 minutes slow.

This difference between the real and the mean sun is called 
the Equation of Time. One of its effects, which is frequently 
misunderstood, is that the interval from sunrise until noon, as 
given in the almanacs, is not the same as that between noon 
and sunset. This often leads to the inquiry whether the fore­
noons can be longer or shorter than the afternoons. If by 
“noon” we meant the passage of the real sun across the me­
ridian, they could not ; but the itq^n of our clocks being some­
times 15 minutes before or after no^n by the sun, tLc former 
may be half an hour nearer to sunrise than to sunset, or vice 
versa. /

V
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i
CHAPTER III.

MEASURING DISTANCES IN THE HEAVENS.

§ 1. Parallax in General.
The determination of the distances of the heavenly bodies

from us is a much more complex problem than merely deter­
mining their 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 be than the other. Notwithstanding the enormous 
differences between the distances of different heavenly bodies, 
there is no way of telling even ^liich is farthest and which 
nearest by mere inspection, much less can the absolute dis­
tance be 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 
directions of a body as seen from two different 
points. Other conditions being equal, the 
nioik) distant the body, the less this differ­
ence, or the less the parallax. To show, in 
the most elementary way, how\diffcrcnce of 
direction depends on distance, suppose an

/- A'\

/ !
j j

\\w
observer at 0 to see two lights, A and If at j/ 
night. ^.IIc cannot tell by mere inspection Ho />*-.

which is the more distant. But suppose he Fio.47.-Dtagramiiius- 
walks over to the point P. Both lights will trating parallax, 
then seem to change their djrpction, moving in the direction 
opposite to that in which he goes. But the light A will change 
more than the light If for, being to the right of li when the
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observer was at 0, it is now to the left of it. The observer 
t can then say with entire certaintytliat A is nearer than 11.

As a steamship crosses the ocean, near objects at rest 
i change their direction rapidly, and soon flit by, while more 
distant ones change very slowly. The stars are not secifcto 
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 inconsequence of 
the journey, if, when the ino&n is near the meridian, an ob­
server could in a moment jump 'from New York to Liverpool, 
keeping his eye fixed upon her, he would see her apparently 
jump in the 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 the earth. As the moon passes the 
meridian**?? the Cape of Good llb^, her measured declina­
tion may be a degree ourlnore farthe^north than it is when 
she passes the meridian of Greenwich. The determination of 
the parallax of the moon was one of the objects of the British 
Government in establishing an observatory at the Cape, and 
so well has this object been attained that the best determina­
tions of the parallax have been made by comparing the Green­
wich and Cape observations of the moon’s declination.

The determination of thçylistancc of a celestial object from 
the parallax depends on the 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, M, he will see it pro­
jected on the infinite celestial 
sphere in the direction AM con­
tinued. Another observer at A'<

x , The difference of these directions
V y •* ' is the angle at M. Knowing all

ôd. vs.—Dingiam miisUuiiiig jiuraiiax. the angles ol the quadrilateral
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M i

/ M’

/

A CAM, and the length of the earth’s radius, CA, the dis­
tance of the object from the threâ points, A, A', and C, can 
be found by solving a simple problem of trigonometry.

The term parallax is frequently used in a more limited 
sense than that in which we have just defined and elucidated 
it. Instead of the difference of directions of a celestial body 
seen from any two points, the astronomer generally 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. 4!t, 
an observer at the centre of the 
earth, C, would sec the object M’ 
in the direction CM', while one 
on the surface at P will see it in 
the direction PM'. The differ­
ence of these directions is the Fiu :v.—Variation of parallax with the 
angle PM C. If the observer oltitude-
should be at the point where the line M C intcrsectsMjic sur­
face of the earth, there would be no parallax : in this case, 
the object would be in his geocentric zenith. If, on the other 
hand, the observer has the object in his horizon, so that the 
line PM ' is tangent to the surface of the earth, the angle 
CM P is called the horizontal parallax. The horizontal paral­
lax is equal to the amjie icliich the radius of the earth subtends as 
see itfrom the. object. When we say that the horizontal parallax 
of the moon is 57", and that of tha sun 8".85, it is the same 
thing as saying that the diameter or the earth subtends twice 
those angles as seen from the mood*and sun respectively.

Owing to the clliptieity of the B^rtli, all its diameters will 
not subtend the same angle; the polar diameter being the 
shortest of all,and the equatorial the longest. The equatorial 
diameter is, therefore, adopted by astronomers as the standard 
for parallax. The corresponding parallax, that is, the equato­
rial radius of the earth as seen from a celestial body, is called 
the Equatorial Horizontal Parallax of that body.
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To measure direct!jktlie 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 he 
knofen, the astronomer could still determine the proportion 
of tile distance of the object to the base-line, leaving the final 
determination of the absolute distances to he made when the 

/oase-line could be measured.
It is not always necessary for two observers actually to sta­

tion themselves in two distant parts of the earth to determine 
a parallax. If the observer himself could move along the 
base-line, and keep up a series of observations on the object, to 
see how it seemed to move in the opposite direction, lie would 
still he able to determine its distance. Now,every observer is 
actually carried along by two such motions, because he is on 
the moving earth. He is carried round the sun every year, 
and round the axis of the earth every day. We have already 
shown how, in consequence of the first motion, all the plapets 
seem to describe a series of epicycles. This apparent motion 
is an effect of p^ralbrt, and by means of it the proportions of 
the solar systeni yfln he determined with extreme accuracy. 
The base-line is the diameter of the earth’s orbit. But the 
parallax in question does not help us to determine this base­
line. To find it, we mu§t tiist know the distance of the earth 
from the sun, and here we have no base-line hut the diameter 
of the earth itself. Nor can the annual mqtion of the earth 
round the sun enable us to determine the distance of If he 
moon, because the latter is carried round by the same motion.

The result of the daily revolution of the observer round the 
earth's axis is, that the apparent movement of the planet along 
its course is not perfectly uniform : when the observer is east, 
the planet is a little to the west, and vice versa. By observing 
the small inequalities in the motion of the planet correspond­
ing to the rotation of the earth on its''ax4S,Nve have the means 
of observing its distance with the earth’s diameter as a basc-

I
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line,,and tliis diameter is well known. Unfortunately, how­
ever, the earth is so small coni pared 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 
the earth, and even then it is so minute that its accurate de­
termination is one of the most difficult problems of modern 
astronomy.

The principal difficulty in determining a parallax from the 
revolution of the observer around the earth’s axis is that the 
observations are not to be made in the meridian, but when the 
jplanet is near the horizon in tbh cast and west, lienee the 
most accurate and convenient instrument of all, the meridian 
circle, cannot be used, and 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 notâble ex; "e of this 
is afforded by a transit of Venus oijer the face of the sun. 
To determine the absolute direction of \jpnus when nearest 
the earth 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 abu/l 
only a small part of the planet can then be seen. J>ut

als^y because 
. 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 foumT 
with considerable accuracy. Moreover, this distance will be 
different as seen from different parts of the earth’s surface at
tlitxsame moment, owing to the effect of parallax ; that is, dif­
ferent observers xyillsce Venus projected op different parts of 
the sub's face. But jkbe change thus observed will be <yly 
that drrn toThe difference of the parallaxes of the two bodies; 
while ..both changb their Hiuuaibns, that nearest he oleerver

/

^
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It may be asked how the parallax of the sun can be found 
from observations of the transit of Venus, if such observations 
show only the difference between the parallax of Vefms and 
that of the sun. We reply that the ratio of the parallaxes of

changes the more, and thus seems to move past the other, ex­
actly as in the diagram of -the lights.

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 accurapy'froin 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, we 
have only to divide the relative parallax found from the ob­
servations by 2.783 to have the parallax of the sun itself.

Still another parallax, seldom applied except to the fixed 
stars-, is the Annual Parallax. This is thcqm-allax already ex­
plained as due to jhe annual revolution of meearth in its or­
bit. It is equal to the angle subtended by the lute joining the 
earth and sun, as seen from the star or other body. When we 
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

angle of one sec-earth and sun would subtend
oiul, or that the diameter of the earth’s orbit would appear un­
der an anglp of two seconds.

It will be seen that the measurement of the heavens involves 
two separate operations. 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 
semidiameter of the earth subtends as seen from the sun, and 
which is the unit of distance in .celestial measurements. The 
other consists in the determination of the-distanccs of the stars 
and planets in terns of this unit, which gives what we may
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call the properties of the universe. Knowing this proportion, 
we can determine all the distances of the universe when the 
length of eur 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 ihany efforts.

§ 2. Measures of the Distance of the Sun.
•x 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,' whelji the latter appeared half illuminated.1, Fryyn this
measure, the sun was supposed to be twenty tiines^âs far ^s 
the moon ; a result which arose solely from the accidental er­
rors of the observations. \ i

Another ^ethod of attacking die problem was appliedpyAnother ^etliod of attacking the problem was applied fby
Ptolemy, but is probably due to Hipparchus. It rests ofp a 
very ingenious geometrical construction founded on the yirin- 
ciple that tire more distant the sun, the narrower avili \yb the 
shadow of the earth at the'distance of the moon. The'actual
diameter was determined from an ingenious combination jpf
two partial eclipses of the moon, in one of which half of the 
moon was south of the limit of the shadow, tfliilc in the other 
thfee-fourths of lier diameter was north of.the limit ; 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 40$'. The former number was 
certaiiiTWemarkably near the truth. From this it was con­
cluded tliAt the sun’s parallax was 3' II", and his distance 1210 
radii ofluthe earth. This result was an entire mistake, arising 
from the uncertainty of any measure of so small'an angle. 
Really, the parallax is io minute as to elude all measurement 
with any instrumcytln which the vision is not assisted by the 
use of a telescope. Yet this result continued to figure in as­
tronomy through the fourteen centuries during which the uAl-

of Ptolemy was the^supreme authority, without, appar-
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ently, any astronomer being bold enough to seriously under­
take its revision^ \ -

Kepler and his contemporaries saw clearly that this distance 
must be far tod small p but all their estimates ifell rfhort" of the 
truth. Wendell came hearest*the truth, as he claimed that 
the parallax could net exceed 15". But the best estimate of 
the seventeenth century was made by Huyghens,* the reason 
why |t was the best, being tha^ it was not founded op any 
attempt to measure the parallax itself which was then real­
ly incapable of measurement,-but on the probable magnitude 
qf the eaçtli as a planet. ' The parallax of the sun is, a^ al-y*#* 
ready explained, the apparent semi^iametcr of the earth as 
seen from the sun. If, ttyen, we can find what size the earth 
would appear if seen from the sun, the problem would at once 
be solved. The apparent magnitudes of the planets^as seen 
from the earth, are found hy 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 Iluyghens was that the earth, being a

• planet, its magnitude would probably be somewhere near that
* of the average of the two planets op each side of it, namely, 

‘Venus and Mars. So, taking the mean of the diameters of 
Venus and Mars, and supposing tlii^to represent the diameter 
of the earth, he found the a/gle which the semidiameter of 
the supposed earth would subtend from the sun, which would 
be the sol»r parallax.

Although this method rfiay look like a happy mode of 
guessing, it was much motp reliable than any which had be­
fore been applied, for thejreason that, in supposing the mag­
nitude of the earth to ly between those of Venus and Mars, 

x he was likely to he nearer the truth than any measure of an 
angle entirely invisibly to the naked eye would be. And, by 
a lucky accident, ILnyghens’s estimate was nearer the truth 
than any determinations, made previous to the transit of Vc-

At lh\dose of liis “ Svstem.i Siiturnium."
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iius in 1769, his result for the distance of the sun being 25,086 
semidiameters of the earth, or 99 millions of miles. If he 
had used the correct diameters of Venus and Mars, he would 

• have been farther from the truth, because the earth is consid­
erably larger than the mean of Venus and Mars—in fact, rath­
er larger than Venus herself. But the imperfect telescopes 
used by Iluyghcns showed the planets larger than they really 
wrere, so that when he took the mean diameter of these planets 
as they appeared iit his tele^opes, he just hit the diameter of 
the earth, and reached the true solution of the problem.

We now come to the modern methods' of measuring tlie> 
parallax of the sun. These consist, not in measuring this paj^ 

\ 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 when nearest the earth. These planets pass­
ing from time to time much nearer to us than the sun does, 
have then a much larger parallax, and one which can easily 
be measured. Having the parallax of the planet, that of the 
sun ii determined from the known proportion between their 
respective distances.

The first application of this method was made by the French 
astronomers to the planet Mars. - In 1671 they sent an ex­
pedition to the colony of Cayenne, in South America, which 

• made observations of die 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 tlito parallax of 
Mars. From a discussion of these observations, jCassini con­
cluded the parallax of the sun to be 9".5, corresponding to a 
distance of the sun equal to 21,600 semidiameters of the earth. 
This distance was asymticli too small as Iluyghens’s was too 
great, so that, as we^'hbw know, no real improvement was 
made. Still, the data were much more certain than those on 
which the estimate of IluWhens 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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^orms, 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 ma perihelion, llis 
distance outside the earth’s orbit is then ItaljC0.373 of the as­
tronomical unit, or 34£ millions of miles, while at his aplie- 
jlion 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 plan of observation has gen­
erally been to send an observing party to the southern hemK 
sphere in advance, for the purpose of making observations of 
the position of Mare on the celestial sphere, or of its distance 
from certain selected stars, from night to night, while corre­
sponding observations are made at the fixed observatories of 
the northern hemisphere. The displacement of the planet 
due to parallax is then found by comparing the results Vf 
these observations. • ^

The last expedition of this sort was that of Captain James 
M. Gilliss, late of the United States Navy, who \vent out to 
Chili under the auspices of the American Government in 
1849, and remained till 1852, for the purpose of observing 
both Venus and Mars during the periods when the parallax 
was greatest. Several circumstances conspired to prevent this 
enterprise from producing results.corresponding to its incite. 
The opposition of Mars was a very unfavorable one ; observa­
tions of Venus could not be made with the necessary accu­
racy, and there was a lack of sufficient cooperation on the 
part of northern observers^ The astronomical results of the 
expedition were, nevertheless, important, Captain Gilliss hav­
ing prepared an immense catalogue of the stars of the south­
ern hemisphere, while his instruments became the property of 
the Government of Chili, which employed them in fitting up 
a national observatory. Several observatories have since been 
founded in the southern hemisphere, so that there is no longer 
any need of sending out expeditions to observe the planet 
Mars for the purpose in (fuestion.
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§ 3. Solar Parallax from Transits of Venus.
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 
froip 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 lengtlis of which are, in regular order, 1054 years, 8 years, 
1214 years, 8 years, after which the intervals repeat them­
selves. The dates of occurrence for eight centuries are as 
/follows :

1518................................. Jùne 2d.
P526................................. June 1st.
'1631................................. December 7th.
1639.................................December 4th.
1761................................. June 5th r
1769.................................1une 3d.
1874................................. December 9th.

1882................................ December 6th.
2004.............................. .June 8th.
2012.............................. .June 6th.
2117................................ December 11th.
2125................................ December 8th.
2247................................ June 11th.
2255.................................June 9th.

It has been only in comparatively recent times that this phe­
nomenon could be predicted and observed. In the years 1518 
and 1620 tlie idea of looking for such a thing does not seem 
to have occurred to any one. ^hc following century 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 sunset in Eu­
rope, and was over before sunrise next morning, so that it 
passed entirely unobserved. Unfortunately, the tables were 
so far from accurate that they failed to indicate the transit 
which occurred eight years later, and led Kepler to announce 
that the phenomenon would not recur till 1701. The transit 
of 1639 would, therefore, likc^ all former ones, have passed 
entirely unobserved, had it noWjeen for the talent and enthu­
siasm of a young/Englishman. Jeremiah Ilorrox was then a 
young curate of eighteen, residing in the North of England, 
who, even at that early age, was a master of the astronomy of

Z
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his times. .Comparing different tables with his own observa­
tions of Venus, he found that a transit might be expected to 
occur on December 4th, and prepared to observe it, after the 
fashion then in vogue, by letting the image of the sun passing 
through his telescope fall on a screen behind it. Unfortu­
nately, the day was Sunday, and his clerical duties prevented 

fjiis 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 corne. When lie 
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 Æ^47G1, exact astronomy made very rapid progress, 
througlyee 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 IIalley’s 

^nctliod arc quite simple. In consequence of the parallax of 
Venus, two observers at distant points of the earth’s surface,

watching her course over the 
solar disk, will see her describe 
slightly different paths, as shown 
in Fig. 50. It is by the distance 
between these paths that the par­
allax has hitherto been deter­
mined.

The essential principle of Hal­
ley’s method consists in the mode 
of determining the distance be­
tween these apparent paths. An 
inspection of the figure will show 
that the path farthest from the 
sun’s centre is shorter than the

Fio. 150.—Apparent paths of Venus across 
I he sun, as seen from different stations 
during the transit of 1874. The upper 
-path is that seen from a southern sta­
tion ; the lower is that seen from a 
northern station, but the distance be­
tween the paths is exaggerated.
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other, 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 ratio 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 Ilalley 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 a Ha', Fig. 50. 
This is called first external contact.

The second is that when the planet has just entered entirely 
upon the sun, as at b. This is called first 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. 4

The fourth contact is that in which the planet finally disap­
pears from the face of the sun, as ^tfit. This is called second 
external contact. yj

Now, it was the opinion of IlallqV, and sf very plausible one, 
too, that the internal contacts could pe observed with far great­
er accuracy than the external ones. Hé 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 horns of light on each side of it approach each 
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. 52. This thread

13
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of light is indeed simply the extreme edge of the sun’s disk 
coming into view behind the planet. In observing the tran­

sit of Mercury, Ilallcy felt 
sure that he could fix the 
.moment at which the horns 
met, and the edge of the 
sun’s disk appeared un­
broken, within a single sec­
ond ; and he hence con­
cluded that observers of 
the transit of Venus could 
observe the time required

Fin. 51__Venus Approaching internai contact on foi" V011 US to pass aci’OSS
the face of tfle sun. 'Ilie planet is supposed SUM within OI1C Or two
to be thoviiig upward.

seconds. Ihese times would 
differ in different parts of the earth by fifteen or twenty min­
utes, in coi^equence of parallax. Hence it followed, that if 
Halley’s estymate of the de­
gree of acturacy attainable 
were correct, the parallax of 
Venus and the sun would be 
determined - by the proposed 
system of observations within 
the six hundredth of its whole 
amount.

When the lonb-expocted 5th 
of VJune, 1761, at length ap­
proached, which'was a gener­
ation after Halley’s death, ex­
peditions were sent to distant 
parts of the world bÿ'the principal European nations to make 
the required observations. The French sent out from among 
their astronomers, Le Gentil to Pondicherry ; Pingre to Kod- 
rignez Island, in the neighborhood of the Mauritius; and the 
Abbé Chappe to Tobolsk, in Siberia. The war with England, 
unfortunately, prevented the first two from reaching their sta­
tions in time, but Chappe was successful. From England, Ma-

Fio. 62.—Internal contact of the limb of Ve­
nus with that of the sun.
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son—he of the celebrated Mason and Dixon’s Line—was sent 
to Sumatra ; hut he, too, was stopped by the war : Maskelyne, 
the Astronomer Royal, was sent to St. Helena. Denmark, 
Sweden, and Russia also sent out expeditions to various points 
in Europe and Asia.

With those observers who were favored by fine weather, the 
entry of the dark body of 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 }>ear or a balloon, the elongated portion 
being connected with the limb of the sun. We give two fig­
ures, 52 and 53, the first showing how the planet ought to have 
looked, the last how it really did look. Now, wa can readily 
see that the observer, looking 
at such an appearance as in 
Fig. 53, 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 he judged from this 
alone, he would say that in­
ternal contact iX passed. But 
the horns are st\ll separated 
by this dark elongation, or 
“ black drop,” as it is general­
ly called, so that, judging from this, internal contact has not 
taken place. The 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 home, 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 England, to 10".5, found by Pingre, of France, so 
that there was nearly as much uncertainty as ever in the value 
of the element sought. Nothing daunted, however, prepara-

Fi«. 63.—The black drop, or ligament
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tiens yet more extensive were made to observe the transit of 
1709. Among the observers was one whose patience anil 
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 17G1 in the East Indies, was prevented 
fAnn reaching his station by the war with England. Finding 
the first port he attempted to reach in the Wsscssion of the 

^English, his commander attempted to mane another, and, 
"meeting with unfavorable winds, was still at sça on the day of 
the transit. He thereupon formed the resolution of remain­
ing, with Ins instruments, to observe the transit of 1769. He 
was enabled to support himself by some successful mercantile 
adventures, and he also industriously devoted himself to scien­
tific observations and inquiries. The long-looked-for morning 
of June 4th, 1769, found him thoroughly prepared to make 
the observations for which he had waited eight long years.
The sun shone out in a cloudless sky, as it had shone for a 
number of days previously. But just as it was time for the 
transit to begin, a sudden storm arose, and the sky became 
covered with clouds. When they cleared away the transit 
was over. It was two weeks before the ill-fated astronomer 
could hold the pen which was to tell his friends in Paris the 
story of his disappointment.

In this transit the ingress of Venug/on the limb of the sun 
occurred just before the sun was setting in Western Europe, 
which allowed numbers of observations of the first two phases 
to be made in England and France. The commencement was 
also visible in this country—which was then these colonies— 
under very favorable circumstances, and it was well observed £v_. 
by the few astronomers we then had. The leader among 
these was the talented and enthusiastic Rittenhousc, who was 
already well known for his industry as an observer. The ob­
servations were organized under the auspices of the American 
Philosophical Society, then in the vigor of its youth, and par­
ties of observera were stationed "at Norristown, Philadelphia, 
and Cape Henlopen. These observations have every appear­
ance of being among the most accurate made on the transit ;
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but they have not received the consideration to which they are 
entitled, partly, we suppose, because the altitude*of the sm>: 
was too great to admit of their being of much value for tltfe 
determination of parallax, and partly because they were not 
very accordant with t\y( European observations.

The phenomena or the distortion of the planet and the 
“ black drop,” already described, were noticed in this, as in 
the preceding transit! It is strongly indicative of the ill 
preparation of the observers that it seems to have taken them . 
all by surprise, except the few who had observed the preced­
ing transit. The, cause of the appearance was first pointed 
out by Laland^ and is briefly this : when we tlpok at a bright 
object on a.-dark ground, it looks a little larger than it real­
ly is, owfng to the encroachment of the light upon the dark 
border^ This encroachment, or irradiation, may arise from a 
number'd causes—imperfections of the eye, imperfections of 
the lenses of tluf télescope when an instrument is used, and 
the softening effect of the atmosphere when we look àt a ce­
lestial object near the horizon. To understand its effect, we 
have only to imagine a false edge painted in white aroutyd the 
borders of the bright object, the edge becoming narrower and 
darker where^the bright object is reduced to a very narrow 
line. Thus, by painting around the borders of the li&ht por­

tions of Fig. 51, we have formed Fig. 53, and produced an ap­
pearance quite similar to that described by the observers of 
the transit. The better the telescope and the steadier the at­
mosphère, thjMnarrower this border will be, and the more the 
planet will seem to preserve its true form, as in Fig. 52. In 
the observations of the recent transit of Vjenus with tl|p im­
proved instruments of the present time, very few of the more 
experienced observera jioticèd any distortion\t all.

The results of the observations of 1769 wbçe much more 
accordant than those of 17^1, and seemed to indicate a paral­
lax of about 8".5. Curiouç as it may seem, more tha/i lialfjà 
century elapsed after the transit before its results w<W eofn- 
pletely worked up from all flic observations in tul entirely 
satisfactory manner. This was at length done b\/ Encke, in
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1824,.for both transits, th6 result giving 8'/.5776 for the solar 
parallax. Some suspicion, however, attached to some of the
observations, which he wag not at that time able to remove. 
In 1835, having examined the'original records of the observa­
tions in question, he corr ' ;d his work, and found the follow­
ing separate results from the two transits:

Parallax from the observations of 1761. 
Parallax from the observations of 1769. 
Most probable result from both transits.

8".f>9
8".f)71

The probable error of the result was estimated at 0".037,
which, though larger than was expected, was much less than
the actual error has since proved to be. The corresponding 
distance of the sun is 95,370,000 miles, a classic number 
adopted by astronomers everywhere, and familiar to every 
one who has read any work on astronomy.

This result (of Encke was received without question for 
more than thirty years. But in 1854 the celebrated Hansen, 
completing his investigations of the motions of the moon, 
found that her observed positions near her first and last quar­
ters could not be accounted for except by supposing the par­
allax of the sun increased, and therefore his distance dimin­
ished, by about a thirtieth of its entire amount. The exist­
ence of this error has since been 'hmply 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 the limb of the sun has never been 
made with any thing like the accuracy which Halley himself 
thought he attained in his observation of the transit of Mer­
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 Venus 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 oq£ very far in advance. In 1857, Professor 
Airy sketched a gfencral 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 intrusted may not be devoid 
of interest. The observations of the older transits having 
failed in giving results of the accuracy now required, it be­
came necessary to improve upon the system then adopted.. 
In this system, the parallax depended entirely on observations 
of contacts, the uncertainty of which we have already shown. 
Besides this uncertainty, Halley’s method was open to the ob­
jection that, unless both contacts were observed at each sta­
tion, the path of Venus could not be determined, and no re­
sult could be deduced. It was therefore proposed by De 
lTslc early in the last century, that the observers should de­
termine the longitudes of their stations, in order that, by

r
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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. Stil/, it de­
pended entirely upon making an accurate observation of the 
moment of contact, and was liable to fail from any accident 

y 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 b<? 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 Venus on hfe 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. Rutherfurd 

( and others, and has been found to give results exceeding in 
accuracy any yet attained by ordinary eye observations. The 
advantages of the photographic method are sojtbvions that 
there could be no hesitation about employing it, and, so far 
as is known, it was applied by every European nation which 
sent mit 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 
be no further difficulty. But the measurement at home is 
necessarily made in inches and fractions, while the distance 
we must knowr is to be found in minutes and seconds of an­
gular measure. If we have a map by measurements on which 
we desire to know the exact distance of two places, we must 
first know the exact scale on which the map is laid down,

i
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with a degree of accuracy corresponding to that ot our meas­
ures. Just so witii our1 photographs taken at- various parts of 
the globe. We must knowHhe scale on whicÙ the images are 
photographed before we can derive any conclusions from our 
measures. While the determination of -this scale with suffi­
cient precision for ordinary purposes is quite easy, this is by
no means the case with a problem where so much accuracy 
was required, so that here lay the greatest difficulty which the 
photographic method offered.

In the mode of photographing adopted by the Americans
this difficulty was met by using a telescope of great length 
—nearly forty feet. So long a telescope would be too un­
wieldy to point at t^e sun ; it was therefore fixed in a hor-

/ izontal position, the rays of the sun being thrown into it by a 
mirror. The scale of tffe 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 oifthe photograph- 
plate. The following brief description of the apparatus will 
be readily understood by reference to the figures :

The object-glass and the support for the mirror are mount­
ed on an iron pier extending four feet into the ground, and 
firmly embedded in concrete. The mirror is in a frame at 
the end of an inclined cast-iron axis, which is turned with a 
very slow motion by a simple and ingenious piece of clock­
work. The inclination of the axis and the rate of motion are 
so adjusted that, notwithstanding the diurnal motion of the 
sun — or, to speak more 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 oi fifteen or twenty minutes duiÿig 
the critical hours of the tmnsit. The reflector is simply a 
piece of finely polished glass, without any silvering whatever.
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It only reflects about a twentieth of thé èun’s light; but so in­
tense are his rays that a photograph can be taken in loss than 
flic tenth of a second. The polishing of this mirror was the 
jnost delicate and difficult operation in the construction of 
the 'apparatus, asfttic slightest deviation from perfect flatness 
would be fatal. Fokjnstance, if a straight edge laid upôn 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 ljeen for the confidence of the 
Commission in the mechanical genius of Alvan Clark & Sons, 
to whom the manufacture of the apparatus was intrusted. 
The mirrors were tested by observing objects through a tele­
scope, first directly, and then by reflection from the mirror. 
If they 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- 

y vex, the focus of the telescope w'ould seem shortened or 
lengthened. The first test was sustained perfectly, while the
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Fio. M—Method of photographing the transit of Venus used by the French and Ameri­
can observers, and by Lord Lindsay.
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circles of convexity or concavity iifljjcated by the changes of 
focus of the photographic telescope wcrcihtmy miles in di­
ameter. ■, XI

Immediately in front of the mirror is the object-glass. The 
curves of the lenses of which it is formed are so arranged that 
it is not perfectly achromatic for the visual rays, but gives the* 
best photographic image* Thirty-eight feet and a fraction 
from the glass is the focus, where an image of the sun about 
four and a quarter inches in diameter is formed. Here an* 
other iron pier is firmly embedded in the ground for the sup­
port of the photographic plate - holder. This consists of a 
brass frame seven inches square on the inside, revolving on a 
vertical rod, which passes'through the iron plate on top of the 
pier. Into this frame is cemented a square of plate-glass, just 
as a paffe of glass is puttied in a window. The blass i»divided 
into small squares by very fine lines about one-Eve-hundredtlj 
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, tlieVe 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 ig taken, and serve to obtect any 
contraction of the collodion film on the glass plate. \

The rod on which/he plate-holder turns, and the Marne it-
H 1 / 7

self, are perforated from top to bottom by a vertical opening 
one-sixth of an inch tin diameter. Through the centre of this 
opening, passing between the ruled plate and tWphotograph 
plate, hangs a plumb-lira pf very fine fiilvçMmc. In every 
picture of the sun this plumb-line is also photographed, anti 
this marks a truly vertical line on the plate very near the mifl- 
dlc 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, jtud in the meridian of the transit instrument with
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which the time is determined. The central rnled 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 
greatest precision by means of the image of the plumb-line 
which is photographed across the picture of the sun.*

Although the contact observations were not wholly relied 
on, they were by no means neglected. On the contrary, the 
greatest pains were taken to avoid the sources of error which 
caused so much trouble in 1769. To learn what these errors 
probably were, and to practise the observers in making their 
observations so as to avoid them, 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 the 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, The planet was represented by a 
black disk one foot in diameter, which made its apparent mag­

nitude the same as that 
of Venus in transit. The 
sun was represented by 
a white screen behind 
the artificial Venus, the 
portions of the edge of

Fio. 66.—Artificial transit of Venus. thc d;sk wliere yenu8

entered and left being formed by the sloping edges of a hlack 
triangle, as shown in the figure. There was no need of a rep­
resentation of the entire sun. The motion was so regulated 
that the time occupied by the disk in passing from external to

* The method of photographing the sun by a fixed horizontal telescope with a 
reflector in front of it is believed to have been first proposed in France by Captain 
Laussedat. It was independently invented by the late Professor Winlock, who 
put it into actual operation at the Harvard Collège Observatory in 1869, and, so 
far as the author is aware, was the first one to do sp. It was employed not only 
by the American observers, but by the French, arid by Bord Lindsay, M.P., of 
Scotland. The latter gentleman fitted oiit a finely equipped expedition at his own 
expense to observe the transit of Venus at the Mauritius.

e
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internal contact, and the angle its motion made with the edges 
of the triangle, were the same as they would be in 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.

The observations of this instrument have thrown much light 
on the question of the black drop, and the distortion of the 
planet seen in former transits of Venus, which have been al­
ready described. What is' perhaps yet better, it has enabled 
us to account for a number of puzzling and discordant appear*

' anees described by the observers. Father Hell’s black drop, 
seen before the limbs were in contact ; the formation of inter­
nal contact by a fine line of light, though the cusps were blunt, 
ns seen at Hudson Bay ; Captain Cook’s “ atmosphere ” around 
Venus, and his curious black piece cut out of the edge of the 
sun, may all be said to have been identified nearly enough to 
judge what the appearances really were which were so vari­
ously described. In looking at the artificial planet near the 
moment of internal contact, when the air is not still, the first 
tiling which the observer sees is that there is really no con- ' 
stant shape to those parts of Venus and the sun which are ap­
proaching each other ; but that, owing to the undulations of 
the air, they assume all sorts of shapes in rapid succession, so 
that different observers may give different descriptions of the 
apparences presented, though looking* at the very same ob­
ject, In the varied forms which may be seen, we recognize 
all the peculiar appearances described by the observers of the 
transit of 17G9.

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. To appreci-
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ate their importance, we must remember that, in order to de­
duce the parallax from the observations at any two stations, 
it is essential that the difference between observations should 
be due only to parallax, and that in every other respect they 

►should be exactly the same; because, if there are other dif­
ferences which we cannot certainly allow for, our calculation 
of the parallax will be wrong. ït is also necessary that we 
compare the same kind of observations in order to get the 
parallax. To show how the chances of failure are lessened, 
suppose we have two stations in çacli hemisphere, in one of 
which eye observations are made, while in the other photo­
graphs are taken. Then, if the photographs in one hemi­
sphere and the eye observations in the other are lost by clouds, 
or any other cause, everything will be lost, although one sta­
tion in each hemisphere is successful, because the eye obser­
vations in the one hemisphere cannot be compared with the 
photographs in the other. It being decided, for these reasons, 
to have the same system of observations at all the stations, it 
became, necessary to confine the choice of stations to points 
where the entire transit would be visible.
* 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 or 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
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Fio. 86.—Map of the earth, showing the areas of visibility of the transit of 1874.
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her approaching nearer and nearer the sun as the latter ap­
proached the horizon. In San Francisco, where sunset is three 
hours later than here, she would have been so near the sun as 
almost to seem to touch it. About an hour later she actual­
ly reached the solar disk. The sun was then shining on the 
whole Pacific Ocean, except that portion nearest the Ameri­
can coast, and on Eastern Asia, Australia, and the Indian and 
Antarctic oceans to the south pole. Venus wras about four 
and a half hours passing over the face of the sun, and during 
this time the latter had set across the entire northern portion 
of the Pacific Ocean, and had risen as far west as Moscow 
and Vienna, from which cities the planet might have been 
seen to leave the disk just as the sun rose.

In the northern hemisphere suitable stations were easily 
found, as we have the whole of China, Japan, and Northern 
India. But in the southern hemisphere great difficulties were 
encountered, owing to the want of habitable stations in tlite 
regions which were astronomically the most favorable. Ob-' 
servations cannot be ma<16 from the deck of a ship ; astrono­
mers must have solid ground for their instruments. The south 
pole would have been the best statioiy of all, if %ome antarc­
tic Kane or Ilalljyuld take a party thither. The antarctic 
continent and the neighboring islands were not to be thought 
of, because a party could neither be landed nor subsisted there :
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and if they could, the weather would probably have prevented 
any observations frdm being taken. The chance of having a 
clear sky on the eventful 8th of December was, indeed, one 
of the most important considerations on which the choice of 
a station had to depend. Information from every available 
source, official and private, respecting the meteorology of the 
various possible stations, was therefore sought. Where there 
was any American consul or consular agent, he was applied 
to tkfough the State Department to have meteorological ob­
servations made during the months of November and Decem­
ber, 1872 and 1873. A sealing ship belonging to the firm of 
Williams, Haven, & Co.,-of New London, made observations 
at Heard’s Island, in the Southern Indian Ocean. From all 
these reports, as well as from the printed reports issued by 
various authorities, it was found that the chances of good 
weather were much better in the northern than in the south­
ern hemisphere. In consequence, instead of sending an equal 
number of parties north and south, it was determined to send 
three to the northern and five to the southern hemisphere.

The stations which the American parties finally occupied, 
with the names of the chiefs of party, are as follows :

Northern Hemisphere.

...Professor As Ah Hall, U. S. N.
....Professor J. C. Watson.
...Professor George Davidson, U. S. Coast Survey.

Southern Stations.

Kerguelen Island.......................Commander G. P. Ryan, U. S. N.
Hobart-town, Tasmania.......... Professor W. Harkness, U. S. N.
Campbelltown, Tasmania*...... Captain C. W. Raymond, Engineer Corps, U. S. A.
Queenstown, New Zealand. ...Professor C. H. F. Peters.
Chatham Island......................... Edwin Smith, Esq., U. S. Coast Survey.

The southern parties were all carried to their respective sta­
tions by the U. S. steamer Swatara, Captain Ralph Chandler, 
U. S. N., commanding.

* Captain Raymond’s party was designed for the Crozet Islands, but the Swa­
tara failed to effect a landing there.

Wladiwostok, Siberia.,
Pekin, China..................
Nagasaki, Japan...........
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six stations. Pekin 
four were observed.

The only \}iing 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 llobart-town or Chatham Isl­
and, but one or more were observed at each of the remaining 

was, however, the only one at which all 
Among the parties sent out by other 

nations, the most fortunate, as regards weather, were the Ger­
mans, who were successful at all sli of their stations. The 
English, French, and Russians were, on the average, about as 
successful as the Americans.

If the observations on the transit of 1874 had been made 
in the same way as those of the transit of 1769, they could be 
very speedily worked up, and we should soon expect to see 
the solar parallax deduced from the combination of them all. 
But the investigation and measurement of the photographs is 
so laborious an operation that the American results can hard­
ly be published before 1878. The definitive value of the 
parallax must then be deduced, not from the observations of 
any one nation, but so far as possible from the combination 
of those of all nations. We must, therefore, wait for the final 
publication and discussion of all the observations before the 
definitive value of the parallax can be announced.

Under these circumstances, the question whether it is worth 
while to send out parties to observe the transit of 1882 will 
soon be a subject of discussion among astronomers, the answer 
to which will depend very largely on the success of the efforts 
made in 1874. On this success we cannot pronounce a final 
judgment until alf the observations are worked up. The rea­
son wlfy doubt still remains on this point is that the sun is a 
very difficult object either to observe or to photograph with 
accuracy, owing to the action of his rays on the atmosphere. 
The air near the ground becomes heated, and thus causes tire 
limb of the sun to undulate to a degree which sometimes ren­
ders its exact definition out of the question, while the outline 
of Venus#undulates in the same way. Another difficulty is, 

t 14
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that the irregularity in the transparency of the atmosphere,
owing to clouds rçnd vapors, renders the photographic repre­
sentation of the linifr of the sun quite uncertain, and thus re­
quires all measures to be" made from the sun’s centre. Now, 
we cannot say how f 11 " 1

of obscrv ff adopted until we finally 
and see how consistent they are

ed by the methods
compare all the observationtffawd see how consistent they are

and thiswith each other; and this cannot be done for several years.
The region of vttfmlity of the transit of 1882 will be quite 

different from thatfof 1874, as it will include the whole Amer­
ican continent, except some portions in or near the arctic cir­
cle. The beginning will be visible over a large part of Afri­
ca, and the end over most of the Pacific Ocean. The most 
favorable northern stations for its observation are in the East­
ern and Middle States.

§ 4. Other Methods of determining the Suns Distance, and th
Results.

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 might despair of being sure of it with­
in 200,000 miles. But the tiffined investigations of modern 
science have brought to light other methods, by at lc ast two 
of which we may hope, ultimately, to attain a greater degree 
of accuracy than we can by measuring parallaxes. Of these 
two, one depends on the gravitating force of the sun upon the 
moon, and the other upon the velocity of light.

Parallactic Equation of the Moon.—The motion of the moon 
around the earth 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 upon the proportion 
between the respective distances of the moon and the sun, so 
that when this force is known, the proportion can be deter-

1
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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 in 
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 ; so that, if we could measure both angles with the same 
precision, the error, by using the moon, would be only one- 
sixth as great as in direct measures of parallax. But it seems 
as if nature had determined to allow mankind no royal road 
to a knowledge of the sun’s distance. It is the position of 
the moon’s centre which we require for the purpose in 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 theoretical inequality from Encke’s errone­
ous value of the solar parallax. Ilansen then found that it 
was really about 4" greater, and thus was led to the conclusion 
that the parallax of the sun must be increased, and his distance 
diminished, bv one-thirtieth of the whole amount.

It isquito likely that by adopting improved modes of ob- 
scflSttrolqit will be found that the sun’s distance can he 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 be re­
lied on, but the decimal is quite uncertain. We can only say
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that we arc pretty surely within three or fdti^tenths of a sec­
ond of the truth. From this value the parallax of the sun is 
found to be 8".83, with an uncertainty of two or three hun­
dredths o$ a second.

>Sun's 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 amd 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 jum jmd the 
4arth, 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 foifhd 
practicable to determine, experimentally, about how fast light 
travels, and to find from astronomical phenomena how long 
it takes to come from the sun to the earth. How these de­
terminations are made will be shown in the next chapter; 
here we shall stop only to give results. It is found by Foil- 
vault’s experiment that light travels about 185,200 miles per 
second ; and it is known from a study of several astronomical 
phenomena that it passes from the sun to the earth in 498 sec­
onds. The product of these numbers gives a distance of 
92,230,000 miles, a result,however, which is uncertain by J 0 
of its entire amount, or nearly half a million of miles, owing to 
the uncertainty in each of the factors. This result was reached 
in 1862, and was one of the first confirmations of the increased 
value of the solar parallax found by Ilansen. But since that 
time a redetermination of the velocity of light has been 'made 
by Cornu, of Paris, by a method soon to be described, with a 
different result. He finds a velocity of 300,400 kilometres or 
186,670 miles per second, making the distance of the sun 
92,960,000 miles, and its parallax 8".794. This discrepancy
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is not yet explained, and the truth can be reached only by a 
repetition of one or both of the experiments.

These two methods of determining the distance of the sun 
may fairly be regarded as equal in accuracy to that by tran­
sits of Venus when they are employed in the best manner. 
There are also two or three minor methods which, though 
less accurate, arc worthy of mention. One of the most in­
genious of these was first applied by Le verrier. It is known 
from the theory of gravitation that the eârth, 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 
scan 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 G".50. From this he concluded the solar 
parallax to be 8".95. But Mr. Stone,* of Greenwich, found 
two errors in Lc vender's computation,+ and, when these arc 
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 towards the sun in the same time. The mass of the earth 
was found by its disturbing action on the planets Venus and
Mars, as explained in the chaptei^on Gravitation

* Mr. E. J. Stone was then first assistant at the Koval Observatory, Green­
wich, but has been Astronomer Royal at the Ca|>e of Good Hope since 1870.

+ “Monthly Notices of the Royal Astronomical Society,” vol. xxvii., p, 241, 
and vol. xxviii., pp. 22, 23. -
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concluded that this method gave the value of tlift solar paral­
lax as 8".80. 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 Astcn, of Ptilkowa, from the action of the earth 
upon Encke’s comet. The solar parallax thence resulting is 
9 ".009, the largest recent value ; hut the anomalies in the ap­
parent motions of this comet arc 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 small plan­
ets between Mars and Jupiter at the times of their nearest 
approach to the earth, by observations in the northern and 
southern hemispheres. The least distance of the nearest of 
these bodies from us is little less than that of the sun, so that 
in this respect they are far less favorable than Venus and 
Mars. But they have the great advantage of being seen in 
the tclqscopc only as points of light, like stars, and, in conse­
quence, of having their position relative to the surrounding 
stars determined with greater precision than can be obtained 
in the case of disks like those of Venus and Mars. Observa­
tions of Flora were made in this wayjitoi 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.

Most Probable Value of ike Sun's Parallax.—From the gen­
eral accordance of the various methods we have described, it 
would appear that the solar parallax must lie between pretty 
narrow ^limits, probably between 8".82 and 8".8G, and that 
the distance of the sun in miles probably lies between the 
limits 92,200,000 and 92,700,000. Of the distance of the 
sun, we may say with a reasonable approach to certainty that 
it. is 92,000,000 and some fraction of another million; and

* Dr. J. G. Guile, now director of (lie observatory nt Breslau, Eastern Prussia, 
lie was formerly assistant at the Observatory of Berlin, where lie became cele­
brated as the optical discoverer of tbc planet Neptune.
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if we should guess that fraction to he 400,000, we should 
probably^/be within 200,000 miles of the truth. This is all 
we can day of the sun’s distance until the results of the tran­
sits of Venus arc obtained, when we may hope to find the 
uncertainty brought between yet narrower limits.

In mkuyj-ecQnt works the distance in question will be found 
stated at 91,000,000 and some fraction. This arises from the 
circumstance that inio 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 tWc distance too small. For instance, 
Hansen’s original computations from the motion of the moon 
led him to a parallax of 8".9G. Revising his calculations, hç 
reduced it to 8".917. When his lunar tables, "published iir\ 
1857, came to be compared with observations, it was found 
that his parallactic inequality wqs undoubtedly too great by 
one second or more. When thi^ is corrected, the parallax is 
reduced about a tenth of a second more.

The observations of Mars, in 18G2, as reduced by Winneckc 
and Stone, first led to a parallax of 8r/.92 to 8".94. But in 
these investigations only a sm^ll portion 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 jiscd 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 mal^c his 
parallax too great. Correcting these, and making no change in 
any of his data, the results are respectively S".85 and 8".S3.

§ 5. Stellar Parallax.
It is probable that no one thing tended more strongly to 

impress the minds of thoughtful men in former times with

X
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r 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 iixed stars arises from the change in their direc­
tion rordcluecd by the motion of the earth from one side of 
its omit to the other. One of the earliest forms in which we 
may supjwsc this parallax to have been looked for is shown 
in Fig. 58. Suppose AB to be the earth’s orbit with tlie sun,

Fiu, 68.—Effect of stellar parallax.

S, near its centre, and IiT two stare 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 the sun. 
Then it is clear that, after six months, when the earth is at B, 
the stars will no longer be opposite each other, the point U, 
which is opposite R, making the angle TBU, with tne direc­
tion of T. The stars will all be displaced in the same direc­
tion that the sun is in from the earth.x 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 thc^doctrinc of the earth’s motion, and favor a system J 
in which the sun moved around it. In this Tycho was fol­
lowed by the ecclesiastical astronomers 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 mens- » 
uring small angles, it was natural that the defenders of the 
Copernican system should be anxious to employ it in detect­
ing the annual parallax of the stars. Hut the earlier observ­
ers had very imperfect notions of the mechanical appliances 
necessary to do this with success, and, ni consequence, the in­
vention of the telescope did not result in any immediate im-

t
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provement in the methods of celestial measurement. A step 
was taken ii/l6C9 by Ilooke, 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 fi^m the ze­
nith. lie fixed a telescope thirty-six feet long in Ins 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 
lino plumb-line hung down from the object-glass to a point 
l Kilo w the eye-piece, which gave a truly vertical line from 
which to measure. The star selected for observation was y 
Draconis, because it was comparatively bright, and passed over 
the zenith of London. II is 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. 
lie1'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, Roomer, then of Copenhagen, at­
tempted to determine the sum of the double parallaxes of 
Sirius and « Lyne 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 
«p4jglc was measured by the transit instrument and the astro­
nomical clock, l>y noting the time which elapsed between the 
transit of Sirius over the meridian, and that of « Lyne. This 
time was found to be, on the average,’ , r> 5

> Mrs. Min. Ser.

In February, March, and April......................... 11 .r>4 ,r>!).7
In September mid October.................................  .11 M f>r>.4

Difference................................................. 4.d

ti

Ilerc 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 which was afterwards printed in a disserta­
tion entitled “Copernicus Triumphans." It is now known that 
there is no such parallax as this to either of these stars, and
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Peters* 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 Lyræ 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 naming, and a Lyræ 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
omers of the last century to detect the stellar parallax, that of 
Bradley is worthy of note, owing to the remarkable discovery 
of the aberration of light to which it led. The principle of 
his instrument was the same as that of Hooke, the zenith dis­
tance of the star y Draconis at the moment of its passing the 
meridian being determined by the inclination of a telescope to 
a line plumb-line. The instrument thus used, which has be­
come so celebrated in the history of astronomy, has since been 
known as Bradley’s zenith sector. In 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 
he fouhd another annual oscillation of a very remarkable 
character, arising from the progressive motion of light, which 
will be described in the next chapter. It has frequently hap­
pened in the history of science that an investigation of some 
cause has led to discoveries in a different direction of an en­
tirely unexpected character.

It would be tedious to describe in detail all the efforts 
made by astronomers, during the last century and the early 
part of the present one, to detect the stellar parallax. It will

* ('. A. F. Peters, tlien of the Pulkowa Observatory, and now editor of the As- 
troiwmisclii iXuchrirliten.
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l)c suflicicnt to say, in a general way, tliat they depended on 
absolute measures ; that is, the astronomer endeavored, gen­
erally by a divided eircle, to determine from day to day the 
zenith distance at which th^ star passed the meridian. The 
position of the zenith was determined in various ways—some­
times by a fine plumb-line, sometimes by the level of quick­
silver. What is required is the angle between the plumb-line 
and the line of sight from the observer to the star. The same 
result can be obtained by observing the angle between a ray 
coming directly from a star and the ray which, coming from 
the star, strikes the surface of a basin of quicksilver, and is re­
flected upwards. Whatever method is used, a large angle has 
to be measured, an operation which is always affected by un­
certainty, owing to the influences of varying temperatures and 
many other causes upon the instrument. The general result 
of all the efforts made in this way was that while several of 
the brighter stars seemed to some astronomers to have paral­
laxes, sometimes amounting to two or three seconds, though 
generally not much exceeding a second, yet there 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 due, 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 stars were so small as to abso­
lutely elude every mode of measurement before adopted. , I n 
principle his method was that employed by Roomer, 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 stars which could 
be observed as they passed the meridian below the pole, as 
well as above it, so that a short time before or after observing 
the transit of a star he could turn his transit instrument be­
low the pole, and observe the transit of the opposite star from 
west to cast. Thus he was not mider the necessity of depend­
ing on the rate of his clock for more than an hour or two,
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while Roemev had to depend on it for twelve hours. The re­
sult of Struve was that the average parallax of the twenty- 
five brightest stare within 45° of the pole could not much, if 
at all, exceed a single tenth of a second.

Such was the general state of things up to the year 1835. 
It was then decided by Struve and Bessel, in lieu of attempt­
ing to determine zenith distances, to adopt the method of 
relative parallaxes. The idea of this method really dates al­
most from the invention of the telescope. It was considered 
by Galileo and Huyghens that where a bright and a faint 
star were seen side by side in the field of view of a telescope, 
the latter was probably vastly more distant than the former, 
and that consequently they would change their relative po­
sition as the earth moved from odfc side of the sun to the oth­
er. If, for instance, one star was three times the distance of 
the other, its apparent motion produced by parallax would be 
only a third that of the other, and there would remain a rel­
ative parallax equal to two-thirds that of the brighter star, 
which could be detected by measuring the angular distance 
of the two stars as seen in the telescope from day to day 
throughout the year. The drawback to which this method is 
subject is the impossibility of determining how many times 
farther the one star is than the other ; in fact, it may be that 
the smaller star is really no farther than the large one. No 
doubt it was this consideration which deterred the astrono­
mers of the last century from trying this very simple method.

The astronomers of the last generation found cases in 
which there could he little doubt tliat a star walmuch near­
er to us than the small stars which surrounded itrn the field 
of the telescope. For instance, the star tij/ Cygni, or rather 
the pair of stars thus designated, are found not to occupy a 
fixed position in the celestial sphere, like the surrounding 
small stare, but to be moving forward in a straight line at the 
rate of six seconds per year. This amount of proper motion 
was so unusual as to make it probable that the star must he 
one of the nearest to us, although it was only of the sixth mag­
nitude. It was therefore selected by Bessel for the investi-
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gat ion of its parallax relative to two other stars in its neigh­
borhood. The instrument used was the heliometer, an in­
strument which, as now made, admits of great precision, but 
which was then liable to small uncertainties from various 
causes. Ilis early attempts to detect a parallax failed as 
completely as had those of former observers. He recom­
menced them in August, 1837, his first series of measures be­
ing continued until October, 1838. The result of this series 
was the detection of a parallax of about three-tenths of a sec­
ond (0".3136). lie then took down his instrument, made some 
improvements in it, and commenced a second series, which he 
continued until July, 1839 ; ynd his assistant, Schliitcr, until 
March, 1840. ThcFlinal value of tlje parallax deduced by 
Bessel from all these observations was 0".35. The reality of 
this parallax has been well established by subsequent investi­
gate re, only it has been found to be a little larger. From a 
combination of all the results, Auwcrs, 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 Lyrte. This has not oi^- a sensible 
proper motion, but is of the first magnitude ; so that there is 
every reason to believe it to be among tlio^e which are nearest 
to us. The comparison was made with a tingle very small 
star in the neighborhood, the instrument used being the nine- 
inch 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 Lyræ is nearly a hundred times as 
bright as either of the pair of stars 61 Cygni, it is more than 
twice as far from us.

So far as is known, and, beyond all reasonable doubt, in re­
ality, the nearest fixed star is a Centauri, in the southern hem­
isphere. 'This fact was discovered by Henderson, the English 
Astronomer Royal at the Cape of Good Hope, about the same 
time that Struve and Bessel were making their first measures 
of parallaxes. The observations on which it was founded
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were made with the mural circle of the Cape Observatory, 
and were therefore absolute measures of zenith distance, in­
stead of comparisons with surrounding stars, like the measures 
of Struve and Bessel. From a discussion of his own observa­
tions, and a very careful series by his successor, Ilender-' 
son found the parallax of the pair of stars which compose 
a Centauri to be 0".91.* This parallax corresponds to the 
distance of 226,000 astronomical units,f or more than twenty 
millions of millions of miles. Yet it is not only the nearest 
star, but so far the nearest that no other is known to be with­
in nearly double the distance.

The most elaborate measures of stellar parallax made in 
recent times are those by Dr. Briinnow, formerly director of 
the observatory at Ann Arbor, Michigan. On his appointment 
to the post of Astronomer Iioyal for Ireland, Dr. Briinnow 
employed the equatorial telescope of the Dunsink Observa­
tory in such determinations with great success. The results 
of his measures, with those of other astronomers, are given in 
the Appendix to the present work.

The recent researches of various observers have resulted in 
showing that there are about a dozen stars visible in our lati­
tudes of which the parallax ranges from a tenth to half a sec­
ond. Part of these arc small stars, supposed to be near us 
from their large proper motion, while others arc stars of the 
far brighter classes. It is, however, remarkable that among the 
thirteen stars of the first magnitude visible in our latitudes, 
less than half have been found to have any measurable paral­
lax, even when the greatest refinements have been applied in 
the observations. For the most part, the stars with a decided 
parallax are not of a ccfispicuous magnitude. The two stars 
next in distance to a Centauri arc 61 Cygni, of the fifth mag­
nitude, and one in Ursa Major without a name, and too small

* The mean of all the measures of the parallax of this pair of stars hitherto 
made, gives 0".03 as their most probable parallax, corresponding to a distance 
of 221,000 astronomical units.

t The astronomical unit is the distance of the earth from the sun, about 02^ 
millions of miles.
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to be seen without a telescope. The parallax of the latter has 
been found by Professor Winnecke* to be 0".501, which is 
nearly the same as that of 61 Cygni. The question of the 
average distance of the stars of the first magnitude must 
therefore be regarded as still unsolved. We can only say 
that the parallax of at least half of them is probably less than 
the tenth of a second, and, therefore, the distance greatpr than 
two million radii of the earth’s orbit.f !

In these measurements of the annual parallax of the fixed 
stars, it sometimes happens that the astronomer finds his ob­
servations to give a negative parallax. To understand what 
this means, we remark that a determination of the distance of 
a star is made by determining its directions, as seen from op­
posite points of the earth’s orbit. If we draw a line from 
each of these points, in the observed direction of the star, the 
point in which the lines meet marks the position of the star. 
A negative parallax shows that the two lines, instead of con­
verging to a point, actually diverge, so that there is no pos­
sible position of the star to correspond to the observations. 
Such a paradoxical result can arise only from errors of obser­
vation.

* Dr. A. Winnecke, formerly assistant at the Pulkowa Observatory, and now 
director of the observatory at Strasburg.

t A list of the stars of which the parallaxes have been determined will be found 
in the Appendix. __ -

15
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CHAPTER IV.

THE MOTION OF LIGHT.

Intimately connected with celestial measurements are the 
curious phenomena growing out of the progressive move- 
men£ of light. It Hs now known that when we look at a star 
we do not see tlie «tar that now is, but the star that was sev­
eral years ago. Though the star^ should suddenly be blotted 
out of existence, we should still see it shining for a number 
of years before it would vanish from our sight. We should 
see an event that was longspast, perhaps one that was past 
before we were born. This non-eoinciylcnce of the time of 
perception with that of occurrence is owing to the fact that 
light requires time to travel. We can see an object only by 
light which emanates from it and reaches our eye, and thus 
our sight is behind time by the interval required for the light 
to travel over the space which separates us from the object.

It was by observations of the satellites of Jupiter that it 
was first fofind that celestial phenomena were thus seen be- 

‘ hind time. These bodies revolve round Jupiter much more 
rapidly than our moon does around the earth, the inner satel- 

v litc 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 xyhich the times of disappearance 
in the shadow could be observed, and the consequent value of 
such observations for the determination of longjfcudes, led the 
astronomers of the seventeenth century to make tables of the 
times of ocàurrerfce of these eclipses. In attempting to im­
prove the tables of his predecessors, it was found by Roemer 
(then of Paris, though, a Dane by birth) that the times of the

X
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eclipses could not \w represented by an equable motion of 
the satellites, lie could easily represent the times of the 
eclipses when Jupiter was in opposition to the sui^ and there­
fore the earth nearest to Jupiter. But then, as tli&earth re­
ceded from Jupiter in its annual course round thejsun, 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 aji 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, tmd 
that 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 nextigreat step in the theory of the progressive motion 
of light 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 makp the declina­
tion greatest in June and least in December ; while in March 
and September the star would occupy an intermediate or 
mean position. But the actual result of the measures was 
entirely different, and exhibited phenomena which Bradley 
could not at first account for. The declinations of June and 
December were the saine, 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. Thus, 
the star had a regular annual oscillation ; but instead of its 
apparent motion in this little orbit being opposite to that of 
the earth in its annual orb&, 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 tl\e 
phenomenon in the progressive motion of light combined -■ 
with the motion of the earth in its orbit. In Fig. 59 let S 
be a star, and OT a telescope pointed at it. Then, if the
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telescope is not in motion, the ray SOT emanatrRg from the 
star, and entering the centre of the objtect - glass, 
will pass down near the right-hand edge or the eye- 
piece, and the star will appear in the right of the 
field of view. But, instead of being at rest, all our 
telescopes are carried, along with the earth in its 
orbit round the sun atthe rate of riearly nineteen 
miles a second. Suppose this motion to be in the 
direction of the arrow ; then, while the ray is pass­
ing down the telescope, the latter moves a short' dis­
tance, 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 ray followed the course of the dqÜBo|line. 
In order to see the star centrally, the eye ÇndVf the 

^telescope must be dropped a little bellind\ so that, 
Fm. R9. - instead of pointing in the direction S, it will really 
Aberration ]je pointing in the direction S', shown by the dotted 

: ray. This will then represent the apparent direc­
tion of the star, which will seem displaced in the'direction in 
which the earth is moving.

The phenomenon is 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 hoard a 
boat on the Thames, that Ahe cause of the phenomenon he 
had observed was suggestqAto Bradley.

The displacement of thimytars which we have explained is 
called the Aberration of Light. Its amount Vlepends on the ra­
tio of the velocity of the earth in its orbit to the velocity of 
light. It can be determined by observing the declination of 
a star at the proper seasons during a number of years, by 
which the annual displacement will be shown. The value 
now most generally received is that determined'by Struve at
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the Pulkowa Observatory, and is 20".44o. Though thislis the 
most reliable v^lue yet found, the t^wo last figures are both 
uncertain. We can say little/more than that the constant 
probably lies between 20".43 ami 20".48, and that, if outside 
these limits at all, it is certainly very little outside, i

This amount of Aberration of each star shows that light 
travels 10,089 times as fast as the earth in its orbit. From 
this we can determine the time light takes to travel from the 
sun to the earth entirely independent of the satellites of Ju­
piter. The earth makes the circuit of its orbit in 365^ days. 
Then light would make this same circuit in twIst of a day, 
which we find to be 52 minutes 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 thus find from the above amount of aberration that light 
passes from the sun to the earth in 8 minutes 18 seconds.

The question now tirises, 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 paid that 
the first investigator of the subject found the time required 
to be 11 minutes. This determination was, however, uncertain 
1$ several minutes, owing to the very imperfect character 
of the early observations on which Roemcr had to depend. 
Early in the present century, Delambre made a complete in­
vestigation from all the eclipses of the satellites which had 
been observed between 1662 and 1802, more than a thousand 
in number. Ilis result was 8 minutes 13.2 seconds.

There is a discrepancy of five seconds between this result 
Vf Delambre, obtained some seventy years ago, and the mod­
ern determinations of the aberrations of the fixed stare made 
by Struve and others. What is its cause ? Probably only the 
errors of the observations used bv 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 cr-
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ror in the value of the aberration derived from observation 
arising in this way. it is known from experiment that light 
passes through glass or any other refracting 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 comtnonly received theory (Wiat of Fresnel) is that this 
loss of time is compensated by the directive 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 tilled with water, with which he observed the constant of 
aberration. The aberration was found to be the Same as 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 rofsults 
fails, and renders it more probable that there is some error in 
Delambrc’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 first 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 Stone’s time (498 seconds) is not a second in error.

Each of the two methods we have described gives us the 
time required for light to pass from the sun to the earth ; but 
neither of them gives us any direct information respecting the 
velocity of light. Before we can determine the latter from 
the former, we must know what the distance of the sun is. 
Dividing this distance in miles by 498, we shall have the dis-

/
(
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tance 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 onç. 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-thoustCndth partvof a 
second. As might ^expected, the earlier attempts to fix the 
time occupied by lignt in passing over distances so short as 
those on the surface of the earth weft* entire failures. The 
first of these is due to Galileo ; and his method is worth men­
tioning, to show the principle on which such a determination 
can be made. lie stationed two observers a mile or two apart 
by night, each having a lantern which he could cover in a 
moment. The one observer, A, was to cover his lantern, and 
the distant one, B, as soon as he saw the light disappear, cov- 
ej^uHrre 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 entil'd*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 coher­
ing liis.

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 tbe mirror, 
Then, if he screened his lantern, he would continue to aee it 
by reflection in the mirror during the time the light required 
to go and come. But this also would be a total failure, be- . 
cause the reflection would seem to vanish instantly. Our next 
effort would be to try if we could not send out a flash of 
light from our lantern, and screen it off before it got back 
again. An attempt to screen off a single flash would also bo 
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, vthe distance between 
them \>eing equal to their 
breadth. This wheel is placed 
in front of the lantern, L, so 
that the light from the latter

en ce, xtt 
them j><

Fig. 60__Revolting wheel, for measuring the has to paSS bctWOOll tllC Spokes
velocity of light. of the wheel in order to reach

the distant mirror. In the figure the reader is supposed to be
between the wheel an<T 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 bc- 
tween the spokes, will see the light of thtt lantern reflected 
from the mirror. Now, suppose he turns thcXwhcel, still keep­
ing his eye at the same point. Then, each spoke cutting off the 
light of the lantern as it passes, thej;e 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

i
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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, 
localise 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 nowr 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 continuous to the eye. If the 
sjieed 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 through 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 tine 
teeth in a large wheel. He does not look between the teeth 
with the nake(| eye, but employs a telescope so arranged that 
the teeth pass exactly through its focus. An arrangement is 
made by which the light passes through the same focus with­
out reaching the observer’s eye except by reflection from the 
distant mirror. Thé latter is placed in the focus of a second 
telcsco]>c, 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 pikes the light to travel, it is necessary to know the 
exact'velocity of the wheel which will cikoff the return light 
entirely, and thence the number of teethjv2$iich pass in a sec­
ond. Suppose, for instance, that the wheel had a thousand 
teeth, and the reflector was nine miles4hvay, 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 live turns of the wheel per second, the light would he
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first cut off. Increasing the velocity, it would reappear, and 
would grow brighter until the velocity reached ten turns per 
second. It would then begin to fade away, and at fifteen 
turns per second would be 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, be performed in the 
ten-thousandth part of a second, showing the actual velocity 
to be 180,000 miles per «second. The most recent determina­
tion made in this way is by M. Cornu, of Paris, who has made 
some improvements in the mode of applying it. Ilis results 
will be described presently. #

Ingenious and beautiful as this method is, I do not think it 
can be so accurate as another employed by Foucault, in which 
it is not a toothed wheel which revolves, but a Wheatstone 
mirror. To explain the details of the apparatus actually used

would be tedious, 
but the*principle on 
which the method 

v rests can be seen 
quite readily. Sup­
pose AB, Fig. 61, to 

\a' represent a flat tnir-
^ 1 •

ror, seen edgewise, 
revolving round an 

-v / axis at X, and C a
E/ A

K10. 61.—Illustrating Foucault's method of measuring the Uxed COncaVC mir- 
veiocity of light. ror, so placed that

the centre of its concavity shall fall on X. Let 0 be a lumi­
nous point, from which emanates a single ray of light, OX. 
This ray, meeting the mirrSr at X, is reflected to the concave 
mirror, C, which it meets at a right angle, and is therefore re­
flected directly back on the line from which it came, first to 
X, and then through the point 0, from which it emanated, so 
that an eye stationed at E will see it returning exactly through 
the point 0. No matter how the observer may turn the mir-

V
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ror AB, he cannot make the reflected ray deviate from this 
line : he can only make it strike a different point of the mir­
ror C. If he turns A B so that after the ray is reflected from 
it, it does not strike C at all, then he will see no return ray.
If the ray is reflected back at all, it will pass through 0. This 
result is founded on the supposition that the mirror AB re­
mains in the same position during the time the ray occupies 
in passing from X to C and back. But suppose the mirror 
AB to be revolving so rapidly that when the ray getfc back 
to X, the mirror has moved to the position of the dotted line 
A'B'. Then it will no longer be reflected back through 0, 
butVwill be sent in the direction E', the angle EXE' being 
double that through which the mirror has moved during the 
time flhc ray was on its passage. Knowing the velocity of 
the mirror, and the angle EXE', this time is easily found.

Evidently the observer cannot see a continuous light at E', 
because a reflection "can be sent back only when the revolving 
mirror is in such a position as to send the ray to some point 
of the concave mirror, C. What will rea^y-lm seen, therefore, 
is a succession of flashes, each flash appearing as the revolving* 
mirror is passing through the posünon AB. But when the 
mirror revolves rapidly, these flasL/s will seem to the eye to 
form a continuous liglrb^hiclj^dfowever, will be fainter than 
if the mirror were at restpn the proportion which the arc of 
the-concave mirror, C, beârs to an Wtirc circle. Beyond the 
cnfeeblcment of the light, this want of continuity is not pro­
ductive of any inconvenience. It was thus found by Fou­
cault that the velocity of light was 185,000 miles per second, a 
result which is probably within a thousand miles of the truth.

The preceding explanation shows the principle of the meth­
od, but not the details necessary in applying it. It is not 
practicable .to isolate a single ray of light in the manner sup­
posed in the figure, and therefore, without other apparatus, 
the light from 0 would be spread all over jhe space around E 
and E. The desired result is obtained by placing a lens be­
tween the luminous point O and the revolving mirror in such 
a position that all the light falling from 0 upon the lens shall,
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after reflection, be brought to a focus upon the surface of the 
concave mirror, C. Then when the mirror AB is made to re­
volve rapidly, the return rays passing back through the lens 
on their return journey are brought to a focus at a point 
along-side 0, and distant from it by an amount which is pro­
portional to the time the light has required to pass from X to 
C and back again.

So delicate is this method, that the millionth of a second of 
time can be measured by it as accurately as a carpenter can 
measure the breadth of a board with his rule. Its perfection 
is the result of the combined genius of several men. The first 
idea of employing a revolving mirror in the measurement of 
a very minute interval of time is due to the late Sir Charles 
Wheatstone, who thus measured the duration of the electric 
spark. Then Arago showed that it could be applied to de­
termine ^whether the velocity of light was .greater in water 
01' in air. Fizcau and Foucault improved on Arago’s ideas 
by the introduction of the concave mirror, having Us centre 
of curvature in the revolving mirror, and then this wonderful 
piece of apparatus was substantially complete. The last de­
termination of the velocity of light with it was made by Fou­
cault, and communicated to the French Academy of Sciences 
in 1862, with the statement that the velocity resulting from 
all his experiments was 298,000 kilometres (185,200 miles) 
per second.

The problem in question was ne^t taken up by Cornu, of 
Paris, whose resillt has already been alluded to. Notwith­
standing the supposed advantages of the Foucault-Wheat­
stone method, JM. Cornu preferred that of Fizcau. IIis first 
results, reached in 1872, accorded quite well with those of 
Foucault just cited, indicating a small but somewhat uncer­
tain increase. His experiments were repeated in 1874, awk 
their results were communicated to the French Acadciffy of 
Sciences in December of that year. In this last series of 
measurements his station was the observatory, and the distant 
mirror was placed on the tower of Montlhcry, at a distance of 
about fourteen English miles. The telescope through which



THE MOTION OF LIGHT. 221

the Hashes of light were sent and received was twenty-nine 
feet long and of fourteen inches aperture. The velocity of 
the toothed wheel could be made to exceed 1G00 turns a sec­
ond, and by the electro-chronograph, on which the revolutions 
were recorded, the time could be determined within the thou­
sandth of a second. At Montlhéry, the telescope, in the focus 
of which the reflecting mirror was placed, was six inches in 
aperture, and wasXheld by a large cast-iron tube set in the 
masonry of the tow$r. At this distance M. Cornu was able, 
with the 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 the determinations, however, were not made with the 
wheel going at this rate, but with such different velocities that 
the rays were caught sometimes on one tooth and sometimes 
on another, from the fourth to the twenty-first. The follow­
ing table shows the velocity of light in kilometre# per second 
when the ray was caught on the fourth tooth, oh the fifth, and 
so on to the twenty-first :
Tooth 4....................... .............  300,130 Tooth 13.................. .................. 300,340

“ 5....................... ............. 300,530 14.................. .................  300,350
“ c....................... .............  300,750 15.................. ..................300,290
“ 7....................... ............. 300,820 16.................. .................. 300,620
“ 8....................... ............. 299,940 17.................. .................. 300,000
“ 9....................... .............  300,550 18.................. ..................300,150
“ 10....................... ............. 800,640 19.................. .................. 299,550
“ 11....................... .............  300,350 20..................
£ 12....................... .............  300,500 21.................. .................. 300,060

•

M. Cornu hence concludes that the velocity of light in air 
is 300,330, and in a vacuum 300,400 kilometres per second. 
But Helmert, of Aix, has noticed a tendency in M. Cornu’s 
numbers, as given above, to diminish as the velocity of the 
wheel is increased, and concludes that the true velocity to be 
derived from the measures is 299,990 kilometres. This re­
sult, though less than that derived by Cornu himself, is still 
nearly 2000 kilometres greater than that of Foucault.



CHAPTER V.

THE SPECTROSCOPE.

In one of Dr. Lardner’s popular lectures on astronomy, de­
livered some thirty years ago, lie 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 tfoe Mounds 
of possibility.

Had a hearer told the lecturer that men would also be able 
to determine the chemijcal constituents of the sun and stare, 
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, he looked upon 
the idea of determining their chemical constitution as a mere 
piece of pleasantry, or the play of an exuberant fancy. And 
yet, this very thing has, to a certain extent, been done by the 
aid of the spectroscope. The chemical constitution of matter 
in the state of gas or vapor can be detected almost as readily 
at the distance of the stars as if we had it in our laboratories. 
The difficulties which stand in the way do not arise from the 
distance, but from the fact that matter in the heavenly bodies 
seems to exist in some state which we have not succeeded in 

*- exactly reproducing in our laboratories. Like many other 
wonders, spectrum analysis, as it is called, is not at all extraor­
dinary after we see how it is done. Indeed, the only wonder

*
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now is how the tiret half 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 explaiffthem.

It is familiarly known that if we pass the rays of the sun 
which enter a room b^„a small opening through a prism, the 
light is separated into a number of bright colors, which art; 
spread out on a corSéin scale, the one end being red and the 
other violet, while a long' range of intermediate colore 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 spectrum. 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 the light 
from a candle through 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 would be 
called the spectrum of the candle. If we look at a bright 
star through a prism, the combination of colors which wre see 
is called the spectrum of the star, and so with any other object 
we may choose to examine.

As the experiment of forming a spectrum is commonly 
made, there is a slight mixing-up of light of the different col­
ore, 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 impose. In or­
der to make any successful examination of the light which 
emanates from an objçct, our spectrum must be pure ; that is,
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each point of the spectrum\inust be formed by light of one 
degree of refrari^Aility. effect this in the most perfect 
way, the spectrun0s 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.

The 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 
ihe 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 spe a pure spectrum of the 
objpct. I11 qrdei: that this experiment may succeed, it is es­
sential that the object, when viewed directly, shall present the 
appearance of a point,like a stajr 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. 02 shoves the

Fio. 62.—Course of rays through a spectroscope.

essential parts of a modern spectroscope. At the farther end 
of the second telescope, where the light enters, is a narrow 
slit, which can be opened or closed by îqètuis of a screw7, and

f
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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 therlens, L. They then fall on the prism, P, 
by which they are refracted, and from which they emerge par­
allel, except that the direction of the rays of different colors 
is different, owing to tfic greater or less degree of refraction 
produced by the prism. They then pass through the object- 
glass of the telescope, T, by which the rays .of each color arc 
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 an 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 i^tlie method universally 
adopted in examining the spectrunÆf 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 continuous ; that is, there is no gap 
in the series of colors from one end to the other. But if we 
take the light from the sun, or from the moon, a planet, or 
any object illuminated by the sun, we shall find the spectrum 
to be crossed by a great number of fine dark lines, showing 
that certain kinds of light are wanting. It is now known 
that the particular kinds of light which originally belonged 
in these dark lines have been culled out by the gases surround-.» 
ing the sun through which Ijthc light has passed. This culling- 
ont is called Selective Absorption. It is found by experiment 
that each kind xjf gas has its own liking for light of peculiar

10
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degrees of refrangibility, and absorl)S the light which belongs 
in the corresponding parts of the spectrum, letting all the 
other light pass.

Perhaps we may illustrate this m-ocess by a similar one 
which we might imagine mankind t% 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 us for money, and return her the remainder. 
The English rm^mage 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 sjwead 
out on the ground according to the respective weights dr 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 foi1 dollars ; afterwards a row which have 
gone for half-sovereign^, and so on. By thus arranging the 
pieces, one would be ablo.,to tell what nations had culled over 
the pile, if he only knew of what weight each one made its 
coins. The gaps in the places where the sovereigns and half- 
sovereigns belonged would indicate the English, that in the 
dollars and eagles the Americans, and so. on. If, now, we re­
flect how utterly hopeless it would appear, 'from the mere ex­
amination of the 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 once some 
genius should make the proposed arrangement of the pieces 
in rows, we shall see in what the fundamental idea of spec­
trum analysis consists. The formation of the spectrum is the 
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 Ilerschel seems to have had a clear idea of7 y
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 (flowing gas gives out rays of the same degree of ref rang ibil- 
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 findafpair 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 or 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 
iiimpossible to find a trace of them in any other way. Indeed, 
two or three qcw 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 Rtws, as follows :

1. The lig it from a glowing solid or liquid forms a contin­
uous speetri m, in which neither bright nor dark lines arc 
found. The’spectrum is of the sam^ nature, no matter how 
finely the substance may be divided.
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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 woluld 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 concludp Aliat the tiody 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, oiLthe offi­

cer hand, the spectrum is a continuous one, except wliete cross­
ed by fine dark lines, we conclude that it emanates rrom a 
glowing body surrounded by an atmosphere which cullsNjntj 
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 solnkstatc. 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 ymy 
indications Respecting the substance. In order, therefore?, to 
detect the presence of any chemical eleinent with this instru­
ment, that clemenfmust in the form ofcgas or vapor. Here 
we*have one limitation to the applications the spectroscope 
to the celestial bodies. The tendency of bodies in space is to 
cyol off, and when they have once' become so cool as to solidi-N 
fÿftliç instrument in question can give us no further definite 
information respecting their constitution.

Even if the body be in the gaseous state, we eApuot always 
rely on the spectroscope informing us with certainty of the 
nature of the gas. The light we analyze myét either be emit­
ted by the gas, the latter being so hot as4q shine by (ts own 
light, or it must be transmitted through itX Thus, the appli­
cation of spectrum analysis is confined to gkfWing gases and

/ \ „
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the atmospheres of the stars 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 sometifttes 
rendered difficult in consequence of the varied spectrum\of the 
same gas at different temperatures and under different degrees 

,of pressure. Under some ponditions so many new lines are 
introduced into the spectrum of hydrogen tftafjt^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 Frankland 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 abovi^ 
rulesv respecting spectrum analysis, or, rather, the general rule 
that a glowing gas gives a specfrum 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 spectrum of a celestial body, the changes of the spectrum 
which we have mentioned would be a positive advantage ; 
since they would citable us to determine, not merely the com­
position of a gaseous body, but its'temperature and pressure. 
This is, however, ^ fehUin which success has not yet been 
reached.

The reader now ur dcrstands that 
lcstial object is analyzed by the prisrk, and the component col­
ors are spread out singly as on a slj eet, the dark and bright 
lines wjiiclv we «je are the letters of the open book which we 
are to interpret so as to learn what they tell us of the body 
from which the light came, or the vapors through which it 
passed. When we see a line or a set of lines which we rec­
ognize as produced by a known substance, we infer the pres­
ence of that substance. The question may now be asked, How 
do we know but that the lines we observe may be produced 
by other substances besides those which we find to produce 
them in our laboratories ? May not tho same lines be pro­
duced by different substances? This question can he an-\ 
swcrcd only by an appqal to probabilities. The evidence inV.

;vhen the light from a ce-

V
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the case is much the sarhe as that by which, recognizing the 
picture of a friend, we conclude that it is not the picture of 
any one else. For anything we can prove to the contrary, 
another person might have exactly the same features, and 
might, therefore, make the very same picture. But, as a mat- 
,tcr of fact, we know that practically no two men whom we
have ever seen do look 11 y alike, and it is extrdnjely im­
probable that they ever wèuld 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 extremelysimprobable that a 
given system of bright lines could be produced by more than 
one substance. At the same time, the evidence of the spec­
troscope is not necessarily conclusive in all cases. Should 
oidy a single line of a substance be found in the spectrum of 
a star or nebula, it would hardly be safe to conclude, from that 
alone, that the line was really produced by the known sub­
stance. Collateral evidence might, however, come in. If the 
same line were ^opnd both in the sunlight, and in that of a 
great number of stars, we should be justified in concluding 
that the lines were all produced by the same substance. All 
we can say in doubtful cases is, that our conclusions must bo 
drawn with care and discrimination, and must accord with the 
probabilities of each special case.

V
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PART III. —THE SOLAR SYSTEM.

CHAPTER I.

GENERAL STRUCTERE OF THE SOLAR SYSTEM.

Having, in the preceding parts, described the general struct­
ure of the universe, and the methods used by astronomers in 
measuring the heavens and investigating the celestial motions, 
we 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 course 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 meteors.

We have shown in the first part that the solar system was 
found by Copernicus, Kepler, and Newton to consist of the 
sun, as the great central body, with a number of planets re­
volving around it in ellipses, having the sun in one of their 
foci ; the whole being bound together by the law of universal 
gravitation. Modern science has added a great number of 
bodies, and shown the system to be atmneh more complex one 
than Newton supposed. As we now know them, the bodies 

^>f the system may be classified as follows :
\ 1. The sun, the great central body ;
\. A group of four inner planets — Mercury, Venus, the 

Eaxh, and Mars ;
/. A swarm of small planets or asteroids revolving outside 

the orbit of Mars (about 175 of them are now known) ;



232 THE SOLAR SI'S TEH.

4. A group of four outer planets—Jupiter, Saturn, Uranus, 
and Neptune;

5. A number of satellites of the planets, 18 being now 
known, of which all but one belong to the group of outer 
planets ;

Sun.

I Mlllis \ i | >t

Fiq. 63.—Relative size of sun and planets.

6. An unknown number of comets and meteors, revolving 
in very eccentric orbits.

The eight planets of groups 2 and 4 are called the major 
planfcts, to distihguislr them.from all others, which are smallct- 
or less important. f

(
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The range of size, distance, and mass among the bodies of 
the system is enormous. Neptune is eighty times as far from 
the sun as Mercury, and Jupiter several thousand times as 
heavy. It is, therefore, difficult to lay down a map of the 
whole system on the same scale. If the orbit of Mercury were 
represented with a diameter of one-fourth of an inch, that of 
Neptune would have.a diameter of 20 inches.

With the exception of Neptune, the distances of the eight 
major planets proceed in a tolerably regular progression, the 
group of small planets taking the place of a single planet in 
the series. The progression is known as the law of Titius, 
from its first proposer, and is as follows : Take the series of 
numbers p, 3, 6, 12, 24, 48, each one after the second being 
formed b^ doubling the one which precedes it. Add 4 to 
each of these numbers, and we shall have a series of numbers 
giving very nearly the relative distances of the planets from 
the sun. The following table shows the series of numbers thus 
formed, together with the actual distances of the planets ex­
pressed on the same scale, the distance of the earth being 
called 10 :

j Planet. Numbers of Titius. Actual Distance. Error.

Mercury.............................. 0 + 4 = 4 3.1) 0. 1
Venus................................... 3 + 4 = 7 7.2 0.2
Earth................................... (i + 4 = 10 - 10.0 0.0
Mars..................................... 12 + 4 = 10 15.2 0.8
Minor ]>lafiets.................. 24 + 4 = 28 20 to 35
Jupiter................................. 48 + 4 = 7>2 * 52.0 0.0
Saturn................................. 1)6 + 4 = 1(H) 95.4 4.0
Uranus................................. 11)2 + 4 = 1110 191.9 4.1
Neptune.........:................... 384 + 4 = 388 300.0 87.4

It will be seen' that before the discovery of Neptune the 
agreement was so close as to suggest the existence of an actual 
law of the distances. But the discovery of this planet in 1S4G 
completely disproved the supposed law ; ajid there is now no 
rcast^i to believe that the proportions of the solar systenr"are 
the result of any exact and simple law whatever. It is true 
that many ingenious people employ themselves from time to 
time in working out mcmcrical relations between the distances 
of the planets, their niasses, their times of rotation, and so on,

\ 11
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and will probably continue to do so ; because the number of 
such relations which can be made to come somewhere near to 
exact numbers is very great. This, however, does not indicate 
any law of nature. If we take forty or fifty numbers of any 
kind—-say the years in which a few persons were born ; their 
ages in years, months, and days at some particular event in 
their lives ; the numbers of the houses in which they live ; and 
so on—we should find as many curiorn^relations among the 
numbers as have ever been found among those of the planet­
ary system. Indeed, such relations among the years of the lives 
of great actors in the world’s history will be remembered by 
many readers as occurring now and then in the public journals.

Range of Planetary Masses.—The great diversity of the 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 tfie 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, according to the best determinations yet made, 
the mass of each planet will be that used in the following cal­
culation, in which each mass is added to the masses of all the 
[planets which arc smallerdhan itself, the planets being taken 
in the order of their masses, beginning with the smallest :

Mass of Mercury.............J. ....................................................... 200
Mass of Mars.................................................................................. 339

Combined mass of Mercury and Mars................................... 339
Mass of Venus..............  ............................................................... 2,333

'Combined 'mass of Mercury, Venus, and Mars..................... 2,892
Mass of the Earth................ i..................................................... 3,000

Combined mass of the four inner planets............................... 3,932
Mass of Uranus............................................................................. 44,230

Combined mass of five planets................................................... 30,202
Mass of Neptune........................................................................... 31,600

Combined mass of six planets.................. ;............................. 101,802
Mass of Saturn............................................................................. 283,380.

Combined mass of seven planets........................................ . 387,382
Mass of Jupiter.............................................................................. 934,305

Combined mass of all the planets.............................................  1,341,687
Mass of the sun..................................................................... 1,000,000,000
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It will be seen that the combined mass of all the planets is 
less than ^-5 that of tlitVsun ; that Jupiter is between two and 
three times as heavy a? the other seven planets together ; Sat­
urn more than twice as heavy as the other six ; and so on.

Aspects of t/te Planets.—The apparent motions of the plan­
ets are described in tlie first chapter of this work ; and jw 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 cast and south. During the three months fol­
lowing the day of opposition, the planet will rise from three 
to six minutes earlier every day. A month after opposition, it 
will be two to three hours 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. Ilis search will be facilitated by the use of a star map 
showing the position of the ecliptic among the stars, because 
the planets are always very near the ecliptic. Indeed, if any 
bright stains not down on the map, he may feel sure that it is 
a planet, m

In describing the individual planets, we give the times when, 
they are in opposition, so that the reader may always be able 
to recognize them at favorable seasons, if he wishes to do so.

The arrangement of the planets, with their satellites, is as 
follows : f.

Innkb Unoui'.

Oi'ti'h (litorr or 
UltkA'l VlANKTS.

\

Mercury.
Venus.
Earth, with its moon.
Mars.

The minor planets, or asteroids.

Jupiter, with 4 moons.
Saturn, with rings and 8 moons. 
Uranus, with 4 moons.
Neptune, with 1 moon.

\

«
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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.

nt Keptunc

Vernal Equinox

Eio. 04.— Orl>its of the planets from the earth outward, showing their relative distances 
from the sun in the centre. The positions of the planets are near those which they oc­
cupy in 1877.
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V

CHAPTER II.

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 exr 
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 sun. Our knowledge of the nature oP this luminary 
commences with the invention of the telescope, since without 
this instrument it was impossible to form any conception of 
its constitution. The ancients had a vague idea that it was a 
globe of fire, and in this the^ 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 intq its structure seems hopeless. 
But when we apply a telescope, we generally find it diversified 
with one or more groups of dark-looking spots ; and if the vis­
ion is good, and we look carefully, we shall soon see that the 
whole bright surface presents a mottled appearance, looking 
like a fluid in which ill-defined rice-grains are suspended. Per­
haps the most familiar idea of this appearance will be pie-

(\
./
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sented by saying that the sun looks like a pi Ac of ricVsoup,
the grains of rice, however, being really hundreds of miles in 

y 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 he produced by the inter­
lacing of long, narrow objects shaped like willow leaves, which, 
running and crossing in all directions, form a net-work, cover­
ing the-entire photosphere. This view, though it has become 
celebrated through the very great care which Mr. Nasmyth 
devoted to his observations, has not been confirmed by subse­
quent observers.

Among the most careful and laborious telescopic studies of 
the sun recently made are those of Professor Langley.* He 
has a tine telescope at his command, in a situation where thé 
air seems to be less disturbed by the sun’s rays than is usual 
in other localities. According to his observations, when the 
sun is carefully examined, the mottling which we have de­
scribed is seen to be caused by an appearance like fleecy 
clouds whose outlines are nearly indistinguishable. We may 
also discern numerous faint dots on the white background. 
Under high powers, used in favorable moments, the surface 
of any one of the fleecy patches is resolved into a congeries
of small, intensely bright bodies, irregularly distributed, which
seem to be suspended in a comparatively dark medium, and 
whose definiteness of size and outUye, though not absolute, is 
yet striking, by contrast with the .vagueness of the cloud-like 
forms seen before, and which weHaow perceive to be due t<* 
their aggregation. The “dots” seen before arc considerable
openings, 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".

_W

* Professor S. P. Langley, Director of the Observatory at Allegheny, Pennsyl­
vania.



THE PHOTOSPHERE. 239

In moments when the definition is very fine, the bright nod­
ules or rice-grains arc found to be made up of clusters of mi- 
mite 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 Secclii, who estimated their magnitude as even less 
than that assigned by Langley. The fact that these points are 
aggregated into little clusters, which ordinarily presertt 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 arc 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. .

If we carefully examine the sun with a very dark smoked 
glass, we shall find thatUhe disk is brightest at the centre, 
shading off on all sides towards the *limb. Careful compari­
sons of the intensity of radiationn>f different parts of the disk 
show that this diminution near the limb is common to all the 
rays, whether those of heat, of light, or of chemical action. 
The most recent measures of the heat rays were 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.t 
The intensities of these several radiations at different distances 
from the centre of the disk as thus determined arc shown in 
the table on the following page. The intensity at the centre 
is always supposed 100. The first column gives the distance 
from the centre in fractions of the sunte radius, which is sup­
posed unity. Thus, the first line of tli^ table corresponds to 
the centre; the last to the edge. Professor Langley’s meas­
ures do not, however, extend to the extrenr

* Professor P,. C. l’ickeiing, director of the Harvard Ohsbvvatory, Cambridge, 
Massachusetts.

t Dr. Hermann C. Vogel, formerly astronomer at Bothkamp, noVof the Solar 
in Potsdam, Prussia. >
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Distance from 
Centre of the Sun.

Heat Rays 
(Langley).

Light
(Pickering).

Chemical Rays 
(Vogel).

.00 100 100 100

.125 99 100

.25 99 97 98

.875 95

.50 95 ^>1 90

.625 86 81

.75 86 79 66

.85 <69 48

.95 55 25

.96 62 23

.98 50 18
1.00 .... 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. Roughly speaking, eaeli^uarc 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 first investigated. It is found in 
the absorption of tli.e rays by a 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 tliosc^- 
wlifch strike out vertically ; while the former are those we 
see near the edge of the disk, and the latter near the centre. 
The different absorptions of different classes of rays corre­
spond exactly to this supposition, it being known that the 
more refrangible or chemical rays arc 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 Tloven - twelfths of thy whole amount. The 
smaller estimates are, however, more likely to be near the
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truth, there being no good reason'for holding that more than 
half the rays are absorbed. That is, if 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 sttn to 
the earth during any period of time — say a day or a year. 
The question admits of a perfectly definite answer, but /here 
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 emanating from the sun. The most successful 
experiments for this purpose are those of Ppuillet and of 

• Sir John Ilerschel. The results obtained by the former may 
be expressed thus : if the air were out of the way, and a sheet 
of ice were so held that^he sun’s rays should fall upon it ]>eim­
pend icularly, and be all absorbed, the ice would melt away at 
the rate of 14£ inches in 24 hours. S^nee the sun is part 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 wllole 
earth is only a fraction of this, namely, 3.62 inches per day, 
or something more than 100 feet per year.' 4

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 Dnlong and

* Fattier Angelo Serclii, Director of the Observatory at Uome.
17



242 THE SOLAR SYSTEM.
>

Petit, others find a temperature not many times exceeding 
that of a reverberatory furnace. For the temperature of the 
photosphere, it seems likely that the lower estimates are more 
nearly right, being founded on an experimental law7 ; but the 
temperature of the interior must be immensely higher.

§ 2. The Solar Spots and Rotation. -
Even the poor telescopes made by the* contemporaries of 

Galileo could hardly be directed to the sun many.timcs with­
out one or mord spots being seen on his surface. Whatever 
credit may be due for a discovery which required neither in­
dustry nor skill shouldj by the pile of modern science already 
referred to, be awarded^ to Fallritius for the discovery of the 
solar spots. This observer, otherwise unknown in astronomy, 
made known the existence of the solar spots early in 1611— 
a year after Galileo began to scan the heavens writh his tel­
escope. His discovery was followed iqv-by Galileo and Scl/ei- 
ner, by whom the first knowledge of the nature of the sf*ots 
was acquired. v

The first idea of Schemer was that the spots were small 
planets in the neighborhood of the sun ; but this was speedily 
disproved by Galileo, who showed that they must be on the 
surface of the sun itself. The idea of the sun being affected 
with any imperfection sp grbss as a dark spot was repugnant 
to the ecclesiastical philosophy of the times, and it is not un­
likely that Schemer'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 across the disk of the sun frorh cast to west, occu­
pying about 12 days in the transit. A spot generally appeared 
first on-or near theeAst limb, and, after 12 or 14 days, disap­
peared at the west limb. At the end of another 14 days or 
more it reappeared atWie east limb, unless in the mean time 
it had vanished from sight entirely. The spots were found 
nc(t to be permanent objects, but to come into existence from 
titnh to time, and, after lasting \a few days, weeks, or months, 
to disappear. But so long as they lasted, they always ex-

1
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hibited the motion just 'described, and it was tJiencc inferred 
that the sun rotated on his axis in about 25 dam

The astronomers çf the seventeenth and eighteenth centuries 
used a method of observing the 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 spy-glass, or, indeed, a telescope of any size, and point

\
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Fio. 65.—Man holding telescope, to show sun on screen.

it at the sun. To save the eyes, the right direction may be 
found by holding a piece of paper closely in front of the eye­
piece : when the sun shines through the telescope on this pa­
per, the pointing is nearly right. The telescope should be at­
tached to some movable support, so that its pointing can be 
changed to the different directions of the sun, and should pass 
through a perforation in some sort of a screen, so that the 
sun cannot shine in front of the telescope except by passing

/
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through it. An opening in a window-shutter will answer a 
good purpose, only the rays must not have to pass through the 
glass of the window in order to reach the telescope. Draw 
out the eye-piece of the instrument about the eighth of an 
inch beyond the proper point for seeing a distant object 
Then, holding a piece of white paper before the eye-piece at 
a distance of from 0 to 12 inches, an image of the sun will bo 
thrown upon it. The distance of the paper must be adjusted 
to the distance the eye piece is drawn out. The farther wo 
draw out the eye - piece, the nearer the best image will be 
formed. Having adjusted everything so that the edge of the 
sub’s image shall be sharply defined, one or more spots can 
generally be seen. This method, or something similar to it, is 
often used in observing eclipses and transits of Mercury, and 
is very convenient when it is desired to show an enlarged im­
ago of the sun to a number of spectators.

When powerful telescopes were applied to the sun, it was 
found that the spots were not merely the dark patches which 
they first appeared to be, but that they comprised two well-

Fig. GO.—Solar h^ot, after Secclii.

marked portions. The central part, called the umbra or)m<- 
rJrus, is the darkest, and is surrounded by a border, interme­
diate in tint between the darkness of the spot and the brill-

\

t
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iancy of the solar surface. This border is termed the penum­
bra. 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 he 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 forth 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 arc 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 penumbra 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 ller- 
schcl, who developed it more fully. The interior of the sun 
is, by this theory, a cool, dark body^surrounded by two layers 
of clouds. The outer layer is intensely brilliant, and forms 
the visible photosphere, while the! inner layer is darker, and 
forms the umbra around the spits. The latter are simply 
oi>cnings through these clouds, which form from time to
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Fio. 67—Changes in the aspect of a solar spot as it crosses the sun’s disk, showing it to be
a cavity in the photosphere.

time, and through which we see the dark body in the interior. 
Anxious that this body should serve some especial purpose in 
the economy of creation, they peopled it with intelligent* be­
ings, who were protected from the tierce radiation of the pho­
tosphere by the layer of cool clouds, but were denied every 
view of the universe without, except such glimpses as they 
might obtain through the occasional openings in the photo- * 
sphere, which we see as spots.

Leaving out the fancy of living beings, this theory account­
ed very well for appearances. That the photosphere could 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 state of change as we see
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them ; while if it were liquid or gaseous, these cavities could 
not continue for months, as they were sometimes seen to, be-i 
cause the liquid or gaseous matter would rush in from all \ /
sides, and till them up. The only hypothesis that seemed left 
oj>en to Ij^rschel 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 oidy 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 llerschel would have cooled off entirely in 
a few days, and then \fe should receive neither light nor heat - 
from it. A continuous flood of heat such as the sun has been 
radiating for thousands of years 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 
was impossible. Even if the heat of the photosphere could 
be kept up by any agency, it would be constantly conveyed to 
the interior by conduction and radiation ; so that in time the 
whole sun would become as hot as the photosphere, and its 
inhabitants would be destroyed. In the time of llerschel 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 through our atmosphere.t 
The photosphere was, therefore, supposed to be simply phos­
phorescent, not hot. This idea is still enterfained by many \
educated men who have not made themselves acquainted with 
the laws of heat discovered during the present century. We 
may, therefore, remark that it is completely untenable. Cfne 
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 great question in the present stitic 
of science is, how the supply of heat is maintained against 
such immense loss by radiation.
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§ 3. Periodicity of the Spots.
The careful observations 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 yearsi the spots are larger and'more nu­
merous than on the average ; they then begin to diminish, 
and rèaob^a minimum live or six years after the maximum. 
Another six years brings the return of the maximum. The 
intervals are, however, somewhat irregular, and further obser­
vations are required before the law of this period can be fixed 
with certainty. An idea of the evidence in favor of the pe­
riod may be formed from some results of the observations of 
Schwabe, a German astronomer, who systematically observed 
the sun 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 without spots in the course of each 
year. The following arc some of his results :

From 1828 to 1831, s 
In 1833,
From 1830 to 1840, 
In 1843,
From 1847 to 1851,
In 1850,
From 1858 to 1801,
In 1807,

in without spots on only 1 day.
1311 days.

3 days. 
147 days.

2 days. 
1113 days, 
no day. 

1115 days.
\

We see that the sun was remarkably free from spots in the 
years 1833, 1843, 18^6, 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 the 
series, we may expect very few spots in 1878, 1889, etc. The 
years of greatest production of spots were 1804, 1816, 1829, 
1837, 1848, 1860, and 1870, from which we may conclude 
that 1882, 1893, etc., will be years of numerous sun-spots.
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The observations of Scliwabe and the researches of Wolf 
seem to have placed the existence of this period beyond a 
dqubt ; hut no satisfactory explanation of its cause hq& yet 
beeh-e^rtm. When first noticed, its near approach to tliTfc*- 
riod of revolution of Jupiter naturally led to the belief that 
there was a connexion between the two, and that the attrac­
tion of the largest planet of the system produced some disturb­
ance in the sun, which was greater in perihelion than in aphe­
lion. But this connection seems to be disproved by the fact 
that the sun-spot period is at least six months, 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 Ilerschel 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 Lovering 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 considère the coincidence to be pretty well 
proved, while Professor Lovering is more cautious, 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 the theory.

§ 4. Law of Rotation of the San.
, Between the years 1843 and 1801, a very careful series of 
observations of the positions and motions of the solar spots
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was made by Mr. Carrington, 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 
uL the sun, but that the equatorial regions seemed to perform 
a revolution in less time than ^Ase nearer the poles. Near 
the equator the period was about 25.3 days, while it was a 
day longerin 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 
2G£ days.

The cause of these variations is a subject on which there is 
yet no general agreement among those who have mustf care­
fully investigated the subject. Zollner* and Wolf see in the 
general motions of the spots traces of currents moving from 
both poles of the sun towards the equator. The latter con­
siders tliaf, $he eleven-year spot - period is associated with a 
tlood of liquid or gaseous matter thrown up at the poles of 
the sun about once in eleven yeslrs, 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 jfiu? sun has a solid - crusfcfover 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 "Scted 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 jfltc crust, owing to its greater distance 
from the axis. Thu/friction acts so slowly that the current 
reaches the equator before it takes up the motion of the crust. 
On this hypothesis, the crust of the sun really revolves in

* Dr. J. C. F. Zollner, Professor in the University of Leipsic.

\
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about 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/bf rotation.

This explanation of the seeming paradox that tjie equatorial 
regions of the sun perform their revolution in a shorter time 
than those parts nearer the poles, cannot be regarded as an es­
tablished scientific theory. It is mentioned as being, so far as 
the writer is aware, the most completely elaborated explana­
tion yet offered. It is possible that the spots have a proper 
motion of their own on the solar surface, and that this is the 
reason of the apparent difference in the time of rotation in 
different latitudes. Yet another theory of the subject is that 
of Faye,* who maintains that these differences in the rates of 
rotation are due to ascending and descending currents, as will 
be more fully explained in presenting his views. But we here 
touch upon questions which ■science is as yet far from being 
in a condition to answer.

§ 5. The Sun's Surro/Jidings.
If the sun had never been exammt/l with any other instru­

ment than the telescope, nor been totally eclipsed by the inter*
vention of the trioon, we should not have formed any idea of 
the nature of the operations going on at his surface ; but we 
might have been better satisfied that we had a complete knowl­
edge of his constitution. Indeed, it is remarkable that mod­
ern science has shown us more m ysteriCs TiTtbe sun than it has 
exploited ; so that we find ourselves farther than before frmn 
a satisfactory explanation of solar mhenomena. When tlie/An- 
cicnts supposed the sun to be a glohç of molten iron, they had 

» an explanation which quite satisfied the requirements of the 
science of their times. The spots were no mystery to Galileo 
and Schciner, being simply dark places in the photosphere. 
1 Icrschel’s explanation of them was quite in accord with the 

? science of his time, and he may be regarded as the latest man 
who has held a theory of the physical constitution of the sun

* Mr. 11. E. Fiiyc. member of the French Academy of Sciences.

#
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which was really satisfactory at the time it was propounded.
We have shown how his theory wds refuted by the discovery
of the conservation of force ; we have now to see what per­
plexing phenomerta 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. But, as the last ray of sun­
light vanishes, a scencfof unexampled beauty, grandeur, and im­
pressiveness breaks upon the view. The globe of the moon, 
black as ink, is seen as if it were hanging in mid-air, surround­
ed by a crown of soft, silvery light, like that which the old 
painters used to depict around the heads of saints. Besides 
this “ corona,” tongues of rose-colored flame of the most 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 «us the time of Kepler ; indeed, it was 
not possible for a total eclipsQ 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.” V

TliflJ descriptions which have been givcnlof the corona, al­
though differing in many details, have a.general resemblance 
Halley’s description of it, :w seen dawflg thc\total eclipse o 
1715, is as follows :

“A few ammds before the sun was all hid,there discovered 
itself round the moon a luminous ring about a digit, or per­
haps a tpntli part of the moon’s diameter, in brcadtly It was 
of a pine whiteness, orltother pearl-color, seeming to me a lit-

! tinged with the colors of the iris, and to be concentric 
tli the moon.”

'The moi\e careful anti elaborate oliservations of recent times 
show that trae corona has not the circular form which was for­
merly asenbcd to it, but that it is quite irregular in its out-

6
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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, corresponding 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.

Fi«. <>S. —Total eclipse of the sun ns seen at Des Moines, Iowa, August 7th, 1869. Drawn 
by Professor J. K. Eastman. Thetietters, a, b, c, etc., mark the positions of the prom­
inences. * ,

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 edge. It is impossi­
ble to say with certainty how far it extends, hut there is no 
doubt that it has been seen as far as one semidiameter from 
the moon’s limb. V_.

Wit
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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 m&SUpltWible theory was that it was a solar atmosphere, 
and that the red protuberances were clouds floating in it. 
That the corona could be a

outline, for thd atmosphere of a disproved by its irregular
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. Wgtthall 
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 liyib of the moon that the lat­
ter did not carry them wijh 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 years later, in July, 1868, and was visible iif In­
dia and Siam. 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 success­
ful observer was Janssen, of France, who took an elevated 
position in the interior, where the air was remarkably clear. 
When, on the eventful day, the last ray of sunlight was cut 
off by the advancing moon, an enormous protuberance showed 
itself, rising to a height of many thousand miles above the sur­
face of the sun. The spectroscope was promptly turned upon 
it, iml the practised eye of the observer saw in a moment that 
thetspfectrum consisted -of the bright lWs due to glowing hy­
drogen. The protuberance, therefore, md not consist of any 
substance shining merely by reflected sunlight, but of an im­
mense mass of hydrogen gas, so hot asno shine by its own 
light. The theory of the cloud-like nature of the protuber­
ances was overthrown in a moment.

>
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This observation marks the 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, lie therefore determined to 
watch them, and find how long he could follow them, lie 
kept sight of them, not only after the total phase had passed, 
but after the eclipse was entirely over. In fact, he found that 
with a sufficiently powerful 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. Norïnàn Lockyer. This gen­
tleman was an active student of the sul/ect 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 ao much delay that it was 
not ready till October, 1868. On the 20th of that month, he 
pointed it upon the margin of the sum and found three bright 
lines in the spectrum, two of whicn 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. Ills 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 up his researches, Mr. Lockyer fonpd that the 
protuberances arose from a narrow envelope surrounding the
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^ Fiu. tlV.—Specimens of solar protuberances, as drawn by Secchi. The bright base in cadi 
figure represents the chromosphere from which the red flames rise, j

whole surface of tlie sun, being, in fact, merely elevated pur- 
tions of this envelope: that is to say, the sun is surrounded 
by an atmosphere contused principally of hydrogen gas, por­
tions of which are here and there thrown up in the form of

f
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enormous tongues of flame, which, however, can never be seen 
except with the spectroscope, «• during total eclipses. To this 
atmosphere Mr. Loekyer gave the name of the chromosphere. 
It had previously been seen and recognized by several observ­
ers during total eclipses, but nothing had been known respect­
ing its nature.

The researches which we have described threw no light on 
the question of the corona, an object which seemed to have 
been almost lost sight oi in the exactement caused by the dis­
covery of the gaseous Rature of the protuberances. Happily, 
only a year later, on August 7th, 18GV, a total eclipse was visi­
ble in the United States. The shadow of the moon passed 
down the coast of Alaska, then entered into the interior, pass­
ing ovtS- the southwest portion of British America, entered 
the United States in the Territory of Nebraska,and passed over 
Iowa, Illinois, Kentucky, South - western Virginia, and North 
Carolina. This eclipse was observed very extensively by 
American astronomers, Professor llaikSass, of the Naval Ob­
servatory, and Professor Young, of Daranouth College, devot­
ing especial attention to the spectroscopic observations^ These 
observers found that the corona gave a very faint, continuous 
spectrum crossed by a single bright-green line, which was also 
seen in the spectrum of the protuberances. This solitary linfe 
was again seen during the ecliçse of December 21st, 1870, 
in the Mediterranean ; but it has not been certainly identified 
in the spectrum of any known terrestrial substance. There 
arc several lines of iroi> in its neighborhood ; but as this line 
stands alone, it does /tot seem likely that it can arise from the 
vapor of iron. Al/ we can say is, that the substance which 

.givos this line, ana which seems to be the only gaseous clc- 
Xncnft of the corona, is unknown, and may possibly l>c some gas 
mijcli lighter than hydrogen which has not y (it becn/liscovcrcd 
on the earth.

Continued observations of the spectra of the various gases 
surrounding the sun show a much greater number of lines 
than havcypvcr been seen during total eclipses. Mr. Loekyer 
himself, by diligent observation extending over salerai years,

IS
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fourni over a hundred. But the greatest advance in this re­
spect was made by Professor C. 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 •Paciiio Railway. This 
point was Sherman. The spectroscopic part of the expedition 
was intrusted to Professor Young. Although there was a 
great deal ofc cloudy weather, yét, when the air was clear, far 
less li^kijifris reflected from the sky surrounding the sun than 
at fewer 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 there are -ako-mrmy lines which are not known to pertain 
to any terrestrial substancj^L

§ 6. Physical Constitution of the Sun.
Respecting the physical constitution of the sun, there are 

some points which may be established with more or less cer­
tainty, but the subject is, for the most part, involved in doubt 
and obscurity. Since the properties of matter are the same 
everywhere, the probfetn of the physical constitution of the 
sun is solved only when we are able to explain all solar phe­
nomena by laws of physics which we see in operation around 
us. The fact that the physical laws operative on the sun must 
be at least in agreement with those in operation here, is not 
always 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 there is less doubt about the opera­
tions which go oil outside the sun than about those on iis sur­
face or in the interior. ^

As we approach the-sun, the first material substance we 
meet with is. the corona, rising to heights of five or ten, per­
haps even fifteen, minutes above his surface, that is, to a ttb-ight
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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, we 
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 
heal increase at least as the square^)/ the velocity, what would 
he..the fate of a body, or a collection of bodies like a comet, 
passing through several hundred thousand miles of the rarest

i
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atmosphere at a rate of over 300 milt* a second? And liow 
rare must such an atmosphere be when the comet passes not 
only without destruction, hut without losing any sensible ve­
locity ! Certainly so rare as to be entirely invisible, and inca- 

I 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 closed to such a Hood of

body in his neighborhood.light as the sun pours out on evi
The difficult question which we meet is, JTow 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 I860, Dr. Gould
thought he detected variations during the three minute^ the 
eclipse lasted/" The three conjectures that have been formed 
on the subject are :

1. That the matter of the corona is in what we may call a 
state of projection, being constantly thrown up by the sun, 
while each particle thus projected falls dov^again according
to the law of gravitation. ,Tl»'difficulty we encounter here is
that we must 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 gi\V rise to electrical phenomena here on the earth, 
the devehjpment of elcctricityUl^erc must be on an enormous 
scale. ^

3^/That the corona is due to clouds of minute meteors cir-1 
itiing around the sun in the immediate vicinity of that le­
afy. 1 -
is already intimated, none lof these explanations is much

t
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better than a conjecture, though it is quite probable that the 
facts uf the case arc divided somewhere among them.

Next %side the corona lies the chromosphere. Here we 
reach the true atmosphere of the sun, rising in general a few 
seconds above bis surface, but now and then projected up­
wards in immense masses which we might call Haine, if the 
word were not entirely inadequate to convey any conception

Fio. 70.—The sill), with its chromosphere and red flames, on July 23d, 1871, as drawn by 
Secchi. The figures mark the flames, 17 iu number.

of the enormous scale on which thermal action is there car­
ried on. What we call fire and flame awe results of burn­
ing; but the gases at the surface of the I un arc already so 
hot that burning is not possible. Hydrogen is the principal 
material of the upper part, of the chroirwsuherc ; 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

«
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spectrum already described (p. 225). This seems satisf^ori- 
ly proved by an observation of Professor Young’s during the 
eclij>se of 1870, in Spain. At the moment of disappearance 
of tlie 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 eliro- 
mosphere'are those outbursts of its matter which form the pro­
tuberances. The latter are of two classes—the clond-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 accounting for them that we do in accounting for 
the suspension of the matter of the corona. In fact, of the 
three conjectural explanations of the corona, two are inadmis­
sible if applied to the protuberances, since these cloud-like 
bodies sometimes remain at rest too long to be supposed mov­
ing under the influence of the sun’s gravitation. This leaves 
the electrical explanation as the only adequate one yet brought 
forward. The eruptivy protuberances seem to be due to the 
projection of hydro^eir and magnesium vapor from the region 
of the chromosphere with velocities which sometimes rise to 
150 miles a second. The eruption may continue for hours, or 
even days, the vapor spreading out into great masses thousands 
of miles in extent, and then falling back on the chromosphere.
Us it possible to present in language any adequate idea of 

thermale on which natural operations are here carried on ? If 
we call the cln'omospnere an ocean of fire, we must remember 
that it is an ocean hotter than the fiercest furnace, and as deep 
as the Atlantic is broad. If we call its movements hurricanes, 
we must remember that our hurricanes blow only about a hun­
dred jniles an hour, while those df the ch^hiosphere blow as 
far in a single second. They arc 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, 
carrymg with them the whole 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 indistinguishable 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. 1 When the mediæval 
poets sung,

they jÿave rein to their wildest imagination, without reaching 
any conception of the magnitude or fierceness of the flames 
around the sun.

Of the corona and chromosphere the telescope ordinarily
shows us nothing. They are visible only during total eclipses, 
or by the aid of the spectroscope. All we see with the eye or 
the telescope is the shining surface of the sun called the pho­
tosphere, on which the chromosphere rests. It is this which 
radiates both the light and the heat which reach us. The 
opinions of students respecting the constitution of the photo­
sphere arc so different that it is hardly possible to express any 
views that will not be challenged in some quartertt Although 
a contrary opinion is held by many, we may venture to say 
that the rays of light and heat seem tv come, not from a 
gas, but from solid matter. This is indicated by the fact that 
their spectrum is continuous, and also by the intensity of Bfte 
light, which far exceeds any that a gas has ever been ii*Zde 
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 minafe particles floating in an atmosphere of heated gases. 
That it is itpt continuously solid like our earth seemed to be

/

fully shywn the varithe variatitms and motions of the spots, which
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have every appearance of going on in a fluid or gas. Indeed, 
of late, some of, the most eminent physicists regard it as pure­
ly gaseous, the pressure making it shine like a solid.

l3ut this theory is attended with a difficulty which has not 
been sufficiently considered. The photosphere is in staking 
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 thflt it would now and 
then present an irregular and jaggetToutline, as the chromo­
sphere doles. 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 the region of the spots, 
where its continuity seems to be broken by immense chasm­
like openings. *

The serene immobility of the photosphere, under such vio­
lent actions around it as we have described, lends some color 
to the supposition that it is a solid crust which forms around 
the glowing.interior of the sun, or, at least, that it is composed 
of a comparatively dense fluid resting upon such a crust. The 
latter is the view of Zollner, who considers some sort of an 
envelope between the exterior and the infta'ior of the sun ab­
solutely necessary to account for the erupuha^ protuberances. 
He places this solid envelope three or four thousand miles be­
low the surface of the photosphere.

Inside the photosphere we have the enormous interior 
globe, 860,000 miles in diameter. The best-sustained theory 
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 portions of this mass is such as to reduce it fo nearly the 
density of a liquid ; while the temperature is so high as to 
keep the substances in a state which is between the liquid and 
the gaseous, and in which no chemical actiôn is possible. The 
strong point in support of this gaseous theory of the yin s in­
terior is, that it is the only one «which explains how the sun’s
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light and heat arc kept up. How it deep this will be shown
in treating of th§ laws which govern the secuThr changes 8f
the universe'at large.» '

§ 7. 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 fol­

low it who make it the principal business of their lives. For 
the same reason, the views respecting the sun entertained by 
those who are engaged in studying it must be modified and 
extended from time to time. The interest which necessarily 
attaches to the physical source of all life and motion otn our 
globe renders the author desirous of presenting tliese vicyivs to 
his readers tn 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. Theli following 
statements m-e presented in the language of their\respectixe 
authors, exeq^t that, in the case ot Messrs. Secchi and Faye, 
they are translated from the French for the convenience, of 
the English reader. It will be noticed that in spine in/nor 
points they differ from each other, as well as from thoseVhieh 
the autlror has expressed in the preceding section. Shell dif­
ferences are unavoidable in the investigation of so difficulté 
subject. >

- Views of the Rev. Father Secchi.—“ For me, as for every one 
else, the sun is an incandescent body, raised to an enormous 
temperature, in which the substances known to our chemists 
and physicists, as well as several other substances still unknown, 
arc in », state of vapor, heated to such a degree that its spec­
trum is continuous, either on account of the pressure to which 
.the vapo/ is subjected, or of its high temperature. \This incan­
descent mass is what constitutes the photosphere. \lts limit is 
defined, as in the case of incandescent gases in geneVhl, by the 
temperature to whichjnç. exterior layer is reduced by its free 
radiation in 'space,^together with the force of gravity exert­
ed by the body. The photosphere presents itself as composed
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of small, brilliant granulations, separated by a dark net-work. 
These granulation^arc only the summits of the Haines which 
constitute them, and which rise abbve the Jower absorbing 
layer, which formà the network, as we shall soon more clearly 
see, \ ■ , - .. J ' /• 4 .

“ Above the photospheric lajer lies atmosphere of a very 
complex "nature. At its base are the heavy metallic vapors, 
at a temperature wlfich, being less elevated, no longer permits 
the emission of light with'a continuous spectrum, although it 
is sufficient to give x)ircct -speotra with brilliant lilies, which 
may be observed, during total eclipses of the sun, at its limb. 
This layer is extremely thin, Jiaving a depth of only ope or 
tovo seconds of arc. According to the law of absorption* lainr 
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 Ftounhofer 
dark lines of the solar spectrum. These vapors areymixcd 
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 constitute^ what wo 
call the chromosphere. This hydrogen is always mixed with 
Another substance, provisionally callec\JîeUwn, which forms the 

* yellow line I)3 of the spectrum of thé protuberances, and with 
another’ still rarer substance, which gives the green line 1474 

„ K. This last substance rises t* a much greater elevation than 
the hydrogen ; but it is not to easily seen in the full sun as 
the latter. Probably there is some other substance not yet 
well determined. Thus, tip substances which compose this' 
solar envelope appear to Ue arranged in the order of tlifeir 
density ; but still without afiy well-defined separation, thé di£> 
fusion of the gases producing a constant mixture.

“ This atmosphere becomes visible in total echoes in the 
\form of the corona. It is very difficult to fix it* absolute 

height. The eclipses^prove that it may reach to sa height 
equal to the solar diafneter in its highest portions.

“ No doubt it extends yet farther, and it may well be con-



*■

- . t '
ft

. . i
VIEWS ON TUE PHYSICAL CONSTITUTIONS* OF THE SUN. 267

nected with the zodiacal light. The visible layer of this at­
mosphere is not spherical ; it is higher fn 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 

'tffiin, close filaments which seem to correspond to the granu­
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- 
ardsthe poles.

“ The body of the sun is never in a state of absolute repose. 
The various substances coming together in interior of the 
body tend to combine, in consequence of their affinity, and 

S necessarily produce agitations and interior movements of every 
kind and of great intensity. Hence the numerous crises which 
show themselves at the surface through the elevation of the 
lower strata of the atmosphere by eruptions, and often by act­
ual explosions. Then the lower metallic vapors are projected 
to considerable heights, hydrogen especially, at an elevation 
visiblb in the spectroscope (in full sunlight) of one-fourth the 

x solar diameter, a 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 tKe prominences or protuberances. The 
structure of the hydrogenous protuberances is entirely simi­
lar to that of fluid veins raising themselves from denser layers, 
and diffusing in the more rare ones : but their extreme varia­
bility, even at the base, and the rapid changes of the place of 
exit and diffusion, prove that they do not pass through any 
orififte in a solid resisting layer.

“ These eruptions ane often mixed with columns of metallic 
vapors 6f greater densTw, which do not attain the elevation 
of the hydrogen, and ofV’hich the nature can be recognized 
by the aid of the spectroscope : occasionally we see them fall­
ing back on the sun in the form of parabolic jets. The most
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common substances are sodium, magnésium, iron, caWihm, etc. *•' 
/ —indeed, the same substances which arc 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 pVodiVces a dark spot on 
the photosphere itself. The metallic absorption lines are 
then really wider and mgj-e diffused in this region; and if 
the elevated mass is high and dense enough, we can even see 
the re-reversal of the lines already reversed ; that is to say, 
we can seq the bright lines of the substance itself on the back­
ground of the spot. This often happens for hydrogen, which 
rises to a great height, and also with sodium and magnesium, 
which metals have the rarest vapors. Here, then, we have the 
origin of the solar spots. They arc formed by masses of ab­
sorbing vapors which, brought out from thç interior of the sun, 
and interposed between the photosphere and the eye of thV ob­
server, prevent a large part of the light from reauhing our eyes.

“ But these vapors are heavier than the surrounding mass 
into which they have been thrown. They therefore fall by 
their own weight, and, tending to sink into the - photosphere, 
produce in it a sort of cavity or basin tilled with a darker and 
more absorbing mass. llCnce the aspect of a-cavity recognized 
in the spots. If the eruption is instantaneous, or of very short 
duration, this vaporous mass, fallen hack on the photospi&re, 
soon becomes incandescent, reheated, and dissolved, ana the 
spot rapidly disappears ; but the interior crises of the body of 
the sun may be continued a long time; and the eruption may 
maintain itself in the same place during two or more rotations 

" of tfifc sun. Hence the persistence of the spots ; for the cloud 
can continue to form %o long and so fast as the photosphere 
dissolues it, as happens with the jets of vapor from our vol- 
eanoqé. The eruptions, when about to terminate, may be re­
vived and reproduced several times near the same place, and 
give rise to spots very variable in form and position.

!
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“ The 6pots are formed of a central region, called the nu­
cleus, or umbra, and of a surrounding part less dark, called 
the penumbra. The latter is really formed of thin dark veils, 
and of filaments or currents of photospheric matter which 
tend to encroach upon the dark mass. These currents have 
the form of tongues, often composed of globular masses look­
ing like strings of beads or willow leaves, and evidently are 
only ^he grains of the photosphere precipitating themselves 
towards the centre of the spot, and sometimes crossing it like 
a briuge.

Fio. 71—Illustrating Secchi’e theory of solar spots.

“ In each spot we must distinguish three periods of exist­
ence : the first, of formation ; the second, of rest ; the third, 
of extinction. In the first, the photospheric mass is raised 
and distorted by a great agitation, often in the nature of a 
vortex, which elevates it all around the flowing streams, and 
forms irregular elevations, eithdSwithout penumbra or with a 
very irregular one. These irregular movements defy descri|>- 
tion : their velocities are enormous, and the agitated region
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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 succeeded by calm. In the second period, the agi­
tated and elevated mass falls back again, and tends to com­
bine in masses more or Ibss circular, and to sink by its weight 
into the surface of the photosphere. Hence the depressed 
form of the photosphere, resembling a funnel, and the numer­
ous currents which come from each point of the circumference 
to rush upon this obscure mass ; but at the same time the con­
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 ateprbing mass invaded on all sides by the photosphere is 
di^y ed 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 first period, although the 
dark region is invisible, its position is indicated by eruptions 
of metallic vapors, if the spot be considerable. On the dark­
est ones the vapors of sodium, iron, and magnesium are seen 
in the greatest quantity, and raised to great heights. A calm 
and circular spot is crowned by beautiful faculre and jets of 
hydrogen and metallic vapors, very low, though quite brilliant. 
A spot which is on the point of closing up has no metallic 
jets, and at the utmost only a few small jets of hydrogen, and 
a more agitated and elevated chromosphere. Besides, obser­
vation teaches that the eruptions in general accompany the 
spots, and that they are deficient at times when the spots aref 
wanting. Thus the solar activity is measured by the double! 
activity of eruptions and spots which have a common source, 
and the spots are really only a secondary phenomenon, de­
pending upon the eruptions and the more or less absorbing 
quality of the materials : if the erupted materials were not 
absorbent, we could see no sjhUs at all.

“ The eruptions composed simply of hydrogen do not pro-
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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 tq the faculae. The greater brilliancy of thefaculæ 
is due to two causes : the first is, the elevation of the photo­
sphere above the absorbing stratum of vapor which is'very 
thin (only one or two seconds of arc, as we have before said) ; 
this elevated region thus escapes the absorption of the lower 
stratum, and appears more brilliant. -The other cause may be 
that the hydrogen, in coming out, displaces the absorbing 
stratum, and, taking the place of the metallic vapors, permits 
a better view of the light of the photosphere itself.

“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 
phenomena, taken in connection, are the mark of sola^ activ­
ity. The spots occupy the zones on each side ofxhe solar 
equator, and rarely pass beyond the parallel of thirty degrees.
One or two seen at forty-five degrees are exceptions. That * 

parallel is therefore the limit of greatest activity of the bodyA 
It is remarkable that the parallels of thirty degrees divide the 
hemispheres into two sectors of equal volume. Beyond tliesq 
parallels we see faculæ, but not true spots—or, at most, only 
veiled spots indicative of a very feeble metallic eruption.

“ Such a fluid mass, in which themarts arc exposed to very 
different temperatures, could not (Subsist without an interior 
circulation. We do not yet know jits laws'; but the following 
facts arc well enough established7: tl>e zones of spots are not 
fixed, but have a progressive motion from the equator towards 
the poles. The spots, arrived at a certain high latitude, cease 
to appear, but after some time reappear at lower latitudes, 
and afterwards go on anew. Between these phases of dis­
placement there is commonly a minimum of spots. During 
periods of activity the protuberances have a dominant direc­
tion towards the pole, as also the flames of the chromosphere.
This indicates a general movement of the photosphere from

y
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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 parallels, 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 fortned.

“ The activity of the body is subject to considerable fluctu­
ations : the best established period is one of eleven and one- 
third years, b|t 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 at) indirect influence due to tjie thermal'action 
of the sun, which reacts upon its magnetism. It is, indeed, 
very natural to Suppose that the ethereal mass which tills the 
spaces of our planetary system may be greatly altered and 
modified by the jpitivity of the central body. But, whatever 
may be the causa 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 suffers, that we cannot suppose 
it less in the interior ; and, consequently, no solid layer can ex­
ist there, except perhaps at depths where the pressure due to 
gravity equals or surpasses the molecular dilatation produced
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by temperature. However it may be, the layer accessible to 
the exploration of our instruments is, no doubt, fluid and gase­
ous, and we $an 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 tne historic period. This constancy 
is due to several causes : first, to the enormous mass of the 
body, which can be cooled only very slowly, owing to its very 
high temperature ; second, to the contraction of the mass, 
which accompanies the condensation consequent upon the loss 
of heat ; third, to the emission of the heat of dissociation due 
to the production of chemical actions which may take place 

• in the total mass.
“ The origin of this heat is to be found in the force of grav­

ai ity ; for it is well proved that the solar mass, by contracting 
from the limits of the planetary system to its present volume, 
would produce, not only its actual temperature, but one sev­
eral times greater. As to the absolute value of this tempera­
ture, we cannot fix it with certainty. Science not yet having 
determined the relation which exists between molecular liv­
ing force (vis viva) and the intensity of radiation to a distance 
(which last is the only datum given by observation), we find 
ourselves in a àtatc of painful uncertainty. Nevertheless, this 
temperature must be several million degrees of onr thermom­
eter, and capable'of maintaining all known substances in a 
state of vapor.

“ Rome, February 11th, 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 perpendicular to their

19
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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—b sin* X;
a# being the angular velocity of a spot at the latitude X, and a 
and b being constants, having the samb value (a = 857'.6 and 

1 6=157'.3) over the whole surface of the Sun. These constants 
may vary slowly with the time, but I ha\,e 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. That these strips move nearly parallel to the equator, 
and never give indications of currents constantly directed tow- 

* ards either pole, as in the upper regions of our atmosphere.
“ 3. That the spots are hollow, or at least that the blaek nu­

cleus is perceptibly depressed in respect to the photosphere.
“The diminution in the rate of superficial rotation,4 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 sufficient 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 back 
in the form of rain into the interior. The latter are stopped 
at the depth at which they meet a temperature high enough 
to vaporize them anew, and afterwards force them to reaseeiju. 
As almost the entire inass of the sun partakes of this double 
movement, the heat radiated by the cloud will be borrowed 
from this mass, and /not from a superficial layer, the tempera­
ture of which would rapidly fall, and which would soon con­
dense into a complete crust. Hence the formation and sup­
port of the photosphere, and the constancy and long duration 
of its radiation, which is also partly fed by the slow contrac­
tion of the whole p/ass 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/uepth, as in mir rivers and in the great upper currents 
of our.atmosphere. )Phcse whirlpools, which tend to equalize 
the difference»-of. Velocity just spoken of, follow the currents 
of the photosphere in the same way that whirlpoole^and the 
whirlwinds, tornadoes, and cyclones of our atmosphere follow 
the upper currents in wtyich they originate. Like these, they 
are descending, as I have proved (against the meteorologists) 
by a special study ofyfhese terrestrial phenomena. They carry 
down into the depthê df 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 andflieat 
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 up tumultuously around 
the whirlpool, forming irregular jets which appear above the 
chromosphere. These jet/constitute the protuberances.

“ The whirlpools of the<8un, like those oil the earth, kre of 
all dimensions, from the scarcely visible poreiUo the enormous 
spots which we see from tiipe to time. They h^ye, like those 
of the earth, a marked tendency first to increase, and thenTto 
break up, and thus form a row of spots extending klong4he 
same parallel. The penumbra is due to a portion of the photo-X [
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sphere which forms around theh>conical surface at a lower 
level, on account of the lowering of the temperature produced 
by the whirlpool. Sometimes in this sort of luminous sheath we 
see traces of the whirling movement going on in the interior.

“It is more difficult to account for the periodicity of the 
spots. It seems to me t\iat it must depend upon fluctuations in 
the form of the interio^ layer, to which the condensed matter 
of the photosphere falls\in the form of rain. This flow of 
materials from above must alter, little by little, the velocity 
of rotation of this layer. If its compression is changed in the 
course of time, and if it becomes rounder, the variations in 
the superficial velocity of the photosphere, as well as the gyra­
tory movements, will diminish in intensity and frequency.

“A time will at length arrive when the vertical movements 
which feed the photosphere will become more and more hin­
dered. The cooling will then be purely superficial, and the 
surface of the sun will harden into a continuous crust.

“ Paris, February, 1877.”

Views of Professor^ Young.—“ 1. It seems to me almost dem­
onstrated, as a consequence of the low mean density of the 
sun and its great force) of gravity, that the central portions of 
that body, and, in fact, all but a comparatively thin shell near 
the surface, must be in a gaseous condition, and the gases at 
so high a temperature as to remain for the most part dissoci­
ated from each other, and incapable of chemical interaction. 
Under the influence of the great pressure and high tempera­
ture, however, their density and viscosity are probably such as 
to render their mechanical behavior more like that of such 
substances as tar or honey than that of air, as we are famil­
iar with it.

“ 2. The visible surface of the sun, the photosphere, is com­
posed of clouds formed by the condensation and combination 
of such of the solar gases as are cooled sufficiently by their 
radiation into space. These clouds are suspended in the mass 
of uncondensed gases like the clouds in our own atmosphere, 
and probably have, for the most part, the form of approximate­
ly vertical columns, of irregular cross-section, and a length
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many times exceeding their diameter. The liquid and solid 
particles of which they are made 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 
immense precipitation of what may be called solar ‘ rain and 
snow,’ which descends into tl;e 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 theVun’s bulk, and the thickening of 
the photosphere. I do not know any means of determining 
the thickness of the photospheric shell, but, from the phenom­
ena of the spots, judge that it can hardly be less than ten 
thousand miles, and that it may be much more.

“ 3. The weight of the cloud-shell, and the resistance offered 
to the descending products of condensation, act to produce on 
the enclosed gaseous core a constricting pressure, which forces 
the gases upwards through the intervals between the clouds 
with great velocity ; so that jets or blasts of heated gas con­
tinually ascend all over the sun’s surface, the same material 
subsequently redescending in the cloud-columns, partly con­
densed into solid or liquid particles, and partly "uncondensed, 
but greatly cooled. It seems also not unlikely that in the up­
per part of the channels through which the ascending currents 
rush, there may often occur the mixture of different gases 
cooled by expansion to temperatures sufficiently below the 
dissociation point to allowT of their explosive combination.

“ 4. The ‘ chromosphere ’ is simply the layer of uncondensed 
gases which overlies the photosphere, though separated from * 
it by no definite 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 disappear, leaving in the up­
per regions only hydrogen and some other substances not as 
yet identified. The dark lines of the solar spectrum originate 
mainly in the absorption produced by the denser gases which
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batlie the photoepheric clouds, and these metallic vapors are 
only bccasionally carried into the upper regions by ascending 
jets of unusual violence. When this occurs, it is almost in- 

"q variably in connection with a solar spot. The prominences 
are merely heated masses of the hydrogen and oth^r 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 may be, exists at a height of 
not less than a million of miles above the solar surface, con­
stituting the 6 coronal atmosphere.’ Another portion of its 
light appears to be simply reflected sunshine. But by what 
forces the peculiar radiated structure of theuçorona is deter­
mined, I have no definite idea. The analogies of comets’ tails 
and auroral streamers both appear suggestive ; but, on the other 
hand, tlie spectra of the corona, the aurora borealis, the com­
ets, and the nebulae are all different—no two in the least alike.

“ 6. As to sun-spots, there can be no longer any doubt, 1 
think, that they are cavities in the upper surface of the photo­
sphere, and that their darkness is due simply to the absorbing 
action of the gases and vapors which fill théjmZ It is also cer­
tain that very commonly, if not invariably, 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 tor the cause 
of the spots, and the interpretation of their telescopic details, 
I am unsatisfied. The theory of Faye appears to me, on the 
w’holo, the most reasonable of all that have yet been proposed ; 
but I cannot reconcile it with the want of systematic rotation 
in the spots, or their peculiar forms. Still, it undoubtedly has 
important elements of truth, and may perhaps be modified so 
as to meet these difficulties. As to the periodicity of the spots,

)
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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 oiler. Nor have I any theory to' 
propose to account for thé 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 corifessedly 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 Dnlong and Petit, seem to me 
hardly more trustworthy, since their whole result depends 
upon the accuracy of a numerical exponent determined by ex­
periment at low temperatures and under circumstances differ­
ing widely from those of the sun’s surface. The process is an 
unsafe extrapolation. The sensible constancy of the solar 
radiation seems to be fairly accounted for on the hypothesis 
of slow contraction of the sun’s diameter.

“'8. I look upon the accelerated motion of the sun’s equator 
as the most important of the unexplained facts in solar phys­
ics, and am persuaded that its satisfactory elucidation will carry 
with it the solution of roost 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 theory of the sun’s rota­
tion,. the cause and constitution of the spots, and the nature of 
the corona. The only peculiarity in my views lies, I think, 
in the importance I assign to the effects of the descending 
products of condensation, which I conceive to form virtually 
a sort of constricting skin, producing pressure upon the gas­
eous mass beneath, something as the film of a bubble com­
presses the enclosed air. To the pressure thus produced I 
ascribe mainly the eruptive phenomena of the chromosphere 
and prominences.

\

“ Dartmouth College, March, 1177." >
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Views of Professor Langley.—“It seems to me that we have 
now evidence on which to pass final adverse judgment on 
views which regard the photosphere as an incandescent liquid, 

j 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 
"'piirely vairons, Wd I consider these upper vapors to be 
lighter than thevtlmu^est cirri of our own sky. The obser­
vation of faculæ 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, vertical 
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 due to the presence, in 
unusual depth, of the saiyp obscuring atmosphere which forms 
the gray medium in which the luminous photospheric forms 
seem suspended, and which we here look through, where it 
tills openings in the photospheric stratum, down to regions 
of the solar interior made visible by the dim light of clouds 
of luminous vapor, precipitated in lower strata where the dew­
point has been altered by changed conditions of temperature 
and pressure. All observation and all legitimate inference 
go to show that the sun is gaseous throughout its mass, though 
by this it is not meant to deny the probable precipitation of 
cooling photospheric vapors in something analogous to rain ; 

-r 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 be expected, where these are essentially 
modified (if by no other cause) by the viscosity due to extreme 
heat. The temperature of the sun is, in my view, necessarily



Fib. 72.—Solar spot, after Langley.
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much greater than that assigned by the numerous physicists, 
who maintain it to be comparable >^ith that obtainable in the 
laboratory furnace ; Ugjf ipe cannot conEdetitiy assign any up- 
per limit to it until physics lias advanced beyty|l 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 obscurity now at»

tending this important gestion. No theory sf^tlic solar con­
stitution which is free from some objection lias yet been pnji 
posed ; but if the master-key to the diverse problems it pre­
sents lias not been found, it is still true, I think, that the,-one 
which unlocks most is that of M. Faye.

“ Of the potential energy of the sun, we may say that we 
believe it to be sufficient for a supply of the present heat dur­
ing periods to be counted by millions of years. But what ini-

4
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mediately concerna ua is the conetancy of the rate of conver­
sion of this potential into actual radiant energy, aa we receive 
it, for on this depends the uniformity of the conditions under 
which we exist. Now, this uniformity in turn depends on 
the equality of the above-mentioned interchanges between the 
solar surface and the interior, an equality of whose constancy 
we know nothing save by limited experience*. The most im­
portant statement with reference to the sun, perhaps, which 
we can mike 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 periods and in the future.

“ The above remarks, limited as they are, appear to me to 
cover nearly all the points as to the sun’s physical constitu­
tion (ontside of the positive testimony of the spectroscope) on 
which' we are entitled to speak with confidence, even at the 
present time.”

I
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CHAPTER III.
THE INNER GROUP OF PLANETS.

Its mean distance from

§ 1. The Planet Mercury.
Mercury is the nearest known planet to the sun, and the 

smallest of the eight large planets, 
the sun i» 40 millions 'of 
miles, antf its diameter about 

v 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

Fio. 73.—Orbits of the lotir inner pin nets. Il­
lustrating the eccentricity of those of Mercu­
ry and Mars.

its proximity to the sun, as it seldom sets more than an hour 
and a half after the sun, or rises rilflre than that length of 
time before it. Hence, when the evening is sufficiently ad­
vanced to allow it to be seen, it is commonly so near the hori­
zon as to he lost in the vapors which are seen in that direction. 
Still, by watching for favorable moments, it can bo 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: ^

1877.
1878.
1879.

May 8d, August 26th, December 25th. 
April 14th, August 9th, December 9th. 
March 28th, July 23d, November 21st.
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The corresponding times in subsequent years may be found 
by subtracting 18 days from the dates for each year ; that is, 
they will occur 18 days earlier in*!879 than in 1878 ; 18 days 
earlier in 1880 than in 1879, and so on. It is not necessary 
to look on tlie exact days we have given, as the planet is gen- 

«• erally visible for fifteen or twenty days at a time. Each da.te 
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, about three-quarters of an hour 
after sunset, the spring is in this respect much more favorable 
than autumn.

Aspect of Mercury.—Mercury shines with a brilliant white 
light, brighter than that of any fixed star, except, perhaps, 
Sirius. It does not seem so bright as Sirius, because it can 
never be seen at night except very near the horizon. Owing 
to the great eccentricity of its orbit and the great variations of 
its distance from the earth, its brilliancy varies considerably ; 
but the favorable times we have indicated are near those of 
greatest brightness.

Viewed with a telescope under favorable conditions, Mer­
cury is seen to have phases like the moon. When beyond the 

*sun, it seems round and small, being only about 5" in diame­
ter. When seen to one side of the sun, near its greatest ap­
parent angular distance, it appears like a half-moon. When 
nearly between the sun and earth, its diameter is between 10" 
and 12", but only a thin crescent is visible. The manner in 
which these various phases 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, Fiyure, Atmosphere, etc.—About the beginning of 
the present century Sçhroter, the celebrated astronomer of 
Lilienthal, who made the telescopic study of the planets a 
speciality, thought that at times, when Mercury presented the 
aspect of a crescent, the south horn of this crescent seemed 
blunted at certain intervals. He attributed this appearance to 
the shadow of a lofty mountain, and by observing the times 
of its return was led to the conclusion that the planet revolved
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on its «^xis in 24 hours 5 minutes. He also estimated the 
height of the mountain at twelve miles. But the move power­
ful instruments of modern times have not confirmed* these 
conclusions, and they are now considered as quite doubtful, if 
not entirely void of foundation. That is, we must regard the 
time of rotation of Mercury on its axis, and, of course, the 
position of that axis, as not known with certainty, but as per­
haps very nearly 24 hours.

The supposed atmosphere of Mercury, the deviation of its 
body from a spherical form, and many other phenomena 
which observers have described, must be received with the 
same scepticism. No deviation from a spherical form can be 
considered as proved, the discordance of the measures showing 
that the supposed deviations are really due to errors of obser­
vation. So, also, the appearances which many observers have 
attributed to an atmosphere are all to be regarded as optical 
illusions, or as due to the imperfections of the telescope made 
use of. From measures of its light at various phases Zollner 
has l>een led to the conclusion that Mercury, like our moon, 
is devoid of any atmosphere sufficiently dense to reflect the 
light of the sun. If this doubt and uncertainty seems surpris­
ing, it must be remembered that the nearness of this planet to 
the sun renders it a very difficult object to observe with accu­
racy. We must look at it either in the daytime, when the air 
is disturbed by the sun’s rays, or in the early evening, when the 
planet is very near the horizon, and therefore in an 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 -years. These transits 
are always looked upon with great interest by astronomers, on 
account of the qnestionsjo whicl/they have girên rise. From 
the earliest ages in which it was known that MercVy moved 
around the sun, it was evident that it must sometime^, pass be­
tween the earthTtnd 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. He 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^) 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. Ilalley, 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. We have already men­
tioned the great accuracy which he attributed to his observa­
tion, and the phenomenon of the black drop which he was the 
first to see. t

The following are the dates at which it has been calculated 
that transits of Mercury will occur during the remainder of 
the present century. The first transitxwill be visible over the 
whole United States, and the second on "the Pacific coast.

1878........................ May Cth. 1894................................ November 10th.
1881........................ November 7th. 1901.......................November 4th.
1891.........................May 9th.

§ 2. The Supposed Intra-Mercurial Planets.
At the present time the greatest interest which attaches to 

transits of Mercury arises from the conclusion which Le ver­
rier has drawn from a profound comparison of transits ob­
served before 1848 with the motion of Mercury as determined 
from the theory of gravitation. This comparison indicates, 
according to Leverrier, that the perihelion of Mercury moves 
more rapidly by 40" a century than it ought to from the grav*
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itation of all the known planète of the system. He accounted 
for this motion by supposing a group of small planète 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- tl^ey 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-Mereurial planets belong to this class. Wolf has collected 
nineteen observations of unusual appearances on the sun, ex­
tending from 1761 to 1865, but, with twro or three exceptions, 
the observers are almost unknown as astronomers. In at least 
one of these cases the observer did not profess to have seen 
anything like a planet, but only a cloud-like appearance.. On 
the other hand, for fifty years past the sun has bqpn constant­
ly and assiduously observed by such men as Schwabe, Carring­
ton, Secchi, and Spoorer, 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.

Iu estimating this probability we must remember that a 
rea^f planet appearing on the sun would be far more likely to 
be recognized by a practised than by an unpractised observer, 
much as a new species of plant or animal is more likely to be 
recognized by a naturalist than by one who is not 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 sun, by his apparent diurnal motion, 
presents different parts of the edge"of his disk to the hori­
zon in the comW of a day ; he secure, in fact, in the north­
ern hemisphere to thru, round in the same direction with the 
hands of a watch. Hence, if a spot is seen near the edge of 
his disk it will seem to be in though really at rest.
On the other hand, should ajKéxperienced observer see a planet 
projected on the sun’s face, he could hardly fail to recognize it 
in a moment ; and sjxJuld any possible doubt exist, it would be 
removed by a vef9fbrief scrutiny.

The strongest 'argument against these appearances being 
planets is, that the transit of a planet in such a position could 
not be a rare phenomenon, but would necessarily repeat itself

<at certain intervals, depending on its distance from the sun 
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 sun one-half th#£ 
of Mercury, the planet would pass over the face of the sun^1 
on the average, about once a year, and its successive transits 
would occur either very near the same day of the year, or on 
a certain day of the opposite season. The supposed transits 
to which'we have referred occur at all seasons, and if we sup­
pose them real, we must suppose, as a logical consequence, 
that the transits of these several planets are repeated many 
times a year, and yet constantly elude the scrutiny of all good 
observers, though occasionalljkecen by unskilled ones. This is 
a sufficient reductio ad absurdum of the theory of their reality.

It is very certain, then, that if the motion of the perihelion 
of Mercury is due to a group of planeti, they are each so 
small as to be invisible in transits across the sun. They must

* Some readers 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
culiarity of his telescope. In one instance, about thirty years since, a telescopic 
observation of something which we now know must have been flights of distant 
birds over the disk of the sun was recorded, and published in one of the leading 
astronomical journals, as a wonderful transit of meteors. The publication was 
probably not seriously intended, the description being a close parallel to that of 
the satirical poet. See Astronomisehe Nachrichten, No. 549.

t
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also be so small as to be invisible during total eclipses of the
sun, because they have always failed to show themselves then. 
But to produce the observed effect on Mercury, their total
mass must be three or four times that of Mercury. Being so
small individually, and so large irç the aggregate, their num­
ber must be counted by thousands ; and if sepn/at all, they 
will be seen only as a cloud-like mass. Now, in the zodiacal 
light we liavô such a mass, and the question arises whether the 
matter which reflects this light can be that which affects the 
motions of Mercury. Although the affirmative of this ques­
tion involves nothing intrinsically improbable, it cannot be 
accepted without further investigation. The delicate point 
involved is, that unless we suppose the hypothetical group vf 
planetoids to move nearly in the plane of the orbit of Mercury, 
they must change the node of that, planet as wefl as its peri­
helion. Now, the observations discussed by Lcverrier do not 
show any motion of the node above that due to the action of 
the known planets. We thus reach the enforced conclusion 
that if the motion of the perihelion is due to the cause as- ’ 
signed by Lcverrier, the planetoids which cause it must, in the 
mean, move in nearly the same plane with Mercury. But it 
has not yet been shown that the axis of the zodiacal light de­
viates from the ecliptic by so great an angle as the orbit of 
Mercury, namely 7°. A great deal of research—more, in fact, 
than is likely to be applied to the subject during the present 
generation—will be required before the question can be settled.

§ 3. The Planet Venus.
TMm nlanof Vnnna inn vos «rminrl ilin cnn olmuf trav

between the orbits of Mercury and the earth, its ineanAdistance 
from the sun being 67 millions of miles. Its orbit/is more) 
nearly circular than that of any of the other principle! planets/
It is very nearly the size of the earth, its diameter being little,

never recedes more than about 45° frointluE sun, and is, thefe-

4
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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 w^cre 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 beijig- given when the 
planet, being east of the sun, was seen in the evening after 
sunset, and the latter when, being to the west of the sun, it 
was seen in the east before sunrise. It is said that before the 
birth of exact astronomy Hesperus and Phosphorus were sup­
posed to be two different bodies, and that it was not until 
their motions were studied, and the one was seen to emerge 
from the sun's rays soon after the other was lost in them, that 
their identity was established.

Aspect of Venus,—To the unaided eye Venus presents the 
appearance of a mere star, distinguishable from other stars 
only by its intense brilliancy. But wdien Galileo examined 
this planet with his telescope, he found it to exhibit phases 
like those of the moon. Desiring to take time to assure him­
self of the reality of his discovery, without danger of losing 
his claim to priority through some one else in the mean time 
making it independently, he published the following anagram, 
in which it was concealed: *=■ >

“ Ilæc immatmn a mo jam frustra legnntur o. y.”
(These unripe things are now vainly gathered by me).

By transposing the letters of this sentence he afterwards 
showed that they could be made into the sentence,

“Cynthia; figuras æmulatur mater nmorum ”
(The mother of the loves imitates the phases of Cynthia).

That, the disk of Venus was not round was first noticed by 
Galileo in September, 1010. A computation of its position 
at that time shows that it must have been a little gibbous, 
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. When beyond the sun, it is at a dis­
tance of 160 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 be more than 60" in diameter.

€
€)

»

m a
Fio. 74__Phases of Vernis, showing apparent figure and magnitude of the bright and dark

portions of the planet in various points of its orbit.

But, being then on the same side of the sun with ns, its dark 
hemisphere is turned towards us, except, perhaps, an extreme­
ly thin crescent of the illuminated hemisphere. Between 
these two positions it goes through all the intermediate 
phases, the universal rule of which -is that the nearer it is 
to the earth, the smaller the proportion of its apparent disk 
which is illuminated ; but the larger that disk would appear 
could the whole of it he seen. Its greatest brilliancy occurs 
between the time of its greatest elongation from the sun and 
its inferior conjunction.

Supposed Rotation of Venus.—The earlier tclcscopists pâtu­
rai ly scrutinized the planets very carefully, with a view of find­
ing whether there were any inequalities or markings on their 
surfaces from which the time of rotation on their axes could 
be determined. In April, 1667, Cassini saw, or thought he 
saw, a bright spot on Venus, by tracing which for several suc­
cessive evenings he found that the planet revolved in between 
23 and 24 hours, i Sixty years later Blanchini, an Italian as-

V
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tronomcr, whose telescope is shown on pn^e’112, supposed that 
he found seven spots on the planet, which he considered to he 
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 Cassini, who showed that Blanchini, only seeing the plan­
et a short time each evening, and finding the spots night after 
night id nearly .the same position, concluded that it had moved 
very li(t]y from night to night; whereas, in fact, it had made 
a complete revolution, and a little more. At the end of 24 
days it would he seen in its original position, hiïCwould have 
made 25 revolutions in the mean time, instead of one only, as 
Blanchini supposed. This would make the time of rotation 
23 hours 2£ minutes, while Cassini found 23 hours 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 créant, he thought that one of them was blunted at 
certain intervals. Attributing this nppearanctf to a high moun­
tain, as in the case of Mercury, he found a time of rotation 
of 23 hours 21 minutes.

On the other hand, Ilerschel was never able to see any per­
manent markings on Venus. lie thought he saw occasional 
spots, but they varied so much and disappeared so rapidly that 
lie could not gather any evidence of the rotation of the plan­
et. lie 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 1842,1)c Vico, of Rome, came to the rescue of the older 
astronomers by publishing a series of observations tending to 
show that he had rediscovered the markings found Ky Blau- 
cliini more than a century before. lie deduced for the time 
of rotation of the planet 23 hours 21 minutes 22 seconds.

The best-informed astronomers of the present day look witn 
suspicion on nearly all these observations, being disposed to



THE PLANET VENUS. 293

\X
sustain the view of Ilerschcl, 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 their predecessors, who have 
never been able to see any permanent spots. The close agree­
ment between the times of rotation found by the older ob­
servers is indeed striking, and might seem to render it certain 
that they must have seen spots which lasted several days. It 
must also be admitted in favor of theBe observers that \,fine 
steady atmosphere is as necessary for such observations as a 
fine telescope, and it is possible that in this respect the Italian 
astronomers may be better situated than those farther north. 
But the circumstance that the deduced times of rotation in 
the cases both of Mercury 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
scope, it might repeat itself several days in succession, and 
thus give rise to tile belief that the time of rotation was near­
ly one day. The case is 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.*

1ère of Venus.—The appearance of Venus when near­
ly between us and the sun affords very strong evidence of the 
existence of an atmosphere. The limb of the planet farthest 
from the sun is then seen to he illuminated, so that it appears
as a complete circle of light. If only half the globe of the
planet were illuminated by the sun, this appearance could 
plover present itself, as it is impossible for an observer to see 
more than half je»f a large sphere at one View. There is no

* The latest physical observations on Venus with which I am acquainted are 
those of Dr. Vogel at Bothkamp, in Part II. of the “Bothkamp Observations” 
(Leipzig, Engelmann, 1873). The result to which these observations point is that 
the atmosphere of Venus is filled with clouds so dense that the solid body of the 
planet can not be seen, and no time of rotation can be determined.



294

r

THE SOLAR SYSTEM.
«

known way in which the sun can illuminate so much more 
than the half of Venus as to permit a complete circle of light 
to be seen except by the refractiou of an atmosphere.

The appearance to which we allude was first noticed by 
David liittenhouse, of Philadelphia, while observing the tran­
sit of Venus on June 3d, 1709. When Venus had 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 
which was off the disk appeared illuminated so that the out­
line of the entire planet could be seen. As this appearance 
was not confirmed by other observers, it seems to have excit­
ed no attention. But it was found by Miidler in 1849 that- 
when Venus was near inferior conjunction, the visible crescent 
extended through more than a half-circle. This showed that 
more than half the globe of Venus was illuminated by the 
sun, 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'. lie 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 Vale College.» In December, 1806, 
Venus was very near her node at inferior conjunction, and 
passed unusually near the line drawn from the earth to the 
sun. Examining the minute crescent of the planet with a 
moderate-sized telescope, he found that he could see the entire 
circle of the planet’s disk, an exceedingly thin thread of light 
being stretched round the side farthest from the sun. So far 
as known, this was the first time that the whole circle of Venus 
had been seen in this way since the time of liittenhouse. It 
is remarkable that both observations-^hould have been made 
by isolated observers in America.

Notwithstanding the concurrent testimony of Rittenhouse, 
Miidler, and Lyman, the bearing of their observations on what 
was to be expected during the transit of Venus in December, 
Is74, was entirely overlooked. Accordingly, many of the ol>-

1
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servers were quite taken by surprise to find that when Venus 
was pàrtly on and partly off the sun, the gaitline of that part 
of her disk outside the sun could he distinguished hy a deli­
cate line of light extending around it. In sortie xtâeb the 
time of internal contact at egress of the planet wœ missed, 
through-the-qbserver mistaking this line of light for the limb 
of the sun. 'V

Th^t no one but Rittenhouse saw this line of light during 
the transit of 17G9 is to he attributed to the low altitude of 
the planet at most of the stations, and to the imperfect char­
acter of many of ffie instruments used. It is also to he re­
marked that the observers of that time had an erroneous no­
tion of the appearance which would he presented hy an atmos­
phere of Venus. It was supposed that the atmosphere woojd 
give the planet a nebulous border when on the sun, caused lfy 
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 he possi­
ble to see any indications of an atmosphere under such cir­
cumstances, for the reason {hat the light passing through its 
denser portions would he refracted entirely out of its course, 
so as not to reach an observer on the bartli at all. $

The spectroscope shows no indication that the atmosphere 
of Venus exerts any considerable selective absorption upon 
the light which passes through iflf 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.

aS'apposed Visibility of the Dark Hemisphere of Venus.—Many 
astronomers of high repute have soon the dark atmosphere of 
Venus slightly illuminated, the planet presenting the appear­
ance known as “ the old moon in the new moon’s arms,” which
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' may be seen on any clear evening three or four days after the 
tdiange of the moon. It is well.known that in the case of 
jilie moon her dark hemisphere is thus rendered visible by the 
light/reticcted from the earth. But in the case of Venus, 
thk/c 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 beçji attrib­
uted to a phosphorescence of the surface of the planet. If 
the phosphorescence were always visible under favorable cir­
cumstances, there would be no serious 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 difficult to avoid the conclusion that the whole ap­
pearance is due to some unexplained optical illusion. The 
appearance is nearly always seen in the* daytime or during 
bright twilight—rarely or never after dark. But such an il­
lumination would be far more easily seen by night than by 
day, because during the day an appearance easily seen at 
night might be effaced by the light of the sky. If, then, the 
phenomenon is real, why is it not seen when the circumstances 
are such that it should be most conspicuously visflffe ? This 
is a question to which no satisfactory answer has been given, 
and until it is answered we are justified in considering the ap­
pearance to be purely optical. ,

Supposed Satellite of Venus.—No better illustration of the er­
rors to which observations with imperfect instruments are lia­
ble can be given than the supposed observations of a satellite 
of Venus, made when the telescope was still in its infancy. 
In 1672, and again in 1686, Cassini saw a faint object near 
Venus which exhibited a phase similar to that of the planet. 
But lie never saw i(^except on these two occasions. A similar 
object was reported by Short, of England, as seen by him on 
October 23d, 1740. The diameter of the object was a third 
of that "f Venus, and it exhibited a similar phase. Several 
other observers saw the same thing between 1760 and 1761.
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the observations; but it was an orbit in which no satellite of 
Venus could possibly revolve unless the mass of the planet wero 
ten times as great as it really is. A century has now elapsed 
without the satellite having been seen, and the foot that dur­
ing this 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 intoges 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 arc sometimes produced by the re­
flection of light between the surfaces of the various lenses of 
the eye-piece. They are well known to astronomers under 
the name of “ghosts;” and one of the first things a young ob­
server must learn is to distinguish them from real objects. 
They may also arise from a slight maladjustment of the lenses 
of the eye-piece, and if, proceeding from this cause, they are 

y/produced only when the actual object is in the centre of the 
held, they may, for the moment, deceive the most experienced 
observer.* / If, in an ordinary achromatic telescope, in which 
the interior curvatures of,thc lenses arc the same, the latter 
are not exactly at the same distance all the way round, a ghost 
will bp seen along side of every bright object in all positions. 
It is<|irobable 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 .eye-pieces of the greet Washington telescope shows a beautiful 
little satellite nlong-side the planet Uranus or KWune when the image of the 
planet is brought exactly in the centre of the field of view, hut it disappears as 
soon as the telescope is moved. The writer was deceived by this appearance on 
two occasions while scrutinizing these planets for ytvsc satellites.
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§ 4. The Earth.
Our earth is the third planet in the order of distance from 

the sun, and slightly the largest of the inner group of fçur. 
Its mean distance from the sun is about 92f millions of miles ; 
but it is a million and a half less than this mean on January 
1st of every year, and as much greater on July 1st. That 
is, its actual distance varies from 91 to 94 millions of miles. 
As already remarked, these numbers are uncertain by several 
hundred thousand mil^s.

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 features 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 considerations come into play. Prominent among 
these is that of the state of the great interior mass of our 
globe, whether solid or liquid. It is well known that wher­
ever we descend intofthe solid portions of the earth, we find a 
rise in temperature, going on uniformly with the depth, at a 
rate which nowhere differs greatly from 1° Fahrenheit in 50 
feet. Tty is rise of temperature has no connection with the 
sea-level, but 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 
inside the earth. The rise of temperature, therefore, cannot 
be something merely superficial, but must continue to a great 
depth. If we trace to past times the conditions which must 
have existed in order that the increase might show itself at the 
present time, we shall find it almost certain that, a thousand
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years ago, the whole earth was red-hot at a distance of ten or 
fifteen miles below its surface ; because otherwise its interior 
could not have furnished the supply of heat which now causes 
the observed increase. Thi^1 being the case, it is probably red- 
lib t still, since it would be absitrd 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 comparatively thin solid crust, on which we 
live. This crust floats, as it were, on the molten interior. It 
must he 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 Fm. tb.—showing thickness 
were in equilibrium, the latter would he l,flt*eei*rlh’tfc'UBt a^'',rd" 
the higher, as a floating block of pine ry of a molten interior, 

wood will rise higher ont of the water proportion than the solid 
than a block of oak. Boiling springs in cruBt- 
many parts of the, globe show that there are numerous hot re­
gions in the earth’s interior, and this heat cannot he merely 
local, because then it would soon be dissipated. ri3ut the gcol- 

' ogist finds the strongest proof of the theory in volcanoes and 
earthquakes. The torrents of Java which have been thrown 
out of the former through thousaifûs of years show that there 
are great volumes of molten matter in the earth’s interior,

White hot,

or Molten

Interior
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while the latter show this interior to he subject to violent 
changes 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, we 
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, 60 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 tlfet 
no one denies that the interior of our planet is intensely hot— 
hot enough, in fact, to melt the rocks at its surface — but'sit 
is supposed that the enormous pressure of the outer portions 
tends to keep the inner part from melting. N<* is it ques­
tioned by Sir William Thomson that there are grmt 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.

Infraction of the Atmosphere.—If a ray of light pass through 
our atmosphere in any other than a vertical direction, it is 
constantly curved downwards by the refractive power of that 
medium. The more nearly horizontal the course of the ray, 
the greater the curvature. lu 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 arc. The dis­
placement is too small to be seen by the naked eye except 
quite near the horizon, where it increases rapidly, amounting 
to more than half a degree at the horizon itself. Consequent­
ly, at any point where we have a clear horizon, as on a prairie, 
or the 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 jfcnd 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 we must add some three 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 be quite clearly visible. 
When his lower limb almost seems to touch tlurwater, it will 
be seen that the form of his disk is no longer round, 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 be 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 first in the proportion of the tangent of the ze­
nith distance, so that at 45°, or half-way between the zenith 
and they horizon, it amounts to GO"; at the horizon it is 34'.

The jluro\a Borealis.— This phenomenon, though so well 
known, is one of which great difficulty has been found in giv­
ing a satisfactory explanation. That it is in some way con-
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Fio. 76.—Distribution of auroras, after Loomis. The darker the tolor, the more frequently
auroras are seen.

nccted with the pole of the earth is shown by the faet 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 bo, not the poles, but the neighborhood of the 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 arc seen in the aurora; or we might 
say that the light assumes two distinct forms, of which some­
times the one and sometimes the other preponderatés. They 
are as follows :

1. The cloud-like form. This consists of a large irregular 
patch of light, frequently*#!^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.

Pie. 77.—View of aurora.

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 arc projected, but they arc re­
ally straight. They are in a state of constant motion. Some-
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times they arc spread out in the form of an immense flag 
with numerous folds, dancing, quivering, and undulating, as 
if moved by the wind. ns.

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 irregular currents of electricity pass through the 
telegraph wires that it is difficult to send a despatch. Some­
times the current runs with such force that a message may 
be sent without a battery. The 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 wasulue entirely to currents of electricity passing 
thVough the upper regions of the atmosphere from one pole to 
the other. But ^recent researches seem to show that, though 
this view may he partly true, ft is far from the whole truth, 
and does not afford a complete explanation. The great height 
of the aurora and die mature of its spectrum both militate 
against it. \

Height of the 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 
stallions. The general result is that it extends to the height of 
from 400 to COO miles. But the evidence of shooting-stars 
and meteors seems to indicate that the limit of the atmosphere 
is between A00 and 110 miles in height. If it extends above 
this, it must be too rare to conduct electricity long before it 
reaches theigreatest height of the aurora ; indeed, it is doubt­
ful yhether it does not attain this rarity at a height of 40 or 
30 miles. If, then, the aurora really extends to the great 
height we have mentioned, and still exists in a gaseous medi­
um, it seTJms difficult to avoid the conclusion that this medium 
is something far more ethereal than the gases which form our 
atmosphere. It would, however, be un philosophical to assume 
the existence of such a medium without some other evidence 
in its favor than That afforded by the aurora. We must in-

| *
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elude the aurora among those things in which modern ob­
servations have opened up more difficulties than modern theo­
ries have explained.

Spectrum of th,e Aurora.—The spectrum of th^ aurora is so 
far from uniform as to be quite puzzling. There is one char­
acteristic bright line in the green part of the spectriim, known 
as Angstrom’s line, from its first discoverer. This was the 
only line Angstrom conld see: he therefore pronounced the

aurora is so

light of the aurora Jto be entirely of one color. Subsequent 
observers, however, àaw many additional lines, but they were 
different in different auroras. Among those who have fnade 
careful studies of the aurora with the spectroscope are the 
late Professor Winlock, of Harvard University; Professor 
Barker, of Philadelphia ; and Ur. II. C. Vogel, formerly of 
Bothkamp.

C D K » r
Fuj. 78.—Spectrum of two of the great auroras of 1871, after Dr. H. C. Vogel.

Fig. 78 shows the spectra of two auroras, as drawn by Dr. 
Vogel. It will be seen'that there is one fine bright line be- 
tween D and E, which would fall in the yellowish-green part 
of the spectrum, while the others arc all broad, ill-defined 
bands. Dr. Vogel notices a remarkable connection between 
these lines ayd several groups of lines produced by the vapor 
of iron, and inquires whether this vapor can possibly exist in 
the upper regions of our atmosphere. A more complete study 
of the spectra of vapors at different pressures and tempera­
tures is necessary before we can form a decided opinion as to 
wnat the aurora really is.

21
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aurorà, and

that aurohto 
md 1884 : al

Of the supposed periodicity of the aurorà, and its connection
with sun-spots, we have already spoken. (Granting the realityX
of this connection, we may expect that auroras will be very 
frequent between the years 1880 and 1884; a\d if this ex- 
^ctation is realized, little doubt of the connection will remain.

§ 5. The Moon.
The moon is much tbe-nearest to us çif all the heavenly 

bodies; no other,except possinly 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 com-* 
of each monthly revolution. The least possible distance is 
221,000 miles; the greatest is 259,600 miles. It yfoy rarely 
approaches cither of these limits, the usual os^plstyu being 
about 13,000 miles on each side of the meanXdistance of . 
240,300. The diameter of the moon is 2160 nijyjfcs, or some­
what less than two-sevenths that of the earth. Her volume is 
about ooe-fiftieth that of the earth, and if she were as dense 
as the latter, her mass would be in the same proportion.

yjiWMMjjijral ylljl 
a '"'i: i|'||i|i| J

I rnm !

Fio. 70.—Relative size of earth and moon.

But her actual mass is only about one-eightieth that of the 
earth, showing that her density, or the specific gravity of the 
material of which she is composed, is little more than half that
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of our globe. lier weight is, in fact, about 3£ times that of 
her hulk of x^ate

arkahle feature of the motion of tl 
one revolution on her axis in the

The most remarkable feat life of the motion of the moon is,
that she makes same time
that she revolves around the earth, and so always-»presents the 
same face to us. tin consequence, the other side of the moonsame lace to us. |^ln consequence, the other side ol the moon 
must remain forever invisible to human eyes. The reason of 
this peculiarity is to he found in the ellipticity of her globe.
That she should originally have been set in revolution on her 
axis with precisely the same velocity with which she revolved 
around the earth, so that not the slightest variation in the re­
lation of the two motions should ever occur in the course of 
ages, is highly improbable. If such had been the state of 
things, the correspondence of the two motions could not have 
been kept up without her axial rotation varying ; because, 
owing to the secular acceleration already described, the moon, 

/in the course of ages, varies her time of revolution, and so 
the two motions would cease to correspond. But the effect of 
the attraction of the earth upon the slightly elongated lunar 
globe is such that if the two motions are, in the^beginning, 
very near together, not only will the axial rotation-accommo­
date itself to the orbital revolution around the earth, but as 
the latter varies, the former will vary with it, and thus the 
correspondence will be kept up. v

Figure, Rotation, and Libration of the Moon.—Supposing the 
shape of the moon to be the same as if it xvere a fluid mass, 
or covered by an ocean, it will be an ellipsoid with three un­
equal axes. The shortest axis will be that around which it 
revolves, which is not very far from being perpendicular t;o 
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 thti 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 axis. If we consid­
ered only the action of this force, we should conclude that the 
moon, like the earth, was an oblate spheroid, the equator be-
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ing a perfect circle. But the attraction of the earth upon th& 
moon tends to elongate it in the direction of the line joining) 
the two bodies, in the same way that the attraction of the moon 
upon the earth generates a tide-producing force which we have 
already explained. At the centre of the moon the attraction
of the earth and the 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 mttt^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 off from the centre and from the 
earth. On this side of the moon the case is reversed, the at­
tractive force of the earth exceeding the centrifugal force of 
those parts of the moon, whence those parts are impelled by a 
force tending to draw them to the earth. The effect would 
be much the same as if a rope were fastened to this side of 
the moon, and constantly pulled towards the earth, while an­
other were fastened to the opposite side, and as constantly 
pulled from the earth. Supposing^thc moon to be a liquid, 
so 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 arc very minute. Taking the results of Lagrange and 
Newton, the mean axis would be 4fi£ feet longer than the 
shortest one, and the longest ISO feet longer than the mean 
one, or 232J feet longer than the shortest one.* These differ­
ences are so much smaller than the average height of the 
lunar mountains that the irregularities produced by the latter 
might entirely overpower them ; but the correspondence be­
tween the motions of rotation and revolution of the moon 
sho ‘hat, there must be, on the average, a rejil elongation in

* These numbers nre, perhaps, not strictly correct. The extension of 180 feet 
was deduced by Newton from a comparison of the distorting powers of the centrif­
ugal force of the earth with that of the force we have just described. lie seems 
to have overlooked the fact that the small density of the moon wiltXause the 
elongation to be greater.

z
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the direction of the earth. This correspondence is kept up by 
the slight additional attraction of the earth upon this extension 
of the moon towards the eartji, combined with the additional 
centrifugal force of the extension on the other side. Although
these forces are not by any means the same $ts the distorting 
forces already described, they may be represented in the same 
way by two ropes, one of which pulls the protube ranee on this 
side towards the earth, while the other pulls the protuberance 
on the other side from it. If the two protuberances d^, not 
point exactly towards the earth, the effect of these two minute 
forces will be to dflfw 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 upon 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 "Arc)for- 
grCFdcprived of the view of the other side of our satellite, we 
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 imaginatibn.

The forces we have just described as tending to keep the 
same face of the moon pointed towards us would not produce 
thisxcffect 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 accelerated by so 
small an amount as one revolution in two or three years, there 
is every reason to believe that she would keep on revolving at 
the new rate, notwithstanding the force in question. The case 
is much like that of a very easy-turning fly-wheel, which is 
slightly weighted on one side. If we give the wheel a gentle 
motion in one direction or another, the weight will cause the 
wheel to turn till the heavy side is the lowest, and the wheel



310 TUE SOLAR SYSTEM.

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, 
IIow 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 w’ould 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 foVce we have just described as drawing the protuber­
ant portion of *the moon towards the earth is so excessively 
minute that it takes it a long time to produce any sensible ef­
fect ; consequently, although the moon moves more rapidly in 
some pomts of her orbit than in others, the force in question 
produces) no corresponding change in the moon’s rotation. 
The protuberance does" not, therefore, always point exactly at 
the earth( but sometimes a little one side, and sometimes a lit­
tle the otlibc. according as the moon is ajmad of or behind her 
mean place iry the orbit. The result is, t^iat the face, which 
the moon present^ to us is not always exactly the same, there 
being a slight appchçnt (not real) oscillation, due 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 the lunar surface which may, at one time or another, 
come into view from the earth.

The Lunar Day.—In consequence of the peculiarity in the 
moon’s rotation which we have described, the lunar day is 29$ 
times as long as the terrestrial day. Near the moon’s equator 
tire 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. During 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, 
while during the day it must become hotter 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 have 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 wst rude idea of the 
real nature of the lunar surface was gnined by. Galileo with 
his telescope. lie 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 ?vnd uniform. Here he sa\f%a striking resemblance to
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the geographical features of our globe, and is s;iaid to have su
gested that the brighter and rougher portions might be conti­
nents, and the dark, smooth j>ortions oceans. This view of the 
resemblance to terrestrial scenery is commemorated in Mil­
ton’s description of Satan’s shield :

“ Like the moon, whose orb
Through optic glass the Tuscan artist views 
At evening, from the top of Fesolé,
Or in Valdarno, to descry new lands,
Hivers, or mountains in her spotty globe. ”

The opinion that the dark portions of the lunar disk were 
seas whs shared by Kepler, Hevelius, and Ricciolus. 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 fanciful. Among them arc Oceanus Procella- 
i'uih (the Ocean of Storms), ‘Mare Tranquillilatis (Sea of Tran­
quillity), Mare lmbriuni (Rainy Sea), etc. The names of great 
philosophers and astronomers were given to prominent feat­
ures, craters, etc. , '

If this resemblance between the earth and moon lyid been 
established ; 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 been immensely heightened. But the more 
the telescope was improved, the more clearly it was seen that 
there was no similarity between lunar and terrestrial scenery. 
A very slight increase of telescopic power showed that there 
was no more real smoothness in the regions of the supposed 
seas than elsewhere. The inequalities were smaller and hard­
er to see on account of the darkness of color; but that was 
all. The sun would Have been brilliantly imaged back from 
the surfaces of the oceans in certain positions of the moon ; 
but nothing of the kind was ever seen. The polariséepe 
showed that the sun’s rays did not pass through any liquid at 
the moon’s surface. Positive evidence of an atmosphere was 
sought in vain. Supposed volcanoes were traced to bright

\
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spots, illuminated by light from the earth. Inequalities of 
surface there were ; but in form they were wholly different 
from the mountains of the earth. So the beautiful fancies of

PtS»

Fig. 80__View of moon near the third quarter. From a photograph by Professor Henry
Draper.

the earlier a&trônomers all faded away, leaving our satellite as 
lifeless as an arid rock.

As the moon is now seen and mapjted, 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 be
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darker than the average of terrestrial objects. The mountains 
consist, for the most part, of round saucer-siîajxid 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 smoothness of the sun’s limb 
and the roughness of that of the moon cannot escape nVticc. 
Their appearance is most striking when the eclipse is annular 
or total. In the latter case, as the last streak of sunliglrt is 
disappearing, it is broken up into a number of points, which 
have been known as “ Baily’s beads,” from the observer who 
first described them, and which are caused by the sun shining 
throng!*ille depressions between the lunar mountains.
VTo give the reader an idea what tho formation of the lutjar 

surface is, we present a view of the spot or crater “ CoyfGr^ 
ni eus,” by Seech i, 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 arc 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 supysing that in some former age 
immense fissures were formed in the lunar surface which were 
subsequently filled by an eruption of this white matter which 
forms the streaks.

1I«£ 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 part the 
density of the earth’s atmosphere. The most delicate known 
test of an atmosphere is afforded by the behavior of a star 

*when in apparent contact with the limb of the moon. In this



TIIE MOON

Fig. 81.—Lunar crater “ Copernicus,” after Secchi.

position the rays of light coming from the star would pass 
through the lunar atmosphere, and he refracted by twice the 
horizontal refraction of that atmosphere. The star would 
then be apparently thrown out of its true position in the di­
rection frofn 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, 
had the displacement been decidedly in excess of half a sec­
ond, it would have been detected ; therefore, the double hori­
zontal refraction of the lunar atmosphere, if any exist, mgst 
be as small as half a second.* The corresponding refraction 
of the earth’s atmosphere is 4000 seconds. Therefore, the re-

* A similar test is afforded by the occultation of a planet, especially Saturn or 
Venus, the limb of which would be a little flattened as it touched the moon. The 
writer looked very carefully for this appearance during an unusually favorable oc­
cultation of Saturn which occurred on Aug. 6th, 187G, without seeing a trace of it.
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tractive power of the lunar atmosphere cannot he inucli in ex­
cess of -gvTnf that of the earth’s, and certainly falls below 

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 
elastic force at the mean temperature of the moon. If this 
temperature were as low as the freezing-point, the pressure of 
an atmosphere of water vapor would be that of our at­
mosphere. So dense an 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 j-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 Linnæus, which was found not to 
present the same appearance as on Beer and Mâdler’s map. 
But careful scrutiny showed that, owing to some peculiarity 
of its surface, this spot varied its aspect according to the 
manner in which it was illuminated by the sun, and these 
variations apjieaî 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, 
unless 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 arc going on on the surface of the 
earth. The growth of forests, the formation of deltas, the 
washing-away of mountains, the disintegration and blacken­
ing of rocks, and the decay of buildings, arc 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, hut are not of themselves sufficient to produce 
any effect. Now; on the moon, there being neither air, wa­
ter, rain, frost, nor organic matter, the causes of disintegra­
tion and decay are all absent. A)marble building erected

1
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upon tlic 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 sotm 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 one 
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 probably quite near 
the truth.

The moon does not shine by sunlight alone. Whenever 
the narrow crescent of the new moon is seen through a clear 
atmosphere, her whole surface may be plainly seen faintly il­
luminated. This appearance is known as “the old moon in 
the new moon’s arms.” The faint light thus shed upon 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 large 
moon, much larger than the moon is seen by us. When it is 
new moon with us, it would be full earth, if we may be allowed 
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 sunlight re­
flected by the earth, and is thus rendered visible. The case 
is the same as if an observer on the moon should see the dark 
hemisphere of the earth by the light of the full moon.

As the moon reflects the light of the sun, so also must she 
reflect his heat. Besides, she must ràdiatc off whatever heat
she absorbs from the sun. Hence, we must receive some heat

i
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from the moon, though calculation will show the quantity to 
be so small aa tp defy deflection with the most delicate ther­
mometer, the aflprage quantity being only part of that
received from me sun. As the direct rays of the sun will not 
raise the black-bulb thermometer more than 50 or GO degrees 
above the temperature of the air, those of the moon cannot 
raise it more than tAtt 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 A 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 tl^Tdetection of the heat from 
the moon has been possible. The detection 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 what portion was radiated 
by the moon heusclf, as if she were a hot body, lie found 
that from new to full mqon, and thence round to new moon 
again, the quantity of heat received varied in the same way 
with the quantity of light ; that is, there was most at full- 
moon, and scarcely any when the moon was a thin crescent. 
That 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 solar heat passes through glass, only 12 per cent, 
of lunar heat does so. This absorption by glass is well known 
to be a property of the heat radiated by a body which is not 
itself at a high temperature. The same result was indicated 
in another way, namely, that while the sun is found by Zoll- 
ner to give 018,000 times as much light/as the moon, it only
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gives 82,GOO times as much heat. Thus both the ratio of solar 
to lunar heat, and the proportion of the latter which is ah- 
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 Rosse was tlitis 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 \yhen the sun 
does not shine the temperature is two or tlirt^ hundred de­
grees below zero, and therefore below any ever known on the 
earth ; while under the vertical sun it is as much above zero, 
and therefore ^hotter than boiling water.

Effect of the Moon on the Earth.—We have already explained, 
in treating of gravitation, how the attraction of the moon 
causes tides in the ocean. This is one of the best-known ef­
fects of lunar attraction. It is known from theory that a sim­
ilar tide is produced in the air, affecting the height of thb 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 be affected by the attraction of the 
moon ; but this is a subject which needs further investiga­
tion before we can pronounce with certainty on a law of con­
nection.

Thus far there is no evidence that the moon directly affects 
the earth or its inhabitants in any bther way than by her at­
traction, which is so minute as to be entirely insensible except 
in the ways we have described. A striking illustration of the 
fallibility of the human judgment when not disciplined by sci­
entific training is afforded by the opinions which have at vari­
ous times obtained currency respecting a supposed influence 
of the mooli on the weather. Neither in the reason "of the-*-, 
case nor in observations dc?we find any real support for such 
a theory. It must, however, be admitted that opinions of this

/
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character are not confined to the uneducated. In scientific 
literature several pai>ers arc found in which long series of me­
teorological observations arc collated, which indicate that the 
mean temperature or the amount of rain had been subject to 
a slight variation depending oiirithe 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. Them 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 that the full 
moon gives only °f tlic heat of the sun, this opinion
will appear extremely improbable.

6. The Planet Mars. rThe 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 jærihelion it is only 
128 millions of /niles from the sun, while in aphelion it is 154 
millions distant. It is, next to Mercury, the smallest of the 
primary planets, iti^ diameter being little more than 4000 
miles. It makes one revolution in its orbit in less than two 
years (more nearly in 087 days, or 43£ days short of two J11-. 
liati years). If the period were exactly two years, it would 
make one revolution while the earth made two, and the opj>o- 
sitions would occur at intervals of tA-o years. But, going 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 arc shown in the following table :

1873.......................... April 27th. 1877...................September 5th.
1875.......................... June 20th. 1873 ..;...............November 12th.

The times of several subsequent oppositions may be found 
with sufficient exactness for the identification of the planet by 
adding two years and two months for every opposition, except 
during the spring months, when onlv one month is 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 seçn 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 xlatc, 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 62 millions ffeim the earth. 
The result of these variations of distance is tfiat Mars is more 
than four times brighter when an opposition occurs in August 
or September than when it occurs in February or March. • The 
opposition of 1877 (September 5th) is quite remarkable in this 
respect, as it occurs only nine days after the planet has passed 
its perihelion. At that time Mars will form a conspicuous 
object in the south-eastern sky during the early evening.

Mars has beep an interesting object of telescopic research 
from the fact tlrnt it is the planet which exhibits the greatest 
analogy with our earth. The equatorial regions, even with a 
small telescope, can be distinctly seen to be divided into light 
and dark portions, which some observers suppose to be conti­
nents and oceans. Around each pole is a region of brilliant 
white, which the same class of astronomers suppose to be due 
to a deposit of snow. The outlines of the dark and light por­
tions are sometimes so hard to trace as to give rise to the sus­
picion of clouds in a Martial atmosphere. At the same time, 
a single look (at Mam through a large telescope would convince 
most observers that these resemblances to our earth have a 
very small foundation in observation, the evidence being neg­
ative rather than positive. It must be said in their favor that

22 J
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in dut earth were viewed rit the distance at which we view 
tars, 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 Mars as 
from a distance of a thou­
sand miles, the resemblances 
would all vanish as com­
pletely as they did in the 
case of the moon.

So many drawings of 
Mars in various positions 
have been made by the nu­
merous observers who have 
studied it, thatxt has be

Fig. 82 The planet^Mars on Jane 23d, 1875, at 10 .
hours 46 mimitee, fte seen by Professor Holden COIHC possible to C^^S||rpct 
With the great washingto^eieecope.. tolerably accurate maps of

the surface of the planet. We give a copy of one of these 
sets of maps by Kaiser, the late Leyden astronomer. Kaiser 
doesjAiot pretend to call the different regions continents and 
oceans, but merely designates them as light and dark portions.

"WWlli;, ' '

ïil ^ y \ j|i

* Fig. 83.—Map of Mars, after KiVjser, on Mercator’s projection.X
Rotation of Mars.—Mars is the only planet besides the earft 

of which we cap be sure that the time of „a^ial rotation ad­
mits of being determined with entire precision."'*'Drawings by 
Hooke, two centuries ago, exhibit "markings which can still be 
recognized, anil from a comparison oMhem with recent ones 
Mr. Proctor has found for the period of rotation 24 hours 3V

/ 4
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minutes 22.73 seconds, which he considers correct within three 
or four hundredths of a second. The equator of Mars is in­
clined to the plane of its orbit about 27°,so that the vicissitudes 
of the seasons are greater on Mars than on the earth in die pro­

of 27° to 23£°. Ovying to this great obliquity,Ve can 
mes see one pole of the planet, and sometimes the other, 

the earth. When in longitude 350°, that is, in the same

Fin. 84.—Northern hemmptiere of Mars. Fia. 86.—Southern hemisphere of Mars.

direction from the sun in which the earth is situated on Sep­
tember 10th, the st^itlTpOk of the p an et is inclined towards 
the sun ; and jf the jaanet is then in opposition, it will be in­
clined towards the eailtli also, so that nve can see the region of 
the planet to a distance of 27° beyo id the pole. At an op­
position ili\March the north pole of tie planet is inclined tow­
ards the suit, «1 idTtowards the earth ; Iso. We 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 pole 
of the planet than of the north pole.

§ 7. The Small Planets.
It was impossible to study the solar system, as it was known 

to modern astronomy before the beginning of the present cent­
ury, without being struck by the great gaf which existed b<S. 
tween Mars and Jupiter. Except this gap, all the planets then ) 
known succeeded each otjier according to a tolerably regular
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law, and by interpolating a single planet at nearly double the 
distitiice of Mars the order of distances would be complete. 
The idea that an unknown planet might really exist in this 
region was entertained from the time of Kepler. So sure 
were §pme astronomers of this that, in 1800, an association of 
twenty-four observers Avas formed, having for its ylnect a sys­
tematic search for the ’planet. The zodiac was divided into 
twenty-four parts, one of which was to be searched through 

' by each observer. But by one of those curious coincidences 
which have so frequently occurred in the history of science, 
the planet was accidentally discovered py an outside astrono­
mer before the society could get fairly to work. On January 
1st, 1801, Piazzi, of Palermo, found a star in the constellation 
Taurus which did not belong there, and on observing it the 
night after, he found that it had changed its position among-" 
the surrounding stars, and must, therefore, be a planet. Me 
followed it for a period of about si^ weeks, after which it was 
lost in the rays of the sun without any one else seeingHt. 
When it wàÂ time to emerge again in the following autumn, 
its rediscovery became a difficult problem. But the skill of Ble ‘ 
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 observers where their telescopes must be 
pointed to rediscover the planet, and it was found without dif- 

^ ficulty before the end of the year. Piazzi gave it the name 
Ceres. The orbit found by Gauss showed it to revolve between 
Mars and Jupiter at a little less than double the distance of 
the former, and therefore to be the long-thought-of planet. 
But the discovery had a sequel which no one anticipated, and 
of which we have not yet seen the end. In March, 1802, Gi­
bers discovered a second planet, which was also found to be 
revolving between Mars ànd Jupiter, and to which be gave 
the name Pallas. The most extraordinary feature of its orbit 
was its great inclination, which exceeded 34°. Gibers there­
upon suggested his celebrated hypothesis that the two bodies 
might be fragments of a single planet which had been shat-

)
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tcred by some explosion. If such were the case, the orbits of 
all the fragments would at first intersect each other at the 
point where the explosion occurred, lie therefore thought it 
likely that other fragments would Re found, esj»ecially if a 
search were kept up near the point of intersection of the orbits 
of Ceres and Pallas. Acting on this idea* Ilarding, of Lilien- 
tlial, found a third planet in 1804, while Gibers 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. 
Gibers 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 years after the discovery of 
Vesta, llenckc, of Dricsen, 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 1846-50. 
“ 1851-55, 
“ 1856-GO

8 were discovered.
24 “ “
25 “

In 1861-65. 
“ 1866-70 
“ 1871-75.

23 were discovered. 
27 “
45 “

In 1876, 12 were discovered, and three additional ones have been found during 
. the first five months of 1877, making u total of 172 known at the present time 
(May, 1877).

It will be seen that the rate of discovery has been pretty 
steadily increasing during thirty years. This is not because 
the number of those visible, but not yet found, is so great that 
it is as easy as ever to find one, but because they are now 
«ought after with more skill and more system than formerly.*

V In illustration of this the writer has been informed by Professor Peters that 
in «arching for these bodies he falls upon several already known for every new one 
thnj he finds. Consequently, were they all lost, he alone could now rediscover 
them at a more rapid rate than they actually have been discovered by the efforts 
of all the observers engaged in the search.
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v ■Of those discovered during the lask ten years, nearly half 
have been found by two American observers, Professors Pe­
ters and Watson. American discoveries of these 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 api>earanee of mere stars. 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 the group, their diameters lying somewhere between 200 
and 400 miles ; while, if we omit some very lately discovered, 
the smallest am Atalanta, Maja, and Sappho, of which the di­
ameters 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 arc of 
irregular stpq>c, and thus favor Olbers’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 lue an illusion, and which, if it exists, might rcsulf\ 
from one sipe 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 or 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.

Gibers s Hypothesis. — The question whether these bodies 
could ever have formed a single one has now become one of 
cosmogony rather than of astronomy. If a planet were shat­
tered, the orbit of each fragment would, at first, pass through 
the point at which the explosion occurred, however widely 
they might be separated 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 lajtse of a few 
thousand years no trace of a common intersection would he 
seen. It is, therefore, curious that Gibers and his contempora­
ries should have expected to tind such a region of intersection, 
as it implied that the explosion had occurred within a few 
thousand years. The fact that the required conditions were 
not fulfilled whs 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 
would have been completely mixed up. T ^

Desirous of seeing whether the orbits passed nearer a com­
mon point of intersection in times past than at present, Encke 
computed their secular variations. The result seemed to bo 
adverse to Gibers’s hypothesis, 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 determined for some of the planets in question, and the 
result seems to show that the orbits could never have intersect­
ed unless some of them have, in the mean time, been altered 
by the attraction of the small planets on each other. Such an 
action is not impossible ; but it is impossible to determine it, 
owing to the great number of these bodies, and our ignorance 
of their masses. We can, however, say that if the explosion 
ever did occur, an immense interval, probably millions o(y 
years, must have elapsed in the mean time. A differo+H^x- 
plahation of the group is given by the nebular hypothesis, of 
which we shall hereafter speak, so that Gibers’s hypothesis is 
no longer considered.by astronomers.

The planets in question are distinguished from the others.
\ «à

)
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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 the ecliptic. Jhit the inclina­
tions of many of the small planets exceed ten degrees, and 
the eccentricities frequently amount^to a fourth of the radii 
of their orbits. The result is that the same small planet is at 
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 si mil 
find that they extend through a quite broad zone. The insme 
edge of this zone seems pretty well marked, its distance beiiig / 
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 certain limits, the attraction of 
Mars or Jupiter was so great as to completely derange their 
orbits, so that we have a physical law which sets a limit to the 
zone ; but whether the limit thus set would coincide with the 
actual limit we cannôt at present say.

There are also within the limits of the group certain posi­
tions», in which, ifttie 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 arc gaps 
in the fccrics of small planets corresponding to these periodic 
times. Whether these gaps are really due to the relations of 
the periodic times, or arc 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 ont by Professor Kirkwood.

Number and Maas of the timull Planets.—At present it
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is not possible to set any certain limits to the probable number
of the small planeta? Although 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 lfiïlit, then 
there may be an indefinite number of them, too small to be 
found with the telescope now engaged in searching for them ; 
and the larger the telescopes engaged in the search, the more 
will be found. On the other hand, if they stop at a certain 
limit—say twenty miles in diameter—we may say with con­
siderable confidence that their total number is also limited, 
and that by far the largest part of them will be discovered 
by the present generation of astronomers.

So far as we can now see, the preponderance of evidence is 
on the side of the 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 thé telescopes which have made the discovery, and do 
not seem, on the average, to be materially smaller than those 
which were discovered ten years ago. It is not likely that the 
number of this average magnitude which still remain undis­
covered can be very great, and new ones will 
found to*grow decidedly rare before another hur 
covered. Then it will be necessary to employ g 
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. Ç

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 thtvt the whole group 
might, by their combined action, produce a secular variation

A
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in the form of the orbits of Mars and Jupiter which, in the 
course of years, will be clearly shown 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 diameters be esti­
mated from their brightness, in the manner already indicated, 
we shall find that if all that are yet known were made into a 
single planet the diameter would be less than 400 miles ; and 
if a thousand more, of the average size of those discovered 
since 1850 should exist, their addition to the consolidated 
planet would not increase its diameter to 500 miles. Such a 
planet would be only tüVtt °f the bulk of the earth, and, un­
less we supposed it to possess an extraordinary specific gravity, 
could not much exceed ^nnnr of the mass outlie earth, or of
the mass of Mercury. Wefonay 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 the 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 be lost, is out of proportion to the value of its results. 
It is mainly through the assiduity of German students that 
most of them are kept from being lost. Should many more 
be found, it may be necessary to adopt the suggestion of an 
eminent German astronomer, and let such of them as seem 
unimportant go again, and pursue their orbit undisturbed by 
telescope or computer.

J
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V

CHAPTER IV.

TTIE OUTER GROUP OF PLANETS.

§ 1. The Planet Jupiter. '«%
Jupiter is the “ giant planet ” of oift system, his mass large­

ly exceeding that of all the other planets combined. His 
mean diameter is about 85,000 miles ; but owing to his rapid 
rotation on his axis, his equatorial exceeds his polar diameter

Fm. 86 —Jupiter as seen with the great Washington telescope, March 21st, 1876,16 hours 
38 minutes mean time. Drawn by Professor Uolden.

by 5000 miles. In volume he exceeds our earth about 13(H) 
times, while in mass he exceeds it about 213 times. 1 lis spe- 
citic gravity is, therefore, fat less than that of the earth, and 
even less than that of water, llis mean distance from the 
sun is 4S0 millions of miles, but, owing to the eccentricity of 
his orbit, his actual distance ranges between 457 and 503 mill­
ions. Ilis time of revolution is fifty days less than twelve 
years.
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Jupiter is easily recognized by his brilliantgwhite li^t, 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.

1877 ..........................June 19th. 1879..........................August 31st.
1878 ..........................July 25th. 1880.......................... October 7th.

During the four years following 1880 he will be in opposition, 
on the average, about a month ancHeven days later each year; 
namely, in the middle of November, 1881 ; towards the latter 
part of December, 1882, 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 vVill 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 
been the subject of more careful examination than this planet. 
Unlike Mars, there are no really permanent markings on his 
surface, and a map of Jupiter is therefore impossible. But 
this surface always presents a very diversified appearance. 
The earlier telescopic observers 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. Commonly, 
they are seen as dark bands on the bright disk of the planet ; 
but it is curious that Huyghgns represents them as brighter 
than the rest of the surface. As telescopic power was in­
creased, it was seen that these so-called bands were of a far 
more complex structure than had been supposed, and consisted 
of great numbers of stratified, cloud-like appearances of the 
most variegated forms. These forms change so rapidly that 
the face of the planet hardly ever presents the same appear­
ance on two successive nights. They arc most strongly 
marked at some distance on each side of the Jovian equator, 
and thus give rise to the appearance of two belts when a very 
small or imperfect telescope is used.
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Both the outlines of these belts and the color of some parts 
of tho 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 so strongly marked as to be evident to the most super­
ficial observer, while at other times hardly a trace of it can be 
seen.

Spots which are much more permanent than the ordinary 
markings on the belt are sometimes visible. By watching 
these spots from day to day, and measuring their distance 
from the apparent disk, the time of rotation of Jupiter on his 
axis has been determined. Commonly 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.

4

y
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Fio. ST.—View of Jupiter, ns seen in Lord Rosse’s great telescope on February 27th, 
1SC1, at 12 hoars 30 minutes.

From the changeability of the belts\and indeed of nearly all 

the visible features on the surface of Vu pi ter, it is clear that 
what we see on that planet is not the- Surface of a solid nu­
cleus, but vaporous or cloud-like formatioh^which cover the 
entire surface and extend to a great depth below. To all ap-1 

mice, the planet is covered with it deep and dense atmos-

yX'
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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, ami in the 
change of their forms with the latitude, there may he some­
thing analogous to the zones of clouds and rain on the caAli. 
But of late years it has been noticed that the physical coiLsti- 
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 manner in the transits of his satellites over his disk. 
When the satellite first enters on the disk, it commonly seems 
like a bright spot on a dark background ; but as it approaches 
the centre, it appears like a dark spot on the bright back­
ground of the planet. The brightness of the centre is prob­
ably two or three times greater than ^|t 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 sun has some­
times been suspected—nothing less, in fact, than that Jupiter 
shines partly by his own light. It was at one time supposed 
that he actually’emitted more light than fell upon him from, 
the sun ; and if this were proved, it would show conclusive-3 
ly that he was self-luminous. If all the light which the sun* 
shed, upon the planet were equally reflected in every direction, 
we might speak with some certainty on this question; but in 
the actual state of our knowledge we cannot. Zollner has 
found that the brightness of Jupiter may be accounted for by 
supposing him to reflect 62 per cent, of the sunlight which he 
receives. But if this is his average reflecting power, the re­
flecting power of his brighter portions nqist be much greater ; 
in fact, they are so bright that they must shine partly by their 
own light, unless they reflect a disproportionate share of the 
sunlight back in the direction of tire earth and sun. Clouds 
would not he*kcly to do this. On the other hand, if we as­
sume that the planet emits any great amount of light, we are

- X
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met by the fact that, if this were the case, the satellites would 
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 bf 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 
oidy 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 cijust, as our earth is, but that 
his white-hot interior, whether liquid or gaseous, has nothing 
to cover it but the dense vaporèjo which that/ heat gives rise. 
In this case the vapors may be self-luminous when they have 
freshly arisen from the interior, and may rapidly cool off after 
reaching the upper limit to which they ascend. ^

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 case of Mars. Without a solid crust which 
we can sec from time to time, the observed times of rota­
tion will be those of liquid or vaporous formations, which may 
have a proper motion of their own., A spot has, however, on 
some occasions been observed for several months, and it has 
thus been pretty certainly determined that the time of rota­
tion is about 0 hours 55^ minutes. The first observation of a 
spot of this kind was made by Cassini, who found the time of 
rotation to be 9 hours 55 minutes 58 seconds. No further 
exact observations were made until the tithe of Schroter, who 
observed a number of transient spots during 1785 and 1780.
The times of rotation varied from 9 hours 55 minutes to 9

* #
hours 56 minutes, from which lie concluded that heavy storms 
raged on the surface of the planet, and gave the cloudy masses
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which formed^the spots a motion of their own. In Novem­

ber, 1834, a remarkable spot was observed by Miidler, of Dor- 
pat, which lasted until the following April, from which the 
time of rotation came out 9 hours 55 minutes 30 seconds; ^but 
the observations showed that the spot did not move uniformly. 
Professor Airy, who observed the saine spot at Cambridge, 
fo.und the period to be 9 hours 55 minutes 21.3 seconds.

Recent observations and researches indicate that the. equa­
torial regions of Jupiter rotate in less time, amd with more ir­
regularity, tlifn the others, thus showing still another analogy 
between that planet and the sun. Thus, in 1871, Dr. Lolise, 
of Bothkamp, observed a spot near Jupiter’s equator, which 
during several days;performed its revolution in a period of 
9 hour* 51 minutes 47 seconds. Other equatorial spots had a 
very irregular motion, but their period was generally less than 
that found by Miidler and Airy.

§ 2. The Satellites of Jupiter.
One of that earliest telescopic discoveries by Galileo was 

that Jupiter was accompanied by four satellites, which re­
volved round him as a centre, thus forming a miniature copy 
of the solar system. As in the case of spots on the sun, Gal­
ileo’s announcement of this discovery was received with in­
credulity by those philosophers of the day who believed that 
everything in nature was described in the writings of Aris­
totle. One eminent astronomer — Clavius — said that to see 
the satellites one must have a telescope which would produce 
them; but he changed his miivd as soon as lie saw them him­
self. Another philosopher, fnorc pendent, refused to put his 
eye to the telescope lest lie should see them and he con­
vinced. lie die^shortly afterwards. “ I hope,” said the caus­
tic Galileo, “ that he saw them while on his way to heaven.”

A very small tc|gscope, or even a good opera-glass, is suf­
ficient to show these bodies. Indeed, very strong evidence is 

( on record that they have been seen with the naked eye. That 
they could be seen by any good eye, if the planet were out of
the way, there is no doubt, the difficulty iy seeing them aris-

\
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ing from the glare of Jhe plançt on the eye. If the lenses of 
the eye are so transparent and pure thatHhcrc is no such 
glare, it is quite possible that the two outer satellites might 
be seen, especially if they should 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 22(10 and 3700 miles, the third from the planet 
being tbe largest, mid the secônd 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 ditïh^ult to' account for, except by supposing very violent 
changes constantly goitig 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 Auwers, of Berlin, and Engelinann, of 
Leipsic, show that this hypothesis does not account for the 

lliaaicy, which are sometimes sudden in a sur-■

prising dej^Tee. 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 difficulty 
to the mathematician who attempts to calculate the effect of 
their mutual attractions. Tbe secular variations of their or­
bits are so rapid that the methods applied in tbe case of the 
planets cannot be applied here without material alterations. 
The most curious and interesting effect of their mutual at­
traction is tlnyt there is a connection between tbe motions of 
tbe three inner satellites such as exists nowhere else in the 
solar system. The connection is shown by these two laws :

1. That the mean motion of the first satellite added to twice the 
mean motion of the third is exactly equal to three times the mean 
motion of the second.

2. That if to the mean longitude of the first satellite ice add

l
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twice the mean longitude of the third, and subtract three times the 
mean longitude of the second, the difference is always 180°.

The first of these relations is shown in the following table 
of the mean daily motions of the satellites:

203°.4800 **Satellite I. in one day moves.
101°.3748

«>’.3177
l°..r»71l

2<>3’.48!)0
100°.(!354

“ 111.
“ jy “ “

Motion of Satellite I............
Twice tliat of Satellite 111.

304°. 1244 
304°. 1244

Sum.............................................
Three times motion of Satellite II.

It was first found from observations that the three satellites 
moved together so nearly according to this law that no certain 
deviation could he detected. But it was not known whether 
this was a mere chance coincidence, or an actual law of nat­
ure, till Laplace showed that, if they moved so nearly in this 
way as 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 
the 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 uses 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
vation with a telescope of sufficient power, say four inches ap­
erture or upwards. To facilitate such observations the times 
of these phenomena are predicted in both the American and 
British Nautical Almanacs.

§ 3. Saturn and its System, Physical Aspect, Belts','Rotation.
Saturn is the sixth of the major planets in the order of dis­

tance from the sun, around which it revolves in 29£ years at
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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, 
winch 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

Fig. 88.—View of Saturn and bis rings.

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 Rhinos with the brilliancy of a
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moderate first-magnitude star, and with a dingy, reddish light, 
as if seen through a smol^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 ri|ig be­
ing seen nearly edgewise. From 1878 till 1885 it will con­
stantly grow brighter, on account both of the opening out of 
the ring and the approach of the planet to its perihelion. 
The times of opposition arc as follow :

1877 ..................September Oth.
1878 ................. September 22d.

1879 ......................October t>th.
1880 ............^....October 18th.

In subsequent years opposition will occur about thirteen days 
later every year, so that by adding this amount to the date for 
each year the oppositions can he found until the end of the 
century without an error of more than a few days.

The physical constitution of Saturn seems to bear a great 
resemblance to that of Jupiter; but, being„t}vice as far away, 
it cannot be so well studied. The farther an object is from 
the sun, the less brightly it is illuminated; and thetirther 
from the earth, the smaller it looks, so that there is a Double 
difficulty in getting the finest views of the more distant plan­
ets. When examined under favorable circumstances, the sur­
face of Saturn is seen to be diversified with very faint mark­
ings; and if high telescopic powers 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 <Jo or do nut sec 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 l'email! long enough on Saturn to determine the period of 
its rotation was in the time of Sir W. Ilerschel, who, from 
observations extending over several weeks, found the time of

I
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rotation to be 10 hours 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 
Deceifber 7th, 1876, Professor Ilall, who had been engaged 
in measures ofjlie satellites of Saturn with the great Wash­
ington telescoi>e, saw a brilliant white spot near the equator 
of the planet. It seemed as if an immense eruption of white- 
hot matter had suddenly burst up from the interior. The 
spot gradually spread itself out in the direction which would 
be east on the planet, so as to assume the 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 pheuom* 
enon, messages were sent to other observers in various parts of 
the country, and on^he 10th it was seen by several observers, 
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 hours 14 minutes, taking the brightest part 
of the streak, which, hs we have said, was near one end. 
11 ad the middle of the streak been takcii, the time would have 
bet'ii less, because the bright matter seemed to be carried 

1 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 of Saturn. ■*
The most extraordinary feature of Saturn is the magnificent 

system of tings by which he is surrounded. To the early 
telescopists, who could not command sufficient optical ]>6wcr 
to sec 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 Ilerschcl finally deduced. I can 
find no such result in Herschel’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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perplexity and difference of opinion. To Galileo it made the 
planet appear triform—a large globe with two small ones af­
fixed to it, one on each side. After he had observed it for a 
year or two, lie was greatly perplexed to find that the append­
ages had entirely disappeared, leaving Saturn a single round 
globe, like the other placets. His chagrin was heightened by 
the fear, not unnatural-tinder the circumstances, that the curi- 
ous'forlS he had before seen might he 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 w;.s so great that he never again 
looked at Saturn.

A very few years sufficed to show other observers, who had 
command of more powerfuHelcscopes, that the singularity of 
form was no illusion, but that it varied from time to time. 
We give several pictures from lluyghens’s Systema Saturnium, 
showing how it was represented by various observers during 
the first forty yeai-s 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 
due.

The man who at last solved the riddle was Iluyghens, of 
whose long telescopes we have already spoken. Examining 
Saturn in March 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 lt»12. In October, 1655, the handles had 
reappeared, much as he had seen them a year and a half be­
fore. To 11is remarkably acute mathematical and mechanical 
mind this mode of disappearance of the handles sufficed to 
suggest the cause which led to their apparent form. Waiting 
for entire confirmation by future observations, he communica­
ted his theory to his fellow-astronomers in the following com-
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Fia. 89.—Specimens of drawings of Saturn by various observers before the rings were 
recognized as such : I. Form ns given by Galileo in 1610; II. Drawing by Scheiner, in 
1614, “showing ears to Saturn III. Drawing by Ricciolus, in 1640 and 1643 ; IV.,V., 
VI., and VII. are by Hevellus, and show the changes due to the different angles under 
which the rings were seen ; VIII. and IX. are by Ricciolus, between 164S and 1650, 
when the ring was seen at the greatest angle; X. is by a Jesuit who passed under 
the pseudonym of Euatachius de Dioinis ; XI. is by Fontana ; XII. by Gassendi and 
Blancanus, and XIII. by Ricciolus.

bination of letters, printed without explanation at the end of a 
little pamphlet on his discovery of the satellite of Saturn :

aaaaaaa ccccc d eeeee g h iiiiiii till mm nnnnnnnnn oooo pp q rr s ttttt uuuuu,

which, properly arranged, read—
“ Annulo cingitur, tenui, piano, nusquam coha’rrnte, ad erliptiram inrlinato" 

(It is girdled by a thin plane ring, nowhere touching, inclined to the ecliptic).

This description is remarkably complete and accurate; and 
enabled 11 uyghcns to give a satisfactory explanation of the

\

«
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various phases which the ring had assumed as seen from the 
earth. Owing to the extreme thinness and flatness of the ob­
ject, it was completely invisible in the telescopes of that time 
when its edge was presented towards the observer or towards
the sun. This happens twice in each revolution of Saturn, in
much the same way that the earth’s equator is twice directed 
towards the sun in the course of the year. The ring is in- 

* dined to the plane of the planet’s orbit by 27°, corresponding 
to the angle of 23£° between the earth’s equator and the 
ecliptic. The general aspect from the earth is very near the 
same as from the sun. As the planet revolves around the 
sun, the axis and plane of the ring preserve the same absolute 
direction in space, just as the axis of the earth and the plane 
of the equator do.

When the planet is in one part of its orbit, an observer at 
the sun or on the earth will see the upper or northern side of 
the ring at an inclination of 27°. This is the greatest angle 
at which the ring can ever be^seen, the position occurring 
when the planet is in 262° of longitude, in the constellation 
Sagittarius. When the planet has moved through a quarter 
of a revolution, the edge of the ring is turned towards the sun, 
and, (Atiing to its extreme thinness, it is visible only in the 
most powerful telescopes as an exceedingly tine line of light,
stretching out on each side <tf the planet. In this position the 
planet is in longitude 352°, ill the Constellation Pisces. When 
tho. planet has moved 90° farther, an observer on the sun or
planet is in longitude 352°, ill the Constellation Pisces. When 
frbt% planet has moved 90° iamier, an observer on the sun or 
Jbarth again sees the Kngûi an angle of 27° ; but now it is the 
lower or southern side vtthich is visible. The planet is now in
longitude 82°, between the constellations Taurus and Gemini.
When it has moved 90° farther, to longitude 172°, in the con­
stellation Leo 1 t of the ring is again turned towards
the earth and 1

ic riill

Thus there are a mir of opposite points of the orbit of Sat- 
k urn in which the ringBare turned edgewise to us, and another

pair half-way between the first in which the ring is seen at 
its maximum inclination of about 27°. Since the planet per­
forms a revolution in 29j years, these phases occur at average

*

t
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intervals of about seven years and four months. TIkj follow­
ing are some of the times of their occurrence :

1870. The planet being between Scorpio and Sagittarius, 
the ring was seen open to its greatest breadth, the north side 
being visible. The same phase recurs at the end of 1899.

1878 (February 7th). The edge of the ring in turned tow­
ards the sun, so that only a thin line of ligl^t will be visible. 
The planet is then between Aquariks and Pisces.

1885. The planet being in Taurus (the Bully the south side 
of the rings will be seen at the greatest elevation.

1892. The edge of the ring is again turned towards the sun, 
the planet being in Leo (the Lion).

Owing to the motion of the earth, the times when the edge 
of the ring is turned towards it do not accurately correspond 
to those when it is turned towards the sun, and the points of 
Saturn’s orbit in which this may occur range over a space of 
several degrees. Tli'e most interesting times for viewing the 
rings with powerful telescopes art^on those rare occasions 
when the sun shines on one side df the ring, while the dark 
side is directed towards the On these occasions the
plane of the ring, if extended ouyfar enough, would pass be­
tween the sup and the earth. This will be the case between 
February 9th and March 1st, 1878 ; but, unfortunately, at that 
time the earth and Saturn are on opposite sides of the sun, so 
that the planet is nearly lost in the sun's rays, and can be ob­
served only low down in the west just after sunset. In 1891 
.the position of Saturn will be almost equally unfavorable for 
t\ observation in question, as it can be made only in the^arly 
mornings of the latter, part of October of that year, juf/t after 
Saturn has risen. In fact, a odod opportunity will not occur 

* till 1907. In northern latitudes the iinest telescopic views of 
Saturn and his ring may be (Hjtained between 1881 and 1889, 
because during that interval Saturn passes his perihelion, and 
also the point of greatest northern declination, while the ring 
is opened out to its widest extent. In fact, these three most 
favorable conditions all fall nearly together during the years 
1881-’8o. e
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After Iluyghens, tlie next step forward in discoveries on 
Saturn’s ring was made by an English observer, named Ball, 
otherwise unknown in astronomy, who found that there were 

y yi-eally two rings, divided by a narrow dark line. The breadth 
■=• x of the rings is very unequal, the inner ring being several times 

broader than the outer one. A moderate - sized telescope is 
sufficient to show this division near the extreme points of the 
ring if the atmosphere is steady ; but it requires both a large 
telescope and tine seeing to trace it all the way across that 
part of the ring which is between the observer and the ball of 
the planet. Otl.br divisions, especially in the outer ring, have 
at times been suspected by various observera, but if they real­
ly existed, they must have been only temporary, forming and 
closing up again. * .

In December, 1850, the astronomical world was surprised 
by the announcement that Professor Bond, of Cambridge, had 
discovered a third ring to Saturn. It lay between the rings 
already known and the planet, being joined to the inner edge 
of the inner ring. It ha(l 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 Daxttes before it was formally announced 
by the Bonds. Something of the kind had been seen by Dr. 
(Italie, at Berlines far back as 1838 ; but the paper on the 

Vlibjcct by Encke, the director of the observatory, did not de- 
'fft'ribe the appearance very clearly. Indeed, on examining the 
descriptions of observers in the etyjÿxpart of the eighteenth 
contins, some reason 4s fomxLfm1 susptqpting that theVsaw 
this dy*ky ringSj 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 

> the older observers.
The question whether changes of various sorts are going on 

/ in the rings of Saturn is one which is still unsettled. There 
S is some reason to believe that the supposed additional divis­

ions noticed in thV rings from^ime to time are only errors of 
visita/, due partly to the shading which is known to exist on

Z
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various parts of the ring. By reference to the diagram of 
Saturn, it will he 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 supfiosed 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 divisions The inner ring is 
brightest near its outer edge, and shades off gradually towards 
its inner edge. Here 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 was no great or sudden contrast be­
tween the inner or dark edge of the bright ^ing 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 start!i theôry of changes in the rings of Saturn
was propounded 1^'«Struve, in 1851. This was nothing less 
than that the inner edge of the ring was gradually approach­
ing the planet in consequence of the whole ring spreading in­
wards, and the central owning thus becoming smaller. The 
data on which this theory was founded were the descriptions 
and drawings of the riiigs by the astronomers of the seven­
teenth century, especially Iluyghens, and the measures ex­
ecuted by later astronomers 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 anvient observers, and the
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j
Year. Distance between 

Ring and Planet.
Breadth of

1 i if.

Niij/gliens................................. 1657 C.5 4.6
llkvghens and Cassini......... tear» 6.0 5.1
Bradley..................................... 171» 5.4 5.7
Herschel................................... 1 70!) 5.12 5.08
W. Struve................................. 1826 'S. 4.36 X 6 74
Enckc and Galle.................... 1838 X 4.04 7.06
Otto Struve............................... 18.r>l 3.67 IV 7-43

If these estimates and measures yere certainly accurate, 
they would place t^ic fact of a progressive approach of the 
rings to the ball beyond doubt, an approach wliicHifhf 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 wo have just paid, seems to fade gradually 
into the obscure ring, different observers will always obtain 
different results, and the differences among the four observ­
ers commencing with W. Struve are no greater than are often 
seen in measuring an object of such uncertain outline, lienee, 
considering the great improbability of so stupendous a cosmi- 
cal change going on with so much rapidity, Struve’s tlicory has 
always been viewed with doubt by other astronomers.

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 must casual observer who no.J 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 Iluyghens 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 snow dark spaces too small, 
owing to the irradiation produced by their Imperfect glasses. 
A strong confirmation of Struve's view is found in the old
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pictures given in Fig. 89 by those observers who could not 
clearly make out the ring. In nearly all eases 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.

§ 5. Constitution of the Ring.^
The difficulties which/investigators have met with in ac­

counting for the rings ©f 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 wé may in­
clude all difficulty and perplexity which men meet with in 
seeking to account for the phenomchyof nature—is a result 
of partial knowledge, and cannot exyt either with entire ig­
norance or complete knowledge. Those who arc 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 
ÿgo saw nothing surprising in the fact of a pair of rings sur­
rounding a planet, and accompanying it in its orbit, because 
they were not acquainted with tjpe 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 oapilibrium, and the ring 
would soon be precipitated upon the planet, lie therefore 
remarked that the rings must have irregularities in then- 
form, such as Ilcrschcl supposed lie had seen; but he did 
not investigate the question whether with those irregularities 
the equilibrium would feally be stable.
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The question was next taken up in this country by Profess­
ors Peirce and Bond. The latter started from the supposed 
result of observations — that new divisions show themselves 
from time to time in the ring, and then close up again, lie 
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 the investigation, 
he found that even a fluid ring would not be entirely stable 
without some external support, and lie-attributed that support 
to the attractions of the satellites. But as Laplace did pot 
demonstrate that irregularities would make, the ring stable, so 
Peirce merely fell back upon the attraction of the satellites as 
a sort of forlorn hope, but did not demonstrate that the fluid 
ring would really be stable under the influence of their attrac­
tion. Indeed, it now seems wry doubtful whether this at­
traction would have the effect supposed by Peirce.

The next, and, we may say, the last, important step was 
taken by Professor J. Clerk Maxwell, of England, in the 
Adams prize essay for 1850. lie 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 satellitps, too small to 
be separately seen in the telescope, and too cl'tjse 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 arc too small and too numerous 
to be seen singly. They arc like the separate little drops ofL

* See Memoirs of the French Academy of Sc ences for 1715, p. 47; or Cas­
sini’s “Élemens d'Astronomic,”p. 338, Vaiis, 1740.
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water of which clouds and fog are composed, which, to our 
eyes, seem like solid masses. In the dusky ring the particles 
may be so scattered that we can see through the cloud, the 
reason |that' it looks 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 be due to the paucity 
of the particles, which allows the dark background of the sky 
to be seen through. This question cannot be positively an­
swered until further observations arc 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#ertainly 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 shojfcuig through openings, as 
it were, or from a black color of theming, is to Ibid 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^he 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 nf Saturn.
menced his observation/ of Saturn 
the planet which a few (lavs’ ohser

"T|,n,i Iluyghens commenced his observation* of Saturn in
lG5i), lie saw a stay near the planet which a few (lays observa­
tion enabled bin/to recognize as a satellite revolving round it 
in about fifteen*days. In his “ Systema Saturniumhe vent­
ured to cxpftss the opinion that this discovery completed the

A
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solar system, which now comprised six planets (Saturn being 
then the outermost known planet) and six satellites (one of 
the earth, four of Jupiter, and this one of Saturn), making 
the perfect number of twelve. lie was, therefore, confident 
that no more satellites were left to discover, and through fail­
ing to search for others, he probably lost the honor of addi­
tional discoveries.

Twelve years after this prediction, Cassini discovered a sec­
ond satellite outside that found by Iluyghcns, and within a 
few ydjai's more he found three others inside of it. The dis- 
coyery/of four satellites by one astronomer was so brilliant a 

,,i£suTt of French science that the Government of France 
Struck a medal in commemoration of it, bearing the inscrip­

tion Saturni Satellites primum cogniti. These live satellites 
completed the number known for more than a century. In 
1789 llcrschcl discovered two new ones still nearer the ring 
than those found by Cassini. The space between the ring and 
the inner one is so smj]J that the satellite is generally invisible, 
even in the most powfflful telescopes. Finally, in September, 
1848, the Messrs. Bond, at the Observatory of Harvard Col­
lege, found an eighth satellite, while examining the ring of 
Saturn. By a singular coincidence, this satellite was found by 
Mr. Lassell, of England, only a couple of nights after it was 
detected by the Bonds. The names which have been given to 
these bodies are ÿiown 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 be found in the Appendix to this 
volume.

Nâm‘-No. Discoverer. Date.

i Mimas...... 3.3 Herschel.. 1 780, September 1 7th.
a Knceladus. 4.3 1 lerscliel.. 1780, August 28th.
3 Tethys...... r.,3 Cassini.... 1084, March.
4 1 )iimc....... <;.s Cassini.... 1081, March.
5 Hhea.........

Titan.........
0.5 Cassini.... 1072, December. 23d.

0 20.7 I [tl^liens. 
It, nil.........

1055, March 25|h.
7 Hyperion. 

Japetus....
20.8
04.1

1848, September 10th. 
1071, October. V8 Cassini. .y
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The brightness, or rather, the visibility, of these satellites 
follows the game order as their discovery. The smallest tel­
escope will show Titan, and one of very moderate size will 
show Japetusifi the western part of its orbit. Four or live 
inches aperture will show Iihca, and peril ai>s Tetliys and Di- 
onc, while seven or eight inches aie required for Euceladus, 
and even with that aperture it will probably be seen only near 
its greatest elongation from the planet. Mimas can Imj seen 
only near the same position, unless the ring is seen edgewise, 
and will then require a large telescope, probably twelve inches 
or upwards. Finally, Hyperion can be recognized only with 
the most powerful telescopes, not only on account of its faint­
ness, but of the difficulty of distinguishing it from minute stars.

All these satellites, except Japetus, revolve very nearly^ in 
the plane of the ring. Consequently, when the edge of the 
ringyis 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 Enceladus, 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 jreculiarity 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. Thèomly 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 forjuch great changes of brilliancy.

§ 7. Uranus and its >Satellites.
y ran us, the next planet beyon^. Saturn, is at a mean dis- 

hw»(T from the sun of about 1770 millions of miles, and per-
-24
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forms îi revolution in 84 years. ^Itshines as a star of the sixth 
magnitude, and van therefore he seen with the naked eye, if 
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 44 
days for every year subsequent to 1877. To find it readily, 
either with a telescope or the naked eye, recourse must he had 
to the Nautical Almanac, where the position (right ascension 
and declination) is given day in the year.

Of course the smallest telescopes .will show this planet as a 
star, hut to recognize its disk a magnifying power of at least 
100 should be used, and 200 will be necessary to any one who 
is not a practised observer. As seen in a large telescope, the 
planet has a decided sea-green color. No markings have ever 
been certainly seen on the disk, and therefore no changes 
whicjfi could be due to an axial rotation have evc^becn estab­
lishes ; hut it may he 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 Ilersehel, in March, 1781. Perceiving by its disk 
that it was not a star, and by its moHt'm that it was not a neb­
ula, he took it for a comet. The possibility of its being a py w 
planet did not at first occur to him ; and he therefore com­
municated his discovery to the Royal Society as being one of 
a new comet. Various computing astronomers thereupon at­
tempted to find the orbit of the supposed comet, from the ob­
servations of Ilersehel 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 
tj/ch an extent that new calculations had to he repeatedly 
made. After a few weeks it was found that if it moved in a 
parabola, the nearest distance to the sun must bo at least four­
teen times that of the'eai th from the sun, a perihelion distance 
many times greater than that of any known comet. This an­
nouncement gave flic hint that some other hypothesis must be 
resorted to, and it was then found that all the observations 
could be 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 Saturn.

With a commendable feeling of gratitude towards the royal 
patron who had afforded him the means of making his dis­
coveries, llerschel proposed to call the new planet Georgium 
Sidus tyhc 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 llerschel. 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 jwoperly 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 tjnies as a 
star without the observers having entertained any suspicion of 
its planetary nature. It had passed through the field of their 
telescojK'S, and they had noted the time of its transit, or its 
declination, or both, but had entered it in their journals simply 
as an unnamed star of the constellation in which it happened 
to be at the time. It had been thus seen five times by Flam­
steed, the first observation being in 1690, nearly a ccnturv be­
fore the discovery by llerschel. What is most cxtraôrdiih^- 
ry, it had been observed eight times in rapid succession by 
Le Monnier, of Baris, in December, 11768, and January, 1769. 
Had that astronomer merely taken tne trouble to reduce and 
compare his observations, he would lihve anticipated llerschel 
by twelve years. Indeed, considering how easily the planet 
can be seen with the'•naked eye, it i&vKlustrativo of the small 
amount of care devoted to cataloguing the stars that it was 
not discovered without a telescope.

SatrlliU's of Uranus.— In January and February, 1787,
, llerschel found that Uranus was accompanied by two satel­

lites, of which the inner performed a revolution in a little less

»
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than nine days, and the outer in thirteen days and a half. 
The existence of theqp 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 aperture or upwards. Afterwards Ilerschcl made a very 
assiduous search for other satellites, lie encountered many 
difficulties, not only from the extreme faintness of the objects, 
but from the difficulty of deciding whether any object he 
might see was a satellite, or a small star which happened to 
be in the neighborhood, lie at length announced the probable 

^xistence 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 Ilcrschel 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 
.Ilerschcl was tidied 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 Englaiju, constructed a reflector of two feet aper­
ture, of which ^vc have already spoken, and of very excellent 
definition, which in optical power exceeded any of the older 
instruments. With this he succeeded in discovering two new 
satellites inside the" orbits of the two brighter ones,* but found 
no trace of any of the additional satellites of Ilerschcl. In the 
climate of England, he fcould make only very imperfect obser­
vations of these bodies ; but in 1852 he moved his telescope 
temporarily to Malta, to take advantage of the purer sky of 
that latitude, and there he succeeded in determining their or­
bits with considerable accuracy. Their times of revolution 
are about 2£ and 4 days respect ivej^ They may fairly be

* These difficult objects were also sought for by Otto Struve with the fifteen - 
inch telescope of the l’tilkowa Observatory, and occasional glimpses of them were, 
he believed, attained before they were certainly found by Mr. Lassell, but lie was 
not able to follow them so continuously as to fix upon their times of revolution.

I(
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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^^it they have certainly been seen.

The non-existence ofTlerschel’s 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 
than the teleseojæs of Ilerschel. There may be additional 
satellites which have not yet been discovered ; but if so, they 
must be too faint to have been recognized by Ilerschel. Pro­
fessor llolden, of the Naval Observatory, has sought to show 
that some of llerschel's observations of his supposed inner sat- 

^fellites were really glimpses of the objects afterwards discov­
ered by Mr. Lasscll. This he has done by calculating the po­
sitions of these inner satellites from tables for the date of ’ 

each of llerschel’s observations, and comparing them with the 
position of the object noted by Ilerschel. In four eases, the 
agreement is sufficiently close to warrant the belief that Iler­
schel actually saw the real satellites; but Mr. Lasscll attributes 
these coincidences to chance, and contests Professor Holden’s 
views.

The most remarkable peculiarity of the satellites of Uranus 
is the great inclination of their orbits to the ecliptic. Instead 
of being inclined to it. at small angles, like the orbits of alj 
the other planets and satellites, they are nearly perpendicular 
to it ; indeed, in a geometrical sense, they are more than per­
pendicular, because the direction of the motion of jlie satel­
lites in their orbits is retrograde. To change the jafsition of 
the orbit of an ordinary satellite into that of tlur orbits of 
these satellites, it would have to be tipped over 100° ; so that, 
supposing the orbit a horizontal plane, the point correspond#, 
ing to the zenith would be 10° below the horizon, and the up­
per surface would be inclined beyond the perpendiculaire as 
to be the lower of the two surfaces.

Observations of the satellites afford the only accurate way 
of determining tlitHYuiss of Uranus ; because, of the adjoin# 
planets*Saturn afid N(v>tune,*the observations of tho first

y
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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 nebulæ and clusters in Sir John 
Ilerschel’s great catalogue have been studied by Mr. Clove- 
land Abbe with especial reference to their distance from,the 
galactic circle, and'the following numbers 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 surface of the ce­
lestial sphere, and if the stars or nebulæ 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 v 
clusters, but only one-tenth of the nebulæ. * o

The discovery that the nebulæ arc probably masses of glow­
ing gas is of capital importance as tending to substantiate the 
view of Sir William Herschel, that these masses are the crude 
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 nebulæ are objects of almost miraculous power, there 
must be some truth in it. A nebulous body, iifWrder (o shine 
by its own light, as it does, must be hot, and mîÏH,,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. We shall explain this more fully 
in treating of cosmical physics and the nebular hypothesis.

z§ 7. Proper Motions of the Stars.
To the unassisted eye, the stare seem to preserve tljc same 

relative positions in the celestial sphere generation after gen­
eration. If Job, Hipparchus, or Ptolemy should again lool* 
upon the heavens, he would, to all appearance, see Aldobaran, 
Orion, and the Pleiades exactly as he saw them thousands.,of 
years ago, without a single star being moved from its place. 
But the refined methods of modern astronolhy, 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 that the eye would not, in most cases, 
notice it for thousands of years. In ten thousand years qui] 
a number of stars, especially the brighter oneer*would be seen ‘ 
to have moved, while it wbuld take a hundred thousand years 
to introduce a very noticeable change in the aspect of the con­
stellations.
», As a general utile, the brighter stare have the greatest 
proper motions. But this i§ a rule to which there are many 
exceptions.. The star which, so far as known, has the greatest 
proper’motion of all—namely, Groombridge 183d—is the 
seventh magnitude only. Next in the order of proper inotioiv 
conies the pair of stars til Cygni, each of which is or thé sixth 
magnitude. Next are four or live others of tlut fourth aw) 
fifth magnitudes. The annual motions of these stftrs are as 
follows : . " ’]

Groombridge 1830............ 7".0
61 Cygni........................... 5".2
Lalande 21185................  4”. 7
c In*................................  4”.5

Lalande 21258................  4". 4
o'2 Kridani.........................i 4".l
|i Cassiopeia!..................... 3".fk
o Centauri........................  3”. 7

The first 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 n Cassiopciæ would require near­
ly 340,000 years to perform the same circuit. Slow as these 
motions are, they are very, large compared with those of most 
of the stars of corresponding magnitude. As a general yule, 
the starS the fourth, fifth, and sixth magnitudes move only 
a few sccyllids in a hundred years, and would therefore re­
quire many millions of years to perform the cirôaiit of the 
heavens. * V .

So far as then have y£t been observed, and, indotid, so far 
as they can be ousco^u 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 tlib short arc which has been do- 

\
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scribed since accurate determinations of sthe positions of the 
stars began to be mad a. So far as mere observation can in­
form us,.there is no reason to^enppbse that the stars are sever­
ally moving in definite orbits of any kind. It is trée that 
Miidler attempted to show, from'an* examination of the proper 
motions of the stars, that the whole stellar universe was revolv- • 
ing around the star Alcyone, of the Pleiades, as a centre—a 
theory thç grandeur of which led to (to wide diffusion in pop­
lar writings. But not the slightest weight has ever been given 
it by astronomers, who have always seen it to bo an entirely 
baseless Speculation. If the stars ^ere moving in any regular^ 
circula')' orbits whatever having a commpn centre, we could 
trace some regularity among t their proper motions. But no 
such regularity can be seen. The stars in all parts of the * 
heavens move in all directions, with all sorts of velocities.Xfft 
is true that, by averaging the proper motions, as it were, wo 

. can trace a certain law in them ; but this law indicates, not a 
particular kind of orbit, but only an apparent proper motion, 
common to all the stars, which is probably due to a real mo­
tion of our sun and solar system.

■ The Solar Motion.—As our sun is merely one of the stars, 
and rather a small star too, it may have, a proper motion as z 
well- as the. other stains. Moreover,y«nicn we speak of the' 
proper motion of a star, we mean, tifot its absolute motion, but 
only its motion relative to our syycm. As the sun iAovcs, he 
carries the earth and all the placets along with hinx and if 
we observe a star at perfect rose while we ourselves-are thus 
moving, the star ^vill appear to| move in the opposite direc­
tion, as we have already shownfin explaining the Copcrnican 
system. Hence, from an observation of the. motion of a sin­
gle star, it is impossible to dewue how much of this apparent 
l pot ion is due to the motioimif our system, and hdyv much to 
/lie real motion of tlic star^ If, however, we should observe a 
great number of stars oiynl} sides of ns, and find them all ap­
parently moving in the aame direction, it would be natural to 
conclude that it was really our system which was moving, and 
not the stare. Now, when llcrschel averaged the proper mu-
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tions of the stars in different regions of the heavens, ho found 
that this was actually the case. In general, the stars moved 
from the direction of the constellation Hercules, and towards 
the opposite point of the celestial sphere, near the constella­
tion Argus. This would show that, relatively to the general 
mass of the stars, our sun was moving in the direction of the 
constellation Hercules. Ilerschel’s data for this conclusion 
were, necessarily, rather slender. The subject was afterwards 
very carefully investigated by Argelander, and then by a num­
ber of other astronomers, whose* results for the point of the 
heavens towards which the sun is moving are as follows :

Right Ascension. Declination.

Argelander................................. 257° 49' 28° 50' N.
0. Struve................................... 261° 22' 37° â0’ N.
Lundahl............................. ....... 252° 24’ 14° 26' N. 1
Gallowav..................................... 260° 1 ' 84° 23' N.
Midler...................................... 261° as' 39° 64' N.
Airy and Dunkin....................... 262° 29’ 28° 68' N.

It will be seen that while there is a pretty wide range among 
the authorities as lo the exact point, and, therefore, some un­
certainty as to where we should locate it, yet, ir we lay the 
different points down on a star-map, we shall find that they 
all fall in the constellation Hercules, which was originally as­
signed by Ilerschel 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 4V'.(\ according to the use he made of stars hav­
ing large proper motions^

Motion of Groups of fltprs.—There are in the heavens sev­
eral cases of widely extended groups of stars, having a com­
mon proper motion cntirciY different, from that of the stars 
around and among them, ^ylch 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 tliis 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 o£ tl^e brighter ones 
only have been accurately investigated. vMn R A. Proctor 
has shown that five out of the seven stars which form the 
Dipper, or Great Bear, are similarly connected. He proposes 
'for this community of proper motions in certain regions the 
name of Star-drift. Besides those we have mentioned, there 

•arc cases of close groups of stars, like the Pleiades, and of l > 
pairs of widely separated stars, in which star-drift has been 
noticed.

Motion in the Line of Sight.—Until quite recently, the only 
way in which the proper motion of a star could be detected 
was by observing its change of direction, or the cltHnge of the 
point in which it is seen on the celestial sphere. It is, liow\. 
ever, impossible m this way to decide whether the st^j- 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, amDv 
which was first 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 i certain definite ratte, 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 l^c longer, and those which it throws in front of it will be
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shorter, than if the body were at rest. The result will be, that 
in the former case the spectral lines will be less refrangible, 
or nearer the red end of the spectrum, and in the latter case 
nearer the blue end. If the line is not a bright one which the 
gas emits, but the corresponding dark one which it has ab­
sorbed from the light of a star passing through it, the result 
will l)e 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 us^while in the contrary case it is receding from us.

The question may be asked, How can wo identify a line as 
proceeding from a gas, unless it is exactly in the position of 
the line due to that gas? How do#we know but that it may 
beJdue to some other gas which emits light of slightly differ­
ed, refrangibility ? The reply to this must be, that absolute 
ceiiainty on this point is not attainable; but tli^t, from the 
examination of a number of stars, the probabilities seem large­
ly in favor of the opinion that the displaced lines are really 
due to the gases near whose lines they fall. If the lines were 
always displaced in one direction, whatever star was exam­
ined, the conclti4ffn 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 stare 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. Huggins’s system of measurement has been introduced 
by Professor Airy into the RtfYal Observatory, Greenwich, 
where very careful measures have been made during the past 
two - ycaTs by Mr. Christie and Mr. Maunder. To show how 
well the fact of the motion is ma^ out, we give in the tables 
on the following page the results obtained by Mr. Huggins 
and by the Greenwich observers for those stars in which the 
motion is the largest :
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STARS RECEDING FROM ÜS.
■■ ' f

By Mr. Huggine. By Greenwich.

Sirius.......................................... 20 miles per sec. 
22 “ “
15 “ “
25 “ “

-16 “ “

25 miles per sec. 
76 “ “
receding.
25 miles per sec. 
30 “

a Orionis...A..............................
/3 Ononis...................................
a Geminorum.............................
a Leonis.....................................

STARS APPROACHING Ü8.

By Mr. Huggine. By Greenwich.

A returns.......................................................
a Lyræ...........................................................
a Cvgni......................................
/3 Geminorum............................
a Ursæ Mnjoris.......................................

55 miles per sec. 
50 “ “
39 “ “
49 “ “

46 “

41 miles per sec.
36 “
41 “ “
approaching, 
approaching.

There are several collateral circumstances which tend to 
confirm these results. One is that the general amount of mo­
tion indicated^jn a rough way, about what we should expect 
the stars to Æve, from their observed proper motions, com­
bined with meir probable parallaxes. Another is that those 
stars in the neighborhood of Hercules are mostly found to be 
approaching the earth, and those which lie in the opposite di­
rection to be receding from it, which is exactly the effect which 
would result from the solar motion just described. Again, the 
five stars in the Dipper winch we have described as having a 
copnnon proper motion arc also found1 to have a common mo­
tion in the line of sight. The results of this wonderful and 
refined method of determining stellar motion, therefore, seem 
worthy of being received with some confidence so far as the 
general direction of the motion is concerned. But the dis­
placement of the spectral lines is so slight, and its measure­
ment a matter of such difficulty and delicacy, that wo are far 
from being sure of the exact numbers of miles per second 
given by.the observera. The discordances between the results 
of Greenwich and those of Mr. Huggins show that numerical 
certainty is not yet attained.

A necessary result of these motions will be that those stare 
which are receding from us will, in the course of ages, appear 
less brilliant, owing to their greater distance, while those which

*
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arc approaching us will, as they come nearer, appear brighter, 
always supposing that their intrinsic brightness does not vary. 
But so immense is the distance of the stars, that many thou- 

• sands of years will be required to produce any appreciable 
change in their brightness from this cause. For instance, 
from the best determinations which have been made, the dis-: 
tance of Sirius from our system is more than a million radii 
of the earth’s orbit/ With a velocity of twenty miles per sec­
ond, it would require more than one hundred and fifty thou­
sand years to pass over this distance.

It will, of course, be understood that the velocities found by 
the spcctroscopio method are not the total velocities with 
which the stars are moving, but only the rate at which they 
are approaching to or receding from the earth, or, to speak 
mathematically, the component of the velocity in the direc­
tion of the line of sight. To find the total velocity, this com- 
]>onent must be combined with the telescopic velocity found 
from the observed proper motion of the star, which is the*vc- 
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 tw6 million radii of the 

' earth’s orbit, yet its velocity at right angles tot t^ie line of sight 
will hardly amount to one-third of,a mile pW second. If the 
spectroscopic determination is correct, then, after an interval 
which will probably fall between one hundred thousand and 
'three hundred thousand years, a Cygni will pass by our sys­
tem at something like a hundredth of its present distance, 
and will, for several thousand years, be many times nearer and 
brighter than any star is now.

»
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CIIAPTE^ II.

TIIE STRUCTURE OF THE UNIVERSE.

Having in the preceding; chapter described those features 
of the universe which the telescope exhibits to us, we have 
now, in pursuance of our plan, to inquire what light telescopic 
discoveries can throw upon the structure of the universe as a 
whole. 1 lore we necessarily tread upon ground less sure than 
that which has ljkherto 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
fied or disproved by subsequent discoveries. We shall en­
deavor to avoid all mere guesses, and to state no conclusion 
which has not some apparent foundation in observation or 
analogy. The human mind caftnot be kept from speculating 
upon and wondering about the order of creation in its widest 
extent, and science will be doing it a service in throwing ev­
ery possible light on its path, and preventing it from reaching 
any conclusion inconsistent with observed facts.

The first question which we reach in regular order is, IIow 
are the forty or fifty millions of stars visible in the most pow­
erful telescopes arranged in space? We know, from direct 
observation, how I they are arranged with respect to direction 
from our système and we have seen that the vast majority of 
small stars visible in great telescopes are found in a belt span­
ning the heavens, and known as the Milky Way. But this 
gives us no complete information respecting their absolute po­
sition : to determine this, we must know the distance as well 
as the direction of each star. But beyond the score or so of 
stars which have a measurable parallax, there is no known 
way of measuri ig 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 stars 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, 
tbe diversity of absolute magnitude is far less than that of the 
apparent magnitude ; so that a judgment founded on the lat­
ter is much better than none at all. It was on such consider­
ations as these that the conjectures of the first observers with 
the telescope were founded.

§ 1. Views of Astronomers before llerschel.
Before the invention of the telescope, any well-founded 

opinion respecting the structure of the starry system was out 
of the question. We have seen how strong a hold the idea of 
a spherical universe had on the minds of men, so that even 
Copernicus was fully possessed with it, and probably believed 
the sun to be, in some way, the centre of this sphere. Before 
any step could be taken towards forming a true conception of 
the universe, this idea had to be banished from the mind, and 
the sun had to be recognized as simply one of innumerable 
stars which made up the universe. The possibility that such 
might have been tlux case seems to have first suggested itself 
to Kepler, though heVas deterred from completely accepting 
the idea by an incorrect estimate of the relative brilliancy of 
the stars. lie reasoned that if the sun were one of a vast 
number of fixed stars of equal brilliancy scattered uniformly 
throughout space, there could not be more than twelve which 
were at the shortest distance from us. We should then have 
another set at double the distance, another at triple the dis­
tance, and so on ; and since the more distant they are, the 
fainter they would appear, we should speedily reach a limit 
beyond which no stars could be seen. In fact, however, we 
often see numerous stars of the same magnitude crowded 
closely together, as in the belt of Orion, while the total num­
ber of visible stars is reckoned by thousands. lie therefore

ll
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concludes that the distances of the individual stare from each 
other arc much less than their distances from our sun, the lat­
ter being situated near the centre of a comparatively vacant 
region.

Had Kepler known that it would require the light of a hun­
dred stare of the sixth magnitude to make that of one of the 
tiret magnitude, he would not have reached this conclusion. 
A simple calculation would have shown him that, with twelve 
stare at distance unity, there would have beèn 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 stare. The twelve hun­
dred starç 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 that, where many bright stare were 
found crowded together, as in Orion, their distance from each 
other is probably less than that from our sun. But this ag- 

* glomcration, 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 be said that he put 
forth this view, not as a well-founded theory, but only as a 
surmise, concerning a question in which certainty was not 
attainable.

Ideas of Kant.—Those who know of/lvant only as a specula­
tive philosopher’«nay be surprised to learn that, although he 
was not a working astronomer, he was the author of a theory 
of the stellar system which, with some modifications, has been 
very generally held until the present time. Seeing the Gal­
axy encircle the heavens, and knowing it to be produced by 
the light of innumerable stare too distant to be individually 
visible, he concluded that the stellar system extended much 
farther in the direction of the Galaxy than it did elsewhere. 
In other words, he conceived the stars to be arranged in a 
comparatively thin, flat layer, or stratum, our sun being some­
where near the centre. When we look edgewise *along this

//
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stratum, we see an immense number bf stars, 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 arc spread out in a thin layer, as it were ; 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 statem as Kant imagined it to exist. 
Had the tone of small plaiiets between Mars and Jupiter then 
been known, it would have)afforded a striking confirmation of 
Kant’s view by showing a^'ct greater resemblance of the plan­
etary system to his sujïposed stellar system. Were the num­
ber of these emall^plancts sufficiently increased, we'shonld see 
them as a sort/df Galaxy around the zodiac, a second Milky 
Way, belonging to otir system, and resolvable with the tele­
scope into small planets, jijst as the Galaxy is resolved into . 
small stars. The eoiuüu.aidn that two systems which were so 
similar in appearance were really alike .in structure woujd 
have seemed very well founded in analogy. ^

As the planets are kept at thety' proper distances, and pre­
vented from falling into cac|> other or into the sun by the 
centrifugal force generated tyy their revolutions in their or-' 
bits, so Kant supposed the stars^o 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 co#ld not be in motion around a centre. To this Kant’s 
reply was that the time of revolution was so 1< 
motion so slow, that it was not /perceptible with! the imper-1 
feet means of observation thenyavailable. Future genera- i 
tions would, he doubted not, by comparing their observations

/ffl

* The original idea of this theory is attributed by Kant to Wright, of Durhnin, 
England, a writer whose works are entirely unknown in this country, and whose 
authorship of the theory has been very generally forgotten.
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too unccrtai^ and those of the last too recent to give any cer­
tain result. Measures made with the great Washington tele­
scope show this mass to be tttxto > a result which is probably 
correct within part of its whole amount.*

§ 8. Neptune and its Satellite-.-*----^

The discovery of this planet is due to one of the boldest and 
most brilliant conceptions of modern astronomy. The planet 
was felt, as it were, by its attraction upon, Uranus; and its di­
rection was thus calculated by the theory of gravitation before 
it had been recognized by the telescope. An observer was 
told that if he pointed his telescope towards a certain point in 
the heavens, he Would see a new planet He looked, and there 
was the planet, within a degree of the calcula^ place. It is 
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 oijl tjie theory of gravi­
tation.

To describe the researches which led to this result, we shall 
have to go back to 1820. In that year, Bouvard, of Paris, 
prepared improved tables of Jupiter, Saturn, and Uranus, 
which, although now very imperfect, have formed,the basis of 
most of the calculations since made on the motions ofzthose 
bodies. He found that while the motions of Jupiter and Sat­
urn were fairly in accord with the theory of gravitation, it 
was not so with those of Uranus. After allowing for the per­
turbations produced by the known planets, it was impossible 
to hud any orbit which would satisfy both the ancient and the 
recent observations of Uranus. By the ancient observations 
we mean those accidental ones made by Flamsteed, Le Mon- 
nier, and others, before the planetary character of the object 
was suspected ; and by the recent ones, those made after the 
discovery of the planet by Ilerechel, in 1781. Bouvard, there­
fore, rejected the older observations, founding his tables on the 
modern ones alone ; and leaving to future investigators the

Washington Observations for 18^5: Appendix.

/
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question whether the difficulty of reconciling the tjiro systems 
arose from the Inaccuracy of the ancient observations, or from 
the action of some extraneous influence upon the planet.

Only a few years elapsed, when the planet began to deviate 
from the tables of Bouvard. In 1830 the error «amounted to 
20"; in 1840, to 90"; in 1844, to 2'. From a non - astro­
nomical point of view, these deviations were very minute. 
Had two stars moved in the heavens, the one in the, place 
of the real planet, the other in that of the calculated planet, 
it would have been an eye of wonderful keenness which 
could have distinguished the two from a single star, even in 
1844. But, magnified by the telescope, it is a large and 
easily measurable quantity, not for a moment to be neglect­
ed. The probable cause of the deviation was sometimes p 
subject of discussion among astronomers, but no very definite 
views respecting it seem to have been entertained,'lto^aid 
any one express the decided opinion that it was toJaé attrib­
uted to a trans-Uranian planet, natural as it seems to us such 
an opinion would have been.

In 1845, Arago advised his then young and unknown friend 
Leverrier, whom he knew to be an able mathematician and 
an expert computer, to investigate the subjectt>f the motions 
of Uranus. Leverrier at once .set about the task in the^nost 
systematic manner. The first step was to make sure that the 
deviations did not arise from errors in Bouvard’g^eory and 
tables ; he therefore commenced .with a careful recomputation 
of the perturbations of Uranus produced by Jupiter and Sat­
urn, and a critical examination of the tables. The result wasf 1
the discovery of many small errors in the tables, which, how- 

I ever, were not of a character to give rise to tjie observed de­
viations. * * 1 '——^

The next question was whether any orbit cduld be assigned 
which, after making allowance for the Iwticm of Jupiter and 
'Saturn, would represent the modern observations. The an­
swer was in the negative, the best orbit deviating, first on one 
side and then on the otheiyby amounts too great to be attrib­
uted error/of observation. Supposing the deviating to bo
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due to the attraction of some unknown planet, Leverrier next 
inquired, w,here this -planet must be situated. Its orbit 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 be looked for, 
and probably at not far from double the distance of that 
body ; ttiis leing the distance indicated by the law of Titius. 
Complete/ej nntgits of the orbit of th(fr unseen planet were 
finally aedtfsed, making its longitude 325° as seen front the 
earth alktlie^oeginning of 1847. This conclusion was reached 
in the summer of 1846. • u

Leverrier was not alone in reaching this result. In 1843, 
Mr. John C. A darns, then a student at Cambridge University, 
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 communicated to Profolsor Airy elements 
of the planet so near the truth that, if a search h»d 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 explanation^ from Mr. Adams, which,- from some 
unexplained cause, he <yid 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 effort made to secure his right to 
priority, although in reality his researches preceded those of 
Leverrier by nearly a year.

In the summer of 1846, M. Leverrier’s elements appeared, 
and the coincidence of his results with those of Mr. Adam^ 
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 changedt its position. Observations of 
the planet as a star were actually made on August 4th, 1846, 
and again on August 12th; but these observations, owing to 
Mr. Challis’s other engagements, were not reduced, and so the 
fact that the planet was observed did not appear. Ilis mode 
of proceeding was much like that of a man who, knowing that 
a diamond had dropped near a certain spot on the sea-bcaoh, 
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, Ï846, while Professor Challis was still 
working away at his observations, entirely unconscious that 
the great qbject of search was securely imprisoned in the pen­
cilled figures of his note-book, Lcverrjer wrote to Dr. Galle, at 
Beilin, 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 no£ on the star map. Its posi­
tion was carefully determined, and on the night following it 
was re-examined, and found to have changed its place among 
the stars. No further doubt could exist that the long-sought- 
for planet >vas found. The date of the optical discovery was 
September 23d, 1846. The news reached Professor Challis 
October 1st, and, looking into his note-book, he found his own 
observations of the planet, made nearly two months befpre.

As between Loverrier 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 before . 
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 docs 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 true science is advancing 
to a stage in which contests about priority are looked upon as 
below its dignity. Discoveries are made\ior 'the benefit of 
mankind ; and if made independently by several persons, it is 
fitting that each should receive all the cred{t due to success in 
making it. We should consider Mr. Adams as entitled to the 
same unqualified admiration which is due to a sole discoverer; 
and whatever claims to priority 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 Jiis work that immediate publicity 
which was due to its interest and importance.

The discovery df 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 tlicT 
planet had, like Uranus, been observed as a star by some pre­
vious astronomer. This question was taken up by Mr. Scare C. 
Walker,'-of the Naval Observatory. A few months’ observa­
tion sufficed 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 whichyWas at the same time 
being swept by the telescopes of Observers engaged hrqwepar- 
ing catalogues of stare. He was not successful till he reached 
the year 1795. On the 8th and 10th of May of that year, 
Lalande, of Paris, had swept over flic place of the planet. It 
must now be decided whether any of the stare observed on 
those nights could have been Neptune. Although the exa^t 
place of the planet could not yet be fixed for an epoch go 
remote, it was easy to mark out the apparent position of its 
orbit as a lineztimong the stars, and it must then have been 
somewhere on that line. After taking out the stare jvliich 
were too far from the line, and those which had been seen by 
subsequent observers, there remained one, observed on May

k , t



NEPTUNE AND ITS SATELLITE. 863

10th, which was very near the computed orbit Walker at 
oqpe ventured on the bold prediction that if this region of 
die 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. Oil the first clear 
evening the examination 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 bo wrong, 
entirely unconscious that in that little discrepancy lay a dis­
covery which would 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 the perturba- 

, tions of Neptune produced by the action of the other planets.* 
, The results of these computations, together with Mr. Walk­
er’s elements, are given in the Proceedings of the American 
Academy of Arts and Sciences.

Physical AsjkcI of Neptune.—On the physical appearance of
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this planet very little can be said. In the largest telescopes 
and through the finest atmosphere, it presents the appearance 
of a perfectly round disk about 3" in diameter, of a pale-blue 
color. No markings have been seen upon it. When first 
seen by Mr. Lassell, he 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 with his two-foot reflector, saw on 
various occasions a point of light in the neighborhood. Dur­
ing the following year it proved to be a satellite, havffig 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 Struve. These observations 
showed that its orbit was inclined about 30° to the ecliptic, 
but it was impossible to decide in which direction it was mov­
ing, since there were two positions of the orbit, and two di­
rections of motion, in which the apparent motion, as seen from 
the earth, would be the same. After a few years the change 
in the direction of the planet enabled this question to bo 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 l>o 
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 tfj-btt- The mass deduced from the perturba­
tions of Uranus is -nr7-inr> an agreement as good as could be 
expected in a quantity so difficult to determine.
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CHAPTER V.
COMETS AND METEORS.

§ 1. Aspects and Forms of Comets.
The celestial motions which we have hitherto described 

take place with a majestic uniformity which has always im­
pressed the minds of men with a sense of the unchaugeablc- 
ncss of the heavens. But this uniformity is on some occasions 
broken by the apparition of objects of an extraordinary as­
pect, which hover in the heavens for a few days or weeks, like 
some supernatural visitor, and then disappear. We refer to 
comets, bodies which have been known from the earliest times, 
but of which the nature is not yet deprived of mystery.

Comets bright enough to bo noticed yith the naked jeyo 
consist of three parts, which, however, are not completely dis­
tinct, but run into each other by insensible degrees. These 
are the nucleus^ the coma, and the. tail

The nucleus is the bright centre which to the eye presents 
the appearance of an ordinary star or planet. It would hard­
ly excite remark but for the coma and tail by which it is ac­
companied. '

* The coma (which is Latin for hair) is a mass of cloudy or 
vaporous appearance, which surrounds the nucleus on all sides. 
Next to the nucleus, it is so bright as to be hardly distinguish­
able from ik but it gradually shades off in every direction. 
Nucleus andVuna combined present the appearance of a star, 
more or less bright, shining through a small patch of fog, and 
are together called the head of the comet.

The tail is a continuation of the coma, and consists of a 
Stream,of milky light, growing wider and fainter as it recedes 
from the comet, until the eye can no longer trace it. A curi-

i
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ous feature, noticed from the earliest times, is that the tail is 
always turned from the sun. The extent of the tail is very 
different in different comets, that appendage being brighter 
and longer the more brilliant the comet. Sometimes it might 
almost escape notice, while in many great comets recorded in w 
history it has extended half-way across the heavens. The 
actual length, when one is seen at all, is nearly always many 

* millions of miles. Sometimes, though rarely, the tail of the » 
cclfiiet is split up into several branches, extending ont in 
slightly^ifferent directions. ,

Such is the general appearance of a comet visible to the 
naked eye. When the heavens were carefully swept with tel­
escopes, it was found that comet* thus visible formed but a 
small fraction of the whole numW. If a diligent search is 
kept up, as many comets are sometimes found with the tele­
scope in a single year as would be seen in aJifctime with the 
unaided eye. These “ telescopic comets ” do not always pre­
sent the same aspect as those seen with the naked eye. The 
coma, or foggy light, generally seems to be developed at the 
expense of the nucleus and the tail. Sometimes either no 
nucleus at all can be seen with the telescope, or it is so faint 
and ill-defined as to be hardly distinguishable. In the cases 
of such comets, it is generally impossible to distinguish the 
coma from the tail, the latter being either entirely invisible, 
or only an elongation of the coma. Many well-kflown 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 the telescopic ohes, yet, when we close­
ly watch their respective modes of development, we find them 
all to belong to one class. The differences arc like those be­
tween some animals, which, to the ordinary looker-on, have - 
nothing in common, but in which the zoologist sees that every 
part of the one has its counterpart in the other—indeed, the 
analogy between what the astronomer sees in the growth of 
comets and the zoologist in the growth of animals is quite 
worthy of remark. As a general rule, all comets look nearly

f
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Fio. l>0.—Views of Encke's comet iu 1871, by Dr. Vogel.

alike when they first 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 foggy patch without any tail, and very often without any 
visible nucleus. Thus, in the case of Donat i’s comet of 1S58, 
one of the most splendid on record, it was more than two 
months after the first discovery before there was any appear-

1
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an ce of a tail. To enable the reader to see the relatioti 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 Encke’s comet, made by Dr. Vogel, in 
November and December, 1871.

When the nucleus of a telescopic comet begins to show it- 
sèlf, it is commohly on the side farthest from the sun. Sev­
eral little branches will then be been 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 pictures of Encke’s comet 
in Figs. 1 and 2, the sun is towards the left, and we see what

?

Fio. 91.—Head of Douati’e great comet of 1868, after Bond.

looks like three little tails, the middle one pointed towards the 
sun. But if we look at tl^ view of Donati’s comet, Fig. 91, 
we see several little lines branching upwards from the centre 
of the head, and it is to" these, and not to the tail, that the lit­
tle tails Tn the figures of Encke’s comet correspond. In fact, 
the general rule is that the heads of comets have a fan-shaped 
structure, the handle of the fan being in the nucleus, and the 
middle arm pointing towards the sun ; and it is this append­
age which first shows itself.

In the larger comets, this fan is surrounded ty one or more
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semicircular arches, 'or envelopes, the inner one forming its 
curved border; but this arch does not sho\y itself in very faint 
comets. The true t%il of the comet, when 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 be seen extending^ 
out towards the lower right-hand corner of the picture, which 
was opposite to the direction of the çun. On the 'other hand, 
thorigh 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 
central line of the tail, it will be remarked, is comparatively 
dark. This is very generally the case with bright comets.

§ 2. Motions, Origin, and Number of Comets. 4
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 necessai#'*result of the gravitation of 
the planets towards the sun, the question naturally arose wheth­
er comets moved according to tluKsame law. It was found by 
Newton that the coyiet of 1680 actually did move in such an 
orbit, but instead of being, likp'rthe planetary orbits, nearly 
circular, 4t was very eccentric,(being to all appearance a pa­
rabola. v* .

A parabola being one of the orbits which gravitation would 
cause to be described, it was thus made certain that comets 
gravitated towards the sun, like planets. It was, however; im­
possible to say whether the orbit was really a parabola or a 
very elongated ellipse. The reason of this difficulty is that 
comets are visible in only a very small portion of theiV orbits, 
quite close to the sun, and in this portion the forms of a pa­
rabola and of a very, eccentric ellipse are so nearly the same, 
that/they cannot always be distinguished. ' s

There is this very important difference betweten an elliptical 
*and a parabolic orbit — that the former is closed up, and a 

comet moving in it must come back some time, whereas the 
two branches of the latter extend out into infinite space with-

25
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out ever méètïhg. Al comet moving in a parabolic orbit will, 
therefore, never return! but, after once sweeping past the sun, 
will continue to reced&jnto infinite space forever. The same 
thing will happen if the comet moves in an hyperbola, which is

/
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Parabolic orbit. Eccentric elllpee.

Fig. 92.—Parabolic and elliptic orbit of a comet. The comet is invisible in the dotted part 
of the orbits, and the forms of the visible parts, o, 6, cannot be distinguished in the 
two orbits. But the ellipse forms a closed curve, while the two branches of the pa­
rabola continue forever without meeting.

the third class of orbit that may be described under the influ­
ence of gravitatibp, In a parabola, the slightest retardation 
of a comet would change the orbit into an ellipse, the velocity 
being barely sufficient to carry the comet off forever, whereas 
in an hyperbola there is more or less velocity to spare. Thus 
the parabola is a sort of dividing curve between the hyperbola 
and the ellipse.

The astronomer, knowing the position of an orbit, can tell 
exactly what velocity is necessary at any point of it in order 
that a body moving in it may go off, never to return. A body 
thrown from the earth's surface with a velocity of seven miles
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a second, and not retarded by the atmosphere, woulchliever 

return to the earth, but would describe some sort of mi orbit 
round the sun. It would, in fact, be a little planet. Vlf 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 the sun, then the comet must 
go off into infinite space, never to return to our system. But 
with a less velocity the comet must be brought back by the 
sun’s attraction at some future time, the time being longer the 
more nearly the velocity reaches twenty-six miles per second.

/It is by the velocity that the astronomer must, in general, de­
termine the fo^m of the orbit. If it corresponds exactly to 
the calculated limit, the orbit is a parabola ; if it exceeds this 
limit, it is an hyperbola ; if it falls short of it, it is an ellipse.

Now, in the large majority of comets the velocity is so near 
the parabolic limit that it is not yssiblc to decide, from ^ob­
servations, whether it falls short of it or exceeds it. In the 
case of a few comets the observations indicate an excess of 
velocity, but an excess is so minute that its reality cannot be 
confidently asserted. It cannot, therefore, be said with cer­
tainty that any Ifnown comet revolves in a hyperbolic ôrbft, 
and thus it is possible that all comets belong to our system, 
and will ultimately return to it. It is, however, certain that 
in the majority of cases the return will be delayed many cei/ 
turies, nay, perhaps many thousand years. There are quite a 
number of comets which are known to be 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 Ncase 
of others, the periodicity has been inferred only from the fact 
that the velocity fell so far short of the parabolic limit that 
there could be no doubt of the fact that the comet moved in 
an ellipse.

In this question of cometary- orbits is involved the very in­
teresting one, whether comets should be considered as belong-
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ing to oar system, or as mere visitors from the stellar spaces. 
We may conceive of them as stray fragments of original neb­
ulous matter scattered through the grej^t wilderness of space 
around us, drawn towards our sun one by one as the long ages 
elapse. If no planets surrounded the sun, <y* if, surrounding 
it, they were immovable, a comet thus drawn in would whirl 
around the sun in a parabolic orbit, and lepve it again, not to 
return until millions of years 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 which it 
came. But owirig to the motions of the several planets in 
their orbits, the comet would have its velocity changed in 
paçsing 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 jnto an ellipse more or‘less elongated, ac­
cording to the amouqtof this excess. In the large majority 
of cases, the retardation would be sd slight that the most del­
icate observations could not show it, and it could be known 
only by calculation, or by the return bf the comet after tens 
or hundreds of^thou sands of years. Î3ut should the comet 
chance to pass tary near a planet, especially a large planet 
like Jupiter, the retardation might be so great as to make the 
comet revolve in an orbit of quite short period, and thus be- ' 
come a seemingly permanent me«#5er of our system. So near 
an approach of a comet to a planet would not be likely to oc­
cur more than once in a number of centuries, but every time 
it did occur there would be an even chanfep for an additional 
comet of short period, the orbit of which would, at first, al­
most intersect that of the planet which had deranged it. It 
might not, however, bo a known comet, because the orbit 
might be wholly beyond the reach of our vision.

It is impossible, in*the present state of science, to say with 
certainty whether thét periodic comets were thus brought into
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our system ; but it seems probable that they were, from the 
fact Âat many, if not all, of the orbits of these comets pass 
near the orbits of some of the planets. That the planetary 
and cometary orbits in such a case should intersect now is not 
to be expected, because both would change by the secular 
variations resulting from the action of the planets. Future 
research will probably throw more light on this question. ,

Number of Comets.—It was the opinion of Kepler that the 
celestial spaces were as full of.comets aythe sea of fish, only 
a small proportion of them coming within the range of our 
telescopes. That only an insignificant fraction of all existing 
comets have ever been observed, we may regard as certain. 
Owing'io their extremely elongated orbits, they can be seen 
only when near their perihelion, and as it is probable that the 
period of revolution of the large majority of those which have 
been observed is counted by thousands of yearn—if, indeed, 
they ever' return at all—our observations must be continued 
for many thousand years before wTe have seen all which come 
within rangefef our telescopes. It is also probable that V^ll 
which can ever be seen will be but a small fraction of the 
number which exist, because a co/met can seldom be seen un­
less its perihelion is cither inside the orbit of the earth, or but 
little outside of it. There are a few exceptions to the/ rule. jj 
that only such comets are seen, the most notable oile >eing 
that of the comet of 1729, which, at perihelion, was more than 
four times the earth’s distance from the sun. This comet must 
have been one pi extraordinary magnitude, as almost < ivery 
other known comet would have disappeared entirely from the 
most powerful telescopes of that time, if placed at the dis­
tance at which it was observed.

The actual number of comets recorded as visible to the 
naked eye since the Christian era is given in the table on the 
following page.* * • . ' /

* This table is taken at sdfcond-hand, principally from Arago (“Astronomie 
Populaire,” livre xvi^lchap. xv.)., Arago mentions but eight as visible during 
the eighteenth century! I have considered the number thirty-six, given by .Klein", 
as more probable.,
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V

Years of our Era. Number 
of Comets. Years of our J&ra.

*
. N umber 

of Comets.

From 0 to 100............... 22 From 1001 tç 1100....Z'..*... 36-
•* “ 101 “ 200...... •23 0

44
“ HOI ,T 1200.................. 26.

26 ’“ 201 “ 300................. “ 1201 “ 1300.................
“ 301 “ 400.............. *27 V 1301 “ 1400................. 29 -
“ 401 “ 500...*.......... *10 “ 1401 “ 1500................ '17
“ 601 600................. 25 “ 1501 “ 1600.................. 31
“ 601 “ 700............... .. 22 “ 1601 1700.................. 12
“ 7oi 800............ 16 “ 1701 “ 1800.:............... 36
“ 801 “ 900............... ;
“ 901 “ 1000.................

> 42
26

“ 1801 “ 1875.................. 16

In round numbers, about five hundred cpmcts visible to the- 
naked eyeJiave been recorded since our era, making a general 
average of one every four years. Besides these, nearly two 
hundred telescopic comets have been observed since the in­
vention of the telescope ; so that the total number of these 
bodies observed doring the period in question does not fall 
far short df 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. Remarkable Comets.
vi/h te

In nnenlightened 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 so the contemporaneous event. The descrip­
tions of the comets themselves are, however, so vague and 
indefinite as to be entirely devoid of either instruction or in­
terest, as it often happens that not even their course in the 
heavens is stated. ,

The great comet of 1680 is, as already said, remarkable for 
being not only a brilliant comet, but the one by which New­
ton proved that comets move under the influence of the gravi­
tation of the sun. It first appeared in the autumn of 1680, 

- and continued visible most of the time till the following spring.

I



REMARKABLE COMETS. 875

It fell down almost in a direct line to the sun, passing nearer 
to that luminary than any comet before known. It passed its 
perihelion ,on December 18th, and, sweeping round a large 
arc, went back in a direction not v<yy different from that from 
which it came. The observations have been calculated and 
the orbit instigated by many astronomers, beginning with 
Newton ; tofit èie results show no certain deviation from a 
parabolic.orbit. Hence, if the comet ever returns,"it is only 
at very long intervals. Halley, lmwever, suspected, with some 
plausibility, that thmptim^Nniglijt be 5*75 years, from the fact 
that great coraetynad been recorded as appearing at that in- 

'terval. The Mr* of these appearances was in the month of 
September, aften Julius Cæsar was killed; the second, in the 
year 531 ; the tlVird, in February, 1106 ; while that of 1680 
made the fourth. \lf, as seems not impossible, these were four 
returns of one apd\he same comet, a fifth return will be seen 
by our posterity aboht the year 2255. Until that time the 
exact period must remain doubtful, because observations made 
two centuries ago do noKpossesa the exactitude which will 
decide so delicate a point.

Halley's Comet.—Two yearsNfter the comet last' described, 
one appeared which has since becoqm the most celebrated of 
modère times. It was first seen on August 19th, 1682, and 
observed about a month, when it disappeared. Halley com­
puted the position of the orbit, and, comparing it with previ­
ous orbits, found that it coincided so exactly with that of a 
corpet observed by Kepler in 1607, that there could be no 
doubt of the identity of the two orbits. So close were they 
together that, if drawn on the heavens, the flaked eye would 
almost see them joined into a single line. TÎîê 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 sevenmfive years. 
His conclusion was confirmed by the fact that Ivrëomet was 
observed in 1531, which moved in apparently the sanKr-orbit. 

/ Again subtracting the period of seventy-five years, it

J

(
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found that the coingfr had appeared in 1456, when it spread 
such terror throughout Christendom that Pope Calixtus or­
dered prayers to be offered for protection against the Turks 
and the comet. This is supposed to be the circumstance which 
gave rise to the popular myth of the Pope’s Bull against the 
Comet

This is the earliest occasion on which observations of the 
course of the comet were urfade with such accuracy that its 
orbit could be determined. If we keep subtracting 75J years, 
we shall find that we sometimes fajl on dates when the appa­
rition of a comet was recorded ; but without any knowledge 
of the orbits of these bodies, ft cannot be said with certainty 
that they are identical. However, in the returns of 1456, 
1531, 1607, and 1682, at nearly equal intervals, Hallëy 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 years. This immense labor was performed by v 
Clairaut, who found that, iu 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 midnifcht 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 that mathemati­
cians, without ^pending 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, and the ccynputation of the return of the comet was 
undertaken independently by two of their leading astronomers,

X

/
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De Damoiseau and De Pontécoulant. Of these, the first an­
nounced that it would reach its perihelion on November 4th, 
1835 ; while De Pontécoulant, 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 course, looked for with the greatest assiduity, 
and was first seen on August 6th. Approaching the sun, it 
passed its perihelion on November 16tli, at eleven o’clock in 
the morning, only three days after the time predicted by De 
Pontécoulant.

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 spen 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 rr 
of its course, which ex- U 
tends some distance be­
yond the orbit of Nep­
tune, about 1873, and 
thatXt is now on its re­
turn journey. We pro­
mt a diagram of its or­

bit, showing its position 
in 1874. Its velocity 
will constantly increase 
from year to year, and 
we may expect it to 
reach perihelion about the year 1911. The exact date cannot 
be fixed until the cffeci of the action of all the planets is com­
puted, and this will be a greater labor than Iteforc, not only 
because greater ^ccuracy will bo aimed at, but because the 
action of more flanets must bo taken into account. When 
Cl ai rant computed the return of 1759. Saturn wasvthc outer­
most known planet. When the return of 1835 was computed,

Fm. 98.—Orbit of Halley's comet.
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Uranus had been added to the list, and its action had to bo 
taken into account. Since that time Neptune has been dis­
covered ; and the astronomer who computes the return of 1911 
must add its action to that of the other planets. By doing so, 
we may hope that the time of reaching perihelion will be pre­
dicted within one or txyfi days. • * •

The Lost Biela's Comet.—Nothing could more strikingly il­
lustrate /the difference between comets and other* heavenly 
bodies than the f^ct of t^he total dissolution of one of the for­
mer. In 1826, a comet was discovered by an Austrian named 
Biela, which was found to be periodic, and to have been ob­
served in 1772, and again in 1805. The time of revolution 
was found to be six years and 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 astronomers of the 
Naval Observatory found it to have suffered an accident nev­
er before known to happen to a heavenly body, and of which 
no explanation has jever been given. The comet had sepa­
rated into two distinct parts, of quite unequal brightness, 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,mud in Màrcli 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, w*as 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 1846, their distance having increased to about a mill­
ion and a half of miles. Sometimes one part was the'bright­
er, and sometimes the other, so that it was impossible to de­
cide which ought to be regarded as representing the principal 
comet. The pair passed out of view about the end of Sep-
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tomber, 1852, and have not been seen since. They would, 
sincef then, have made three complete ^revolutions, returning in 
1859,1865, and 1872. At the first of these 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 frag­
ments were, however, passing along the comet’s orbit, and pro­
duced a small meteoric shower, as will be explained in a later 
section.

■ The Great Comet of 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 the 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 careful investigation 
of it—that of Professor Hubbard, of Washington—indicated 
a period of 530 years ; 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.

Donati's Comet of 1858.—This great comet, one of the most 
magnificent of 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 first seen at

* Just after the meteoric shower, Mr. Pogson, of Madras, obtained observa­
tions of an object which, it was supposed, might have been a fragment of this 
comet. 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 June 2d, 1858, by Donati, who described it as a 
very faint nebulosity, about 3' in diameter. About the end 
of the month it was discovered independently by three Amer­
ican observers : H. P. Tuttle, at Cambridge ; H. M. Parkhurst, 
at Perth Amboy, New Jersey ; and Miss Maria Mitchel, at 
Nantucket During the first three months of its visibility it 
gave no indications of its future grandeur. No tail was no­
ticed until the middle of August, and at the end of that 
month it was only htflf 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

Fig. #4.—Great comet of 1868.

I
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month developed with great rapidity, attaining its greatest 
brilliancy about the first half of October. Its tail was then 
40° in length, and 10° in breadth at its outer end, and of a 
curious feather-like form. About October 20th it passed so 
far south as to be no longer visible in northern latitudes ; but 
it was followed in the southern hemisphere until March fol­
lowing.

Observations of the position of this comet soon showed its 
orbit to be decidedly elliptic, with a period of about 2000 
years or less. A careful investigation of all the observations 
was made by Mr. G. W. Hill, who found a period of 1950
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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.

§ 4. Enclces Comet, and the Resisting Medium.
The comet which in recent times has most excited the atten­

tion of astronomers is that known as Encke’s, from the astron­
omer who first carefully 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 Herechel, on 
which observations were continued about three wreeks ; but no 
very accurate orbit was derived from these observations. In 
1805, the same comet returned again to perihelion, but its iden­
tity again failed to be recognized. As in the previous returns, 
the observations continued through less than a month. It 
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 tiomet of 1805 as to leave no doubt 
that the two were really the same body. But the first astron­
omers who noticed this were unable to decide whether this 
was its first return since 1805, or whether it had' in the mean 
time made several revolutions.

The motions of the comet were now taken up by Encke, of 
Berlin, and investigated with a thoroughness before unknown. 
He found the period to be about 1200 days, four complete 
revolutions having been made between 1805 and 1$18. Know­
ing this, there was no longer any difficulty in identifying the 
comet of 1795 as also being the same, three complete revolu­
tions having been made between that date and 1805. In the 
intermediate returns to perihelion, its position had been so 
unfavorable that it had not been observed at all. This result 
was received by astronomers with the greatest interest, because 
it was tlietfirst known case of a comet 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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southern hemisphere. Happily, Sir Thomas Brisbane had an 
observatory at Paramatta, New South Wales, and his assistant, 
Itumker, 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 wras In thë field of view during its whole course.

Encké continued to investigate the course of the comet dur­
ing eaclrreyolution up to the time of his death, in 1865. At 
some returns îÏMîOuld not be seen, owing to its distance from 
the earth, or the otherwise unfavorable position of our planet ; 
but generally very accurate observations of its course were 
made. By 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 Olbers, that 
the comet met with a resisting medium in space. The dimi­
nution of the period was about two hours and a half in each 
revolution. The, conclusion 6f Encke and Olbers was that the 
planetary spaces are filled with a very rare medium—so rare 
that it does not produce the slightest effect on the motion of 
such massive bodies as the planets. The comet being a body 
of extreme tenuity, probably far lighter than air, it might be 
affected by such a medium. The existence of this medium 
cannot, however, be considered as established by Encke\ re­
searches. In the first place, if we grant the fact that the 
time of revolution is continually diminishing, as maintained 
by the great German astronomer, it does not follow that a re­
sisting medium is the only cause to which we can attribute it. 
But the main point is, that the computations on which Encke 
founded his hypothesis^ are of such intricacy as to be always 
liable to small errors, and their results cannot be received 
with entire confidence until some one else has examined the 
subject by new and improved methods.

Such an examination is now being made by Dr. Von Asten, 
of Pulkowa ; and, although it is still unfinished, it seems like­
ly, in the end, to confirm Encke's results, at least in part. Dr. 
Von Asten commenced by calculating the 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 there was no 
deviation from the computed positions which could be attrib­
uted to the action of a resisting medium. But on carrying 
the calculation back to 1861, he found that between that epoch 
and 1865 there must have been a retarding action like that 
supposed by Eucke. Carrying his work forward to 1875, he 
found that between 1871 jand 1875 there was once more evi­
dence of a retardation about two-thirds as great as that found 
by Encke. The absence of such an action between 1865 and 
1871, therefore, seems "quite exceptional, and difticult>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 lead to an entirely definite conclusion on this point, 
namely, the periodic comet of Faye, which has been investi­
gated by Müller.* This comet was discovered in 1843 by the 
astronomer whose name it bears, and was soon found to move 
jn an elliptic orbit, with a period of a little more than seven 
years. As it has been observed at several returns since, Müller 
investigated its motions with a view of finding whether its 
period was affected by any resisting medium. At first he 
thought there was such an effect, his general result being of 
the same nature with that reached by Enyke. But on repeat­
ing his calculations with the improved data afforded by a first 
calculation, he found that the result arose from the imperfec­
tion of the latter, and that the comet really showed no sign of 
a change in its mean motion. It therefore seems certain that, 
if there is a resisting medium, it does not extend out far 
enough from the sun to meet the orbit of Faye’s comet But

* Professor Axel Müller, director of the observatory at Lund, Sweden.

?
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this orbit lies wholly outside the orbit of Mars ; so that if the 
sun were surrounded by an atmosphere extending out to Mars, 
and no farther, the comet would never enter it. On the other 
hand, Encke’s comet, when in perihelion, is nearer the sun 
than Mercury is, and might there meet a resisting medium 
which did not extend so far out as the orbit of Mars. We 
must therefore adopt one of two conclusions : -either the cause 
which is supposed to affect the motion of Encke’s comet is 
not a resisting medium, or, if it is such, it is confined to the 
neighborhood of the sun. Considering the improbability of 
the sun having any atmosphere which can extend to such a 
distance, the former should be deemed the more probable 
alternative. We can accept it the more readily, from the 
fact that comets in general exhibit deviations from their cal­
culated orbits many times larger than those of the planets, so 
that an exact agreement between theory and observations can 
never be expected in the case of those bodies.

The next subject to which we would ask the attention of 
the reader is that of the physical constitution of comets. But 
this subject can be discussed only in connection with another, 
to fwhich, at first sight, it seems to have no relation, though 
so curious a relation has really been discovered as greatly to 
modify our views of what 9, comet probably is. Wyefer to 
the phenomena of jneteors, meteoric showers, and shooting- 
stars, which next claim our attention.

§ 5. Meteors ancb Shooting-stars.
If we carefully watch the heavens on a cloudless night, we 

shall frequently see an appearance as of a star rapidly shoot­
ing through a short space in the sky, and then suddenly dis­
appearing. Three or four such shboting-stars may generally 
be seen in the course of an hour. Generally they are visible 
only for a second or two, but sometimes move slowly, and are 
seen much longer. Occasionally they arc so brilliant as to 
illuminate the whole heavens, and they are then known as 
meteors—a term which is equally applicable to the ordinary 
shooting-stars. In general, they are seen only one at a time,



385METEORS AND SHOUTING-STARS.

and are bo minute as hardly to attract attention. But they 
have on some occasions shown themselves in such numbers as 
to fill the beholders with terror, lest the end of the world had 
come. The Chinese, Arabian, and other historians have hand- 
ed down to us many accounts of such showers of meteors, 
which have been brought to light by the researches of Ed­
ward Biot, Quetelet, Professor H. A. Newtop, and others. As 
an example of these accounts, we give one from an Arabian 
writer :

“ In the year 599, on the last day of Moharrcm, 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 remarkable 
shower was seen by Humboldt and Bonpland, who were then 
on the Andes. Humboldt described the shower as commen­
cing a little before two o’clock, and the meteors as rising alove 
the horizon between east and north-east, and moving over tow­
ards the south. From not continuing his observations long 
enough, or from some other cause, he failed to notice that the 
lines in which the meteors moved all seemed to converge tow­
ards the same point of the heavens, and thus missed the dis­
covery of the real cause of the phenomenon.

The next great shower was seen in this country in 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 respects erroneous, 
they were the means of suggesting the true theory to others.
The recurrence of the shower at this time suggested to the 
astronomer Olbers the idea of a thirty-four-year period, and 
led' him to predict a return of-the shower in 1867. A few 
years before the expected time, the subject was taken up by

* . f
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, it ap- 
scribed / 
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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-stars branch out in yet another 
direction. As we have described them, they are seen only in 
the higher and rarer regions of the atmosphere, far above the 
clouds : no sound is heard from them, nor does anything reach 
the surface of the earth from which the nature of the object 

*can he inferred. But on rare occasions meteors of extreme 
'brilliancy are followed by a loud sound, like the discharge of 
hfeavy 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 m«ch 
scepticism as to the reality of the phenomenon itself, it ap- 
peaijng to the doubters more likely that those who described 
such things were mistaken than that heavy metallic 
should fall from the air. When their reality was placed 
yond doubt, many theories were propounded to account for 
them, the most noteworthy of which was that they were 
thrown from volcanoes in the moon. The problem of the 
motion of a body projected from the moon was investigated 
by several great mathematicians, the result being that such a 
body could not reach the earth unless projected will) a veloci­
ty far exceeding anything seen on our planet.

When aerolites were examined by chemists and mineralo­
gists, it was foetid that although they contained no new chem­
ical elements, 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, though 
it had not been seen to fall. Great masses of matter thus 
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 bodies 
seems to have fallen.
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iuse of Shoothm-stars.—It is now universally conceded that 
theX^cclcstial spaces are crowded with innumerable minijle 
bodies moving ailound the sun in every possible kind of orbit- 
When we say crowded, we use the word in a relative sense ; 
they may not average more 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 xsàlling 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 
investigators until they were answered, clearly and conclusive­
ly, by the discovery of the mechanical theory of heat. It is 
now established that heat is only a certain form of motion ; - 
that hot air differs from cold air only in a more rapid vibra­
tion of its piolecules, and that it communicates its heat to 
other bodies 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, ev^n 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 
ones 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, Ifi degrees with 
one of 500 feet per second, and so on. This result is in exact 
accordance with the mechanical theory of heat. To find the 
effective temperature to which a metçeroid is exposed hjmov­
ing through our atmosphere, we divide its velocity in feet per

v
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second by 125 ; the square of the quotient will give the tem­
perature in degreéi.

Let us apply this principle to the case of the meteoroids. 
The earth moves in its (orbit at the rate of 98,000 feet per 
second ; aud if it met a meteoroid at rfest, our atmosphere 
would strike it with this velocity. By the rule we hafte given 
for the rise of temperature (98,000-h 125)’= 784’= 600,000 
degrees, nearly. This is -many times any temperature ever 
produced by artificial means. If, as will commonly he the 
case, the meteoroid is moving to meet the earth, the velocity, 
and therefore the potential temperature, will be higher. We 
know that the meteoroids which produce the Noveraftei1 show­
ers already described move in a direction nearly opposite that 
of the earth with a velocity of 26 miles per second, so that the 
relative velocity with which the meteoroids meet our atmos­
phere is 44 miles per second. By the rule we have given, 
this velocity corresponds to a temperature of between ^ three 
and four million degrees. We do not mean that the meteor­
oids are actually heateld up to this temperature, but that the 
air acts upon them as if it were heated up to the point men­
tioned ; that is, it 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 might 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 must be»

The varied phenomena of aerolites, meteors, shooting-stars, 
and meteoric showers depend solely on the number 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 po-
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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 
tlaj interior of the body, but expends itself in melting and vol­
atilizing the outer portions. When the body first strikes the 
denser portion of the atmosphere, the 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,
^ -antics the cause 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 meteoroid is so small or so fusible 
as to be dissipated in the upper regions of the atmosphere, we 
have a common shooting-star, or a meteor of greater or less 
brilliancy. Very careful observations have been made from 
time to time, with a view of finding the height oiktiiese bodies 
above the earth at their 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 Harkncss 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 
parallaxes, and thence the altitudes, of these bodies were de­
termined. The lightning-like rapidity with which the mete­
ors darted through their course .rendered it impossible to ob­
serve tliem with astronomical precision ; but the general re­
sult was that they were first seen at an average height of 75' 
miles, and disappear^ at a height of 55 miles. There was 
no positivdrevidence that^my meteor commenced at a height 
muchrigreater than 100 miles. Jt is remarkable that this cor- 
res^iuh^rery nearly to the greatest height at which the most 
brilliant meteors are ever certainly seen. These phenomena 
seem to indicate that our atmosphere, instead of terminating 
at a height of 45 miles, as was formerly supposed, really ex­
tends to a height of between 100 and 110 miles.’

z
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The ordinary meteors, which we may see on every clear 
evening, move in every direction, thus showing that their or­
bits lie in all possible positions, and are seemingly scattered 
entirely at random. But the case is quite different with those 
meteoroids which give rise to meteoric showers. Here we 
have a swarm of these bodies, all moving in the same direc­
tion in parallel lines. If'we mark, on a celestial globe, the

Pio. 96.—Meteor paths, illustrating the radiant point

apparent paths of the meteors which fall during a shower, or 
if we suppose them marked on the celestial sphere, and then 
continue them backwards, we shall find them all to meet in 
the same jx>int of the heavens. This is called the radiant 
point. It always appears in the same jjosition, whenever the 
observer is situated, and does not partake of the diurnal mo-
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tion of the earth ; that is, as the stars seem to move towards 
the west in thèir diurnal course, the radiant point moves with 
them. The point in question is purely an effect of perspec­
tive, being the Xvau.is^ing point” of the parallel lines in 
which the meteors really move. These lines do not appear 
in their real direction in spaoo^but are seen as projected on 
the celestial splicre. A good visible illustration of the effect 
in question may be afforded by looking upwards, and watch­
ing falling snow during a calm. The fyxkes which are fall­
ing directly towards the observer do not seem to move at all, 
while the surrounding flakes seem to separate from them on 
all sides. So with the meteoric showers. A meteor coming 
directly towards the observer does not seem to move at all, 
and marks the radiant point from which all the others seem 
to diverge. The great importance of the determination of 
the radiant point arises from the fact that it fiiarks the direc­
tion in which the meteors are moving relatively to the earth,

X» % V " •

and thus affords some data for determining their orbits.

§ 6. Relations of Comets and Meteoroids.
We have now to mention a series of investigations which U

led to the discoof a curious connection between meteor­
oids and cometsjf These investigations were commenced by 
professor Newton on the November meteoric showers. Tra­
cing back the historical accounts of these showers to which
we have already alluded, ho found that the thirty-threc-year 
period, which had been suspected by Olbers, was confirmed by 
tecords reaching back a thousand years. Moreover, the show­
ers in question occurred only at a certain time of the year : in 
1799 and 1833, it was on November 12th or November 13th. 

• In other words, the shower ôeeurrod only as the earth passed 
a certain point of its orbit. But this point was found not to 
bo always the same, the showers being found to occur about 
a couple of days earlier every century as they were traced 
back. The principal conclusions to which these facts led 

1 \yerc as follows : '« 1 ■
1. That the swarm of metoo cause the Novctn-
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ber showers 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 years. At other times the swarm has not arrived at 
the point of crossing, or has already passed it, and a meteoric 
shower cannot oicur 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 years. Adopt­
ing this period, it would follow that between 1799, when 
Humboldt saw the meteoric shower, apd 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 orbit, and returning again. But the periodic time 
might also be one year and about eleven days. Then the 
group which Humboldt saw on November 12th, 1799, would 
not reach tlfe 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 iryddlo of November 
once more, and another shower would occur. In a word, giv­
ing exact numbers, we might suppose that in the period of 
331 years the meteoroids made one revolution, (Or 321, 341, 
654, or 674 revolutions, and the conditions of the problem 
would be equally satisfied.

At the same time, Professor Newton gave a test by which
%
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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 prediction of the return of the tiiower 
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 become visi­
ble in this country. On the same date of the year following, 
a shower was visible in this country, and excited great public 
interest. From the data derived from the first of these show­
ers, Schiaparelli, an Italian astronomer, was led to the discovery 
of a remarkable relation between meteoric and cometary orbits. 
Assuming the period of the November meteoroids to be 33^ 
years, he computed the elements of their orbit from the ob­
served position of the radiant point. A similar computation 
was made by Leverrier, and the results were presented to the 
French Academy of Sciences on January 21st, 1867.

The exact orbit which tlieôe bodies followed through space, 
crossing the earth’s orbit at one point, and extending out 
beyond the planet Uranus at another, was thus ascertained. 
But, as these bodies were absolutely invisible, no great inter­
est seemed to attach to their orbit until it was found that a 
comet was moving in that very orbit. This was a faint tele­
scopic comet discovered by Tempel, at Marseilles, in Decem­
ber, 1865. It was afterwards independently discovered by 
Mr. II. P. Tuttle, at the Naval Observatory, Washington. It 
passed its perihelion in January, and, receding from the sun, 
vanished from sight in March. It was soon found to move 
in an elliptic orbit, but, owing to the uncertainty of observa-

J
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tions on such a body, 
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, 1867, was able to 
present a definitive or­
bit of the comet, which 
was published in the As- 
tronomische Nachrichten 
on the 28th of that 
month. We now pre­
sent the orbit of the 
comet, as found by Op­
polzer, and that of the 
meteors, as found by 
Leverrier, premising 
that these orbits were 
computed and publish­
ed within a few days

Fio. 96—Orbit of November meteors and the comet of each Other, without
ofl8ei- any knowledge on the

part of either astronomer of the results obtained by the other :
The Comet. Meteoroids.

Period of revolution.........................
Eccentricity........................................
Perihelion distance...........................
Inclination of orbit...........................
Longitude of the node....................
Longitude of perihelion..................

33.18 vrs. 
0.9054 
0.9765
162° 42' 
,61W
42 \'

33.25 yrs. 
0.9044 
0.9890
165° 19'
51° 18' 

Near node.

The similarity of these orbits is too striking to be the result 
of chance. The only element of which the values differ ma­
terially is the inclination, and this difference proceeds from 
Leverrier not having used a very exact/position of the radiant 
point in making his computations. Professor Adams found 
by a similar calculation that the inclination of the orbit of the
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meteoroids was 1,63° 14', only half a degree different from that 
of the orbit of Tempel’s comet. The result of these investiga­
tions was as follows :

The November meteoric showers arise from the earth encountering
a swarm of particles following 
Tempel's comet in its orbit.

When this fact came out, 
Schiaparelli had been 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 9th 
of every year an unusual num­
ber of meteors shoot forth from 
the constellation Perseus. At 
times thes| showers ‘have been 
inferior only to those of No­
vember. Thus, on August 9th, 
1798, they succeeded each oth­
er so rapidly as to keep the 
eye of the observer almost con­
stantly engaged, and several 
hundred may nearly always be 
counted on the nights of the 
9th, 10th, and 11th. These 
August meteors are remarka­
ble in that they leave trails of 
luminous vapor which often' 
last several seconds. Assum­
ing the orbit of this group to 
be a parabola, it was calculated 
by Schiaparelli, and is substan­
tially the same with that of a 
comet observed in 1862. The 
following are the elements of 
the orbits of the two bodies :

ngllT OF NCPTUh

y,

Fig. »7.—Orbit of the third comet of 1862.

X
/"X
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• Comet II.,
1868. Meteoroids.

Perihelion distance..........................
Inclination of orbit..........................
Longitude of the node....................
Longitude ofyhe perihelion...........

0.9626 
113° 35' 
137° 27’ 
344° 41'

0.9643
115° 67' 
138° 16' 
343° 28'

It appears that tHe August meteors are 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. The 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 be 124 years, which, however, may be 
ten years or more in error.

A third striking case of the connection between comets and 
meteors which we are showing is afforded by the actual pre­
diction of a meteoric shower on the nigbt 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 sdfcttered. This is one of 
the few comets which may^ome very near the earth, the lat­
ter passing the orbit of the comet on November 27th of each 
ycar^-'By calculation, the comet should have passed the point 

z -of"crossing early in September, 1872, while the earth reached 
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 meteoroids consisting of the 
remains of the lost comet, and that a small meteoric shower 
would be the result. Moreover, it was shown that the mete- 
ore would all diverge from a certain point in the constellation 
Andromeda, as the radiant point, because that would be the di­
rection from which a body moving in the orbit of the comet 
would seem to come.The prediction was fully verified in 
every respect. The meteors did not compare, either in num­
bers or brilliancy, with the great displays of November ; but, 
though faint, they succeeded each other so rapidly that the 
most casual observer could not fail to notice them, and they 
all moved in the predicted direction. ~
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That tho meteoroids in these cases originally belonged to 
the cornet, few will dispute. Accepting this, tho phenomena of 
the November showers lead to the conclusion that the' comet 
of 1866, with which they are associated, was not an original1 
member of our system, but has been added to it within a 
time which, astronomically speaking, is still recent. The sep­
arate meteoroids which form the stream will_pecessarily have * 
slightly different periodic times. Such being the case, they 
will, in the course of many revolutions, gradually scatter them­
selves around their entire orbit ; and then we shall have an 
equal meteoric shower on every 13th oUNovembcr. This 
complete scattering seems to have actually itakcn place in the 
case of the August meteoroids, since we have nearly the same 
sort of shower .on every 9th or 10th of August. But in the 
case of the November meteors, the stream is not yet scattered 
over one-tenth of the orbit. If we suppose that the motions 
of the slowest and the swiftest bodies of the stream only dif­
fer by a thousandth part of their whole amount—which is not 
an unreasonable supposition—it would follow that the stream 
had only made about 100 revolutions around the sun, and had 
therefore been revolving only about 3300 years. Though this 
number is purely hypothetical, we may say with confidence 
that the stream has mot been in existence many thousand 
years. .. ’

This opinion is strongly supported by the fact that the orbit 
of this meteoric comet passes very near that of Uranus as well 
as that of the earth, so that there is reason to believe^that it 
was introduced into our system by the attraction of one of 
these planets, probably of Uranus. If the comet is seen on its 
next return, in 1899, we may hope that its periodic time will 
be determined with sufficient accuracy to enable us to fix with 
some probability the exact date at which Uranus brought it 
into our system. Indeed, Leverrior has attempted to do this 
already, having fixed upon the year 126 of our era as the 
probable date of this event ; but, unfortunately, neither the 
position of the orbit nor the time of -revolution is yet known 
with such accuracy as to inspire confidence in this result.

1
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The idea that this November group is something compara­
tively new is strengthened by a comparison with that whl&h 

* produces the August meteors, where we find a decided mark 
of antiquity. Here the swiftest of the group has, in the course 
of numerous revolutions, overtaken the slowest, so that the
group is now spread almost equally around the entire orbit. 
The time of revolution being, in this case, more than a cen­
tury, this equal distribution would take a much longer time
than in the other case, where the period is only thirty-three
years ; so that we can sayy with considerable probability, that 
the August group has been in our system at least twenty 
times as long as the November group.

* § 7. The Physical Comtitution of Comets.
. theory tof the 1 
plete anil satis 
natter ^aer madi

A theory Cpf the 1 sical constitution of comets, to be both *
complete ana satis ;ory, must be founded on the properties 
of matter<aer madi uown to us here at the surface of the 
earth. That iti^we must fcljow what forms and what combina- 
tions of known substance^ would, if into the celes-

;ory, must be founded on the properties , 
uown to us here at the surface of theof matter

earth. That id^we must Bljow what forms and 
tions of known substance^ would, if
tial spaces, present the appearance of a cornet^ Now, this has
never yet been completely done. Theories without number 

v have been propounded, but they^fail to\ explain some pf the 
phenomena, or explain them in a manner not consistent with
the known laws of matter or force. We cannot stop even to 
mention most of these theories, and shall therefore confine our 
attention to those propositions which are to some extent sus­
tained by facts, and which, on the whole, seem to have most 
probability in their favor. - x

TlTe simplest form of these bodies is seen in the telescopic 
comets, which consist of minute particles of a cloudy or v 
ous Appearance. Now, we know that masses which present 
this appearance at the surface of the earth, where we can ex­
amine them, are composed of detached»particles of solid or 
liquid matter. Clouds and vapor, for-mstance, are composed 
of minute drops of water, and smoke of very minute particles 
of carbon. Analogy would lead us to suppose that the tele­
scopic comets arc of the same constitution. They are gener-

t
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ally tens of thousands of miles in diameter, and yet of such 
tenuity that the smallest stars are seen through them. The 
strongest evidence of this constitution is, however, afforded by 
the phenomena of meteoric showers described in the last sec­
tion. We have seen that these are caused by our atmosphere 
encountering the débris of comets, and this débris presents it­
self in the form of detached meteoroids, of very small magni­
tude, but hundreds of miles apart. V k-

The only alternative to this theory is that the comet is a 
mass of true gas, continuous throughout A ta 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 bauds, 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 çomet as consisting of 
the gas* of soute 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 

- fitfct 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 tbe celestial 
spaces. Again, a gas cannot, so far as experiment has ever 
gone, shine by its own light until it is heated to a high tem­
perature, far above any that can possibly exist at distances 
from the^sun so great as those at which comets have been 
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, therefore, not be regarded as satisfactory. It may be 
that comets will hereafter be found to consist of some combi­
nation of solid and gaseous matter, the exact nature t>f which 
is not yet determined ; or it may be that this matter is of a 
nature or in a-form wholly unlike anything that wo are 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 telescopit/corpets to those brilliant 
ones which exhibit a nucleus and a tail,We can trace certain 
operations which are not seen in the case of the others. What 
the nucleus is—whether it is a solid body sevch'al hundred miles 
in diameter, or a dense mass of the same matei^ls which com­
pose a telescopic comet—we are quita unable to say. But 
there can hardly be any reasonable doubt that it is composed 
of some substance whieli_is vaporized by the heat of the solar 
rays. The head of such a\ comet, when carefully examined 
with the telescope, is found1 to be composed of successive en­
velopes or layers of vapor ; and when these-fmvelopes are 
watched from night to night, they are foundj^nta gradually 
rising upwards, growing fainter and more indistinct in out­
line as they attain a greater elevation, until tliby are Iosif 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 afford eck 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 the 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, be­
cause the latter has been blown away and dissipated, so we do 
not see the same tail of a comet all the time, because the mat-
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ter which makes up the tail is constantly streaming outwards, 
and constantly being replaced by new vapor,rising from the 
nucleus. The evaporation is, no doubt, due to the heat of the 
sun, for there can be no evaporation without meat, 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 beycomposed of 
water or other volatile fluid which is boiling away under the 
heat of ther mn, 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. Tlpere is no known tendency 
of vapor, as seen on the earth, to recede from the sun, and jio 
knowrn 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, they must be regarded as purely hypothetical. ^

The first of these explanations, in the order of time, is due 
to Kepler, who conceived the matter of the tail to be driven v- 
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, tins' 
view would have some plausibility. But light is now con- 1 
ceived to consist of vibrations in an ethereal medium ; and ' ♦

Itlicre is no known way in which they could exert any propel­
ling force oS*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 matter 
in a vacuum, but it is ndw found that th tion exhibited is

y
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really due to a minute quantity of air left in the instrument. 
Had Mr. Crookes shown that the motion of his radiometer 
was really due to the impulsion of the solar rays, we rrffght 
be led to tjie remarkable conclusion that Kepler’s theory, 
though rejected for more thajjf two centuries, was, after ail, 
quite near the truth. * j

Sir Isaac Newton, being the author of the emission theory 
of light, could not dispute the possibilityKepler’s views 
being correct, but nevertheless gave the preference to anoth­
er hypothesis. He conceived me 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'Varmcd 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 tints 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. S

In recent times, Zollncr has endeavored to account for the 
tail of the comet by an electrical*action between the sun and 
the vapor rising from the nucleus of the comet. The various 
papers in which he has elaborated his views of the constitu­
tion of comets are marked by profound research ; and we 
must regard his theories as those which, on the wl ole, most 
completely explain all the phenomena. But they still lack 
the one thing needful to secure their reception : there is no 
evidence that the sun acts as an electrified body ; and until 
such evidende 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 hypothe­

cs. Indeed, some physicists claim that any such electric ac­
tion in the planetary spaces is impossible. Before any theory 

,can be definitely settled upon, accurate observations must be
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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 Bess<H on Halley’s comet in 
1835, and by various Observers on the great comet of 1858. 
The former were investigated by Bessel himself, an^ th^ lat­
ter by several mathematicians, among them Professor Peirce, 
whose results are found in a paper communicated to the 
American Academy in 1859. He found the repulsive force 
of the sun upon the particles which «form the front edge of 
the tail to be 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 finition of this edge, and thtf uncertainty whether it 
was composed of a continuous stream of particles, the arçioiut 
of the' diminution could not he accurately fixed. The suc­
cessive envelopes were founds to ascend uniformly towards 
the sun at the rate of about thirty-five miles an hour. Bond, 
from a careful examination of all the observations, was led to -

A L 1
the result that the rate bf ascent diminished as the ^height 
became greater.

An apparently necessary conclusion from tips constant evap­
oration and expulsion of vapor from comets xyitktails is, that 
such bodies are constantly wasting away when jji 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 chroniclers, it has been 
supposed that Halley’s comet had a much more conspicuous 
tail at the time of its earliest recorded apparitions than it has i 
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. This con­
stant loss of matter through the tail affords an additional 
ground for the view that comets in general arc visitors intro-

/
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diiced into our system by the action of the planets. If, for 
instance, such a comet as Halley’s had been a member of our 
system for millions of years, and had returned to perihelion a 
hundred thousand times, all its volatile matter must long ago 
have evaporated. * “

The question of the masif and density of cômets 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. Bût if this was the 
case, as Professor Peirce showed in his investigations of thq 
comet of 1858, the comets of 1680 and of 1843 must have 
been completely pulled apart by the enormous tidal forces 
generated by their near approach to the sun. In the opinion 
of thisxhivesti^ator, the fact that they went through such an 
ordeal slibws them to be of metallic density.

Th8 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 witk our planet. The" latter might pass through 
the tail of the laWest comet ^without the slightest effect being 
produced, the tail oerng^o thin and airy that a million miles 
thickness of it looks only like ""gauze the sunlight. It is 
not at all unlikely that such a thing may nave happened with­
out ever being noticed. A passage through a telescopic comet
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would be accompanied by a brilliant meteoric shower, prob­
ably a far more brilliant one than has cfer l>een recorded. 
No more serious danger would be encountered than that aris­
ing from a possible fall of meteorites. But a collision between* 
the nucleus of a large comet and the earth might be a serious 
matter. If, as Professor Peirce supposes, the nucleus is a solid 
body of metallic density, many miles in diameter, the effect 
where the comet struck would be terrific beyond conception. 
At the first contact in the upper regions of the atmosphere, 
the whole heavens would be illuminated with a resplendence 
beyond that of a thousand suns, the sky radiating a light which 
would blind every eye that beheld it, and a heat which would 
melt the hardest rocks. A few seconds of this, while the Jingo 
body was passing through the atmosphere, and the collision at 
the earth’s surface would in an instant reduce everything them 
existing to fiery vapor, and bury it miles deep in the solid 
earth. Happily, the chances of such a calamity are so ipinute 
that they need not cause the slightest uneasiness. There is 
hardly a possible form of death which is not a thousand times 
more probable than this. So small is the earth in comparison 
with the celestial spaces, that if one should shut his eyes and 
fire a gun at random in the air, the chance of bringing down 
a bird $ould be better than that of a comet of any kind strik­
ing the earth. : .

^ § 8. The Zodiacal Light. *

This object consists of a very soft, faint column of light, 
which may be seen rising from the western horizon after twi­
light on any clear winter or spring evening: it may qlso bo 
seen rising from the eastern horizon just before daybreak in 
the sifmmer or autumn. It really extends out on each side 
of the sun, ahd lies nearly in the plane of the ecliptic. The 
reason it cannot be well seen in the summer and autumn 
evenings is, that in our latitudes the course of the ecliptic in 
the south-west is, during,those seasons, so near the horizon that 
the light in question is extinguished by the great thickness of 

^atmosphere thn^qgh which it has to pass. Near the equator, O
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where the ecliptic always rises high above the horizon, th<^ 
light can be seen about equally well all the year round.- It 
grows fainter the farther it is from the sun, and can gener­
ally be traced to about 90° from that luminary, when it grad­
ually fades away. But in a very clear atmosphere, between 
the tropics, it has been traced all the way across the heavens, 
from east to west, thus forming a complete ring.

Such is the zodiacal light as it appears to the eye. Put­
ting its appearances all together, we may see that it is 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 entirety unknown. Its spectrum has 
been examined by several observers, some of whom have re­
ported it as consisting of a single yellow line, and therefore 
arising from an incandescent gas. This-would indicate a len­
ticular-shaped atmosphere of inconceivable rarity surrounding 
the stfn, and extending out near the plane of the ecliptic be- 
yoiuythc orbit of the earth. But Professor Wright, of Yale 
College, who has made the most careful observations of this 
specmitn, finds it to be continuous. For several reasons, too 
minute to enter into now, this observation seems to the wviter 
more likely to be correct. Accepting it, we should her led to 
the conclusion that the phenomenon in question is $uo to re­
flected sunlight, probably from an immense cloud-'of meteor­
oids filling up the space between the earth and suiL But fur­
ther researches must be made before a conclusive result can 
be reached.



PART IV—THE STELLAR UNIVERSE.

INTRODUCTORY REMARKS.

Hitherto our attention has been principally occupied with 
the bodies which surround our sun and make up the solar sys­
tem. Notwithstanding the immense distances at which these 
bodies are found, we may regard them, in 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 fixed stars and the fixed stars from each other is, so far as 
we can learn, entirely void of all visible matter, except occa­
sional waste nebulous fragments of a meteoric or cometary 
nature which are now and then drawn in by the attraction of 
our sun.

The widest question which the study of the stars presents 
to "us may be approached in this way : We have seen, in our 
system of sun, planets, and satellites, a very orderly and 
beautiful structure, every b^dy being kept in its own orbit 
through endless revolutions by^a constant balancing of gravi­
tating and centrifugal forces. Do the millions of suns and 
clusters scattered through space, and brought into view by the 
telescope, constitute a greater system of equally orderly struct­
ure ? and, if so, what is that structure? If we measure the 
importance of a question, not by its relations to our interests 
and our xyclfarc, but by the intrinsic greatness of tire subject 
to whicîi it relates^ then we must regard this question as one 
of the noblest with which the lnjman mind has ever been

t
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occupied. In piercing the mystery of the solar system, and 
showing that the earth on which we dwell was only one of 
the smaller of eight planets which 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 insignificance 
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, nebulae, and clusters which 
our telescopes reveal into a single system, and shown in what 
manner each stands related to all the others, we shall have 
solved the problem of the material universe, considered, not in 
its details, but in its widest scope.

From the time that Copernicus showed the stars to be self- 
luminous bodies, situated far outside of our solar system, the 
question thus presented has occupied the attention of the phil­
osophical class of astronomers. The original view, which has 
been the starting-point of all speculation on the subject, we 
have described in the Introduction as that of a spherical uni­
verse. The apparent sphericity of the vault of heaven, the 
uniformity of the diurnal revolution, and the invariability of 
the relative positions of the stars, all combined to strengthen 
the idea that the latter were set on the interior surface of a 
hollow sphere, having the earth or the sun in its centre. This 
sphere constituted the firmament of the ancients, outside of 
which was situated the empyrean, or kingdom of'fire. Coper­
nicus made no advance whatever on this idea. Galileo and 
Kepler seem to-have mad^the first real advance—the former 
by resolving the Milky Way into stars with his telescope, the 
latter by suggesting that our sun might be simply one of nu­
merous stars scattered through space, looking so bright only 
on mccount of our proximity to it. In the problem of the 
stellar system this conception held the same important place 
which that of the earth as a planet did in the problem of the 
solar system. But Kepler was less fortunate than Copernicus- 
in that he failed to commend his idea, even to his own jiulg-
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ment. 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 we speak. In whatever direction we 
pursue it, we soon find ourselves brought face to face with the 
infinite in space and time. Especially is this the case when 
we seek to know, not simply what the universe is to-day, but' 
what cause's are modifying it from age to age. All the knowl­
edge that nym 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 we can do much more 
than tell how the nearer stare are situated in space. Indeed, 
we see 9s yet but little hope that an inhabitant of this planet 
will ever, from his own observations and/hose of his prede­
cessors, be able to completely penetrate^tiie mystery in which 
the structure and destiny of the cosmos are now enshrouded. 
However this may be in the future, all we can do at present 
is to form more or less probable conjectures, founded on all 
we know of the general character of natural law. In a strictly 
scientific treatise, such conjectures would find no place ; and 
if we had to grope in absolute darkness, they would be en­
tirely inappropriate in any but a poetical or religious produc­
tion. But the subject is too fascinating to permit us to neg­
lect the faintest light by the aid of which we may penetrate 
the mystery ; we shall therefore briefly set forth both what 
men of the past have thought on the subject, what the science 
of to day enables us to assert with some degree of probability, 
and what knowledge it wholly denies us. To proceed in sci­
entific order, we must commence by laying a wide foundation 
of facts. Our first step will therefore be to describe the heav­
ens as they appear to the naked eye, and as they are seen in 
the telescope.
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CHAPTER I. '

TIIE 6TAR8 AS THEY ARE SEEN.

§ 1. Number and Orders of Stars and Nébulæ.
The total number of stars in the celestial sphere visible 

with the average naked eye may be estimated, in round num­
bers, as 5000. The number varies so much with the perfec­
tion and training of the eye, and with the atmospheric condi­
tions, that it cannot be stated very definitely. When the tele­
scope is pointed at the heavens, it is found that for every star 
visible to the naked eye there are hundreds, or even thousands, 
too'minute to be seen without artificial aid. From the counts 
of stars made by Ilerschel, Struve has estimated that the total 
number of stars visible with llerSChel’s twenty-foot telescope 
was about 20,000,000. The great telescopes of modern times 
would, no doubt, show a yet larger number ; but a reliable 
estimate has not been made. The number is probably some­
where between 30,000,000 and 50,000,000.

At a very early age, the stars were classified according to 
their apparent brightness or magnitude. The fifteen brightest 
ones were said to be of the first magnitude ; the fifty next in 
order were termed of the second magnitude, and so on to the 
sixth, which comprised the faintest stars visible to the naked 
eye. The number of stars of each order of magnitude be­
tween the north pole and the circle 35° south of the equator 
is about as follows :

Of magnitude 1 there are about.................................. 14 stars.
■ “ 2 “ ........................... 48
“ 3 “ ........................... 162
<« 4 ...........................  313
“ rt n ........................... 864
“ y 0 “ ...........................  2010

Total visible to'haked eve.... ............................ 3301
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This limit includes all the stars which, in the Middle States, 
culminate at a greater altitude than 15°. The number of the 
sixth magnitude which can be seen dejtends very much upon 
the eye of the oljgcrver and the state of the sky. The forego­
ing list includes ^11 that can be seen by an ordinary good eye 
in a clear sky when there is no moonlight ; but the German 
astronomer Ileis, from whom these numbers are taken, gives a 
list of 1964 more which he believes he can see without a glass.

The system of expressing the brightness of the stars by a 
series of numbers is continued to the telescopic stars. The 
smallest star visible with a six-inch telescope under Ordinary 
circumstances is commonly rated as of thèt thirteenth magni­
tude. On the same scale, the smallest stars visible with the 
largest telescopes of the world would be of about the six­
teenth magnitude, but no exact scale for these very faint stars 
has been arranged.

Measures of the relative brilliancy of the stare indicate 
that, as we descend in the scale of magrt^ude, the quantity 
of light emitted diminishes in a geometrical ratio, the stare 
of each order being, in general, between two-fifths and one- 
third as bright as those of the order next above them. This 
order of diminution is not, however, exact, because the arrange­
ment of magnitudes has been made by mere estimation of in­
dividual observers who may have hit on different and varying 
ratios ; but it is a sufficient approach to the truth for common 
purposes. From the second to the fifth magnitude the dimi­
nution is probably one-third in each magnitude, after that 
about two-fifths. Supposing the ratio two-fifths to be exact, 
we find that it would take about

stars of the second magnitude to make one of the first.
6 third “

10 fourth “ “
40 fifth “ a

100 sixth “ tt

10,000 eleventh “ tt

1,000,000 sixteenth “
VThe number of stars of the several scales of magnitude 

vary in a ratio not far different from the inverse of that of

V
z
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their brightness, the ratio being a little greater in the case of 
the higher magnitudes, a,nd probably a little less in the case 
of the lower ones. Thus, we see that there are about three 
times as many stars^ef the second magnitude as of the first, 
three timeaas manw bf the third as of the second, and after 
that someflfing less man three times as many of each magni­
tude as of the magnitude next above. Comparing this with 
the table of relative brightness just given, we may conclude 
that if all the stars of each magnitude were condensed into a 
single one, the brightness of the combined stare 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 bÿ the stare, and the whole heavens would shine like

v the sun. ^
* The reader will, of coureg, understand that this arrange­
ment by magnitude is piudHy artificial. Really the stare are 
of every order of brightness, varying by gradations which are 
entirely insensible, so that it is impossible to distinguish be­
tween the "brightest star of one magnitude and the faintest of 
the magnitude next above it. Hence, those astronomers who 
wish to express magnitudes with the greatest exactness, divide 
them into thirds or even*tenths; so that, for instance, stars be­
tween the sixth and seventh magnitudes are called 6.1, 6.2, 
6.3, and so on to 6.9, according to their brilliancy. Various 
attempts have been made to place the problem of the relative 
amounts of light emitted by. the stars upon a more exact basis 
than this old one çf magnitudes, but this is a very difficult 
thing to do, because there is no way of measuring light except 
by estimation with the eye. In order to measure the relative 
intensity of two lights, it is necessary to have some instrument 
by Which the intensity of one or both the lights may be varied 
until the two appear to be equal. Instruments for this 'pur­
pose are known as photometers, and are of various construc­
tions. For comparing the1 light of different stare, the photom­
eter most used at the present time is that of Zollner. By
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this^nstrumcnt the light of the stars, as seen through a small 
temscope, is compared both in color and intensity with that of 
ay artificial star, tfie light of which can be varied at pleasure.
A complete set of measures with this instrument, including 
most of the brighter stare, is one of the wants of astronomy 
which we may soon hope to sec supplied. The most extended 
recent series of photometric estimates with which the writer • 
is acquainted is that of Professor Seidel, of Munich, which in­
cludes 209 stare, the smallest of which are of the fifth magni­
tude. An interesting result of these estimates is that Sirius 
gives us four times as much light as any other star visible in 
our latitùdet i
v Catalogues of Stars.—In nearly every agje in which astron­
omy has flourished catalogues of stare 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 
“Alniggest ” of Ptolemy, and is supposed to be that of Hippar­
chus, who flourished 150 years before the Christian era. It 
is said, but not on the best authority, that he constructed it in 
order that future generations might find whether any change 
had in the mean time taken place in the starry^ heavens. An 
examination of the catalogue shows that the constellations pre­
sented much the same aspect two thousand years ago that they 
do now. There are two or three stare ofliis catalogue which 
cannot now be certainly identified ; but it is probable that the 
difficulty arises from the imperfection of the catalogue, and 
from the errors which may have crept itito tile numerous 
transcriptions of it during the sixteen centuries which elapsed 
before the art of printing was discovered. The catalogue-of 
Hipparchus contains only about 1080 stare, so that he could 
not have given all that he was phle to see. He probably omit­
ted many stare 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 Ulugh 
Beigh, a son of the Tartar -monarch Tamerlane, which dates » 
from the fifteenth century. For the most part, the stare are 
the same as in the catalogue of Ptolemy, oidy the places were

t
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redetermined from the observations at Samarcand. It con­
tains 1019 stars, eleven less than Ptolemy gives. Tycho Brahe, 
having made so great an improvement in the art of observa­
tion, very naturally recatalogued the stars, determining their 
positions with yet greater accuracy than his predecessors. IIis 
catalogue is the third and last important one formed before 
the invention of the telescare. It contains 1005 stars. »

Our modern catalogues - may be divided into two classes : 
those in which the position of each star in the celestial sphere 
(right ascension and declination) is given with all attainable 
precisiomand those in which it is only given1 approximately, 
so as teMdèptify the star, or distinguish it from others in its 
neighborhood. The catalogues of the former class are very 
numerous, bpt 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?» hundred 
thousand more in which, though entire precision is aimed ^t, 
it is not attained. Of the merely approximate catalogues, the 
greatest one is the “ Sternverzeiclmiss ” of Argelander, which 
enumerates all the stars down to the ninth magnitude between 
the pole an dr two degrees south of the equator, The work 
fills three thm 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 stare of the tenth magnitude-AntPupwards, 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 sin^e glance at the heavens 
shows that the stare are not equally scattered over the sky, but 
that* great numbers of them, especially of the brighter ones, 
are collected into extremely irregular groups, known as con­
stellations. At a very early age the heavens were represented 
as painted over with figures of men and animals, so arranged
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as to include the principal stars of each constellation. There 
h no historic record of the time when tips 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 tlyè fact that several heroes ofWhat expedition 
were among those thus translated to the heavens ; but this is 
little more than conjecture. So little pains was taken to fit 
the figures to the constellations that we can hardly suppose 
them to have all been executed at one time, or on any well- 
defined plan. Quite likely, in the case of names of heroes, 
the original object was rather to do honor to the man than to 
serve any useful purpose in astronomy. Whatever their ori­
gin, these names have been retained to the present day, al­
though the “figures which they originally represented no longer 
serve any astronomical purpose. The constellation Hercules, 
for instance, stdl exists ; but it no longer represents the figure 
of a man amdng 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 ma^s designed 
for (lie 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, 
*he 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, A returns, Procyon, Aldcbaran, and so on.. Most 
of these names have dropped entirely out of astronomical use, 
though still found on game school maps of the stars. The 
efstem now most in use for the brighter stars was designed by 
Payeriof Augsburg,'Germany, about 1610. He published a
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senof star-maps, in which the individual stars of each constel­
lation were designated by the letters of the Greek alphabet— 
a, pL y, etc. The first letters were given to the brightest stars, 

-tbcniext 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 Arcturus, the brightest star in Scor­
pios ; a Lyræ, 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 Christian name, and the 
constellation to the surnamei. When jhe Greek alphabet was 
exhausted, without including all the conspicuous stars, the 
Latin alphabet was drawn upon. )

The Bayer system is still applied to all the stars named by 
him. Most of thé other stars down to the fifth magnitude are 
designated by ar' system of numbers assigned by Flamsteed in 
his catalogue. Yet other stars arc distinguished by theiv-tmm* 
bers in some well-known catalogue. When this method faHç, 
owing to the star not being catalogued, the position in the' 
heavens mhst be given. z*

The Milky W1Ë), or Galaxy.-r-TYo the naked eye so much <(f 
the Galaxy as can be seen at one time presents the appearance» 
of a white, cloud-like arch, resting on two opposite points of 
tile 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 
We seen in our latitude, being so near the south pole that it 
is always tîelow Ipur horizon. If the earth were removed, or 
made transparent, sb that we could seethe whole ^celestial 
sphere at once, the Galaxy would appear as a complete belt 
extending around it. The telescope shows that lilie Galaxy 
arises from the light of countlêM^tars, tibo minute to bxyéepx 
arately visible with the naked eyeT^^b find, then, that tjie, 
telescopic stars, instead of being divide^..up into a limitèd? 
number of constellations, are mostly conddTTsed in the region

V
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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. Whe more powerful the telescope, the more marked 
the condensation is. With the naked eye, the condensation is 
hardly noticeable, unless by actual count : a very small tele­
scope will show a decided thickening of the stars in a»d near 
the Galaxy ; while, if we employ the most,powerful telescopes, 
a large majority of the stare they show are founa to lie act­
ually in the Galaxy. In other words, if we should blot out 
fill the stare visible with a twelve-incl^telescope, we should 
find that the greater part of the nemainin^gtare were m the 
Galaxy. The structure of the universe which this fact seems 
to indicate will bo explained in a subsequent section.

Clusters. — Besides fliis gradual and regular condensation 
towards the galactic belt, occasional condensations of "stare 
into clusters may be seen. Indeed, some of these clusters are 
.visible to the naked eye, fjometimes as separate stare, like the 
Pleiades, but more commonly as milky patches of light, be­
cause the stare are too small ito be seen separately. The num- 
bêr visible in powerful telescopes is, however, much* greater. 
Sometimes there are himdmds,or even thousands, of stare visi- 
bW in, the field, of the telelcope at once ; and sometimes the 
number is so great, and• the/individual staj-s so small, that they 
camlet; be countcdeyen hi the most powerful/ telescopes ever 
made. ^ *

Nebulæ.—Anot 1er class of objects which arc found in the 
celestial spaces ire irregular masses of soft, cloudy light, 
which are hence (termed nebulæ. Many objects which look 
like ‘nebulæ. in small telescopes are found by more powerful 
one(8 to be really star clusters. But, as we shall hereafter 
shdiv, many of these objects are not composed of stars at all, 
but of immense masses of gaseous matter.

"■ *- *

§ 2. Description of the Principal Constellations.
•42

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

28
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brief description of the principal objects which may be seen 
in the*heavens at different seasons, illustrated by five maps, 
showing the stars to the fifth magnitude inclusive. The 
reader who does not wish to enter into these details can pass 
to the next section without any break of the-«continuity of 
thought.

For the purpose of learning the constellations, th.e star- 
maps will be a valuable auxiliary. It will be better to begin 
with the northern, or circumpolar, constellations, because these 
are nearly alwaysNisible in our latitude. The first one to be 
looked for is Ursa Major (the Great Bear, or the Dipper), from 
which the pole star can 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 th^ evening, be will see it in 
various positions, depending on the time of year, namely, in

April and May.......................... north of the zenith.
rJuly and August.........................to the west of north, the pointers lowest.
^October apd November............. close to the north horizon. . * V
Jniiihiry and February...............to the east of north, the pointers highest.

These successive positions are in the same order with tlf<J?e 
which the constellation occupies in consequence of its diurr 
motion around the pole. The pointers are in the body of 
bear, while the row of stars on the other end of the constella­
tion forms his tail.

Ursa Minor, or the Little Dipper, is the constellation to 
which the pole star belongs. It includes, besides the pole 
star, another star of the second magnitude, which lies nearly 
in the direction of the tail of Ursa Major.

Cassiopeia, or the Lady in the Chair; is on the opposite side 
of the pole from Ursa Major, at nearly the same distance. 
The constellation can be readily recognized from its three or 
four bright stare, disposed in a line broken into pieces at right 
angles to each other. In the ancient mythology, Cassiopeia is 
the queen of Cephens ; and in the constellation she is repre- 

v sented as seated in a large chair or throne, from which she is 
issuing her edicts. * '

Perseus is quite a brilliant constellation, situated in the
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Milky Way, east* of Cassiopeia, and a little farther from the 
pole. „ It may be recognized by a row of conspicuous stare 
extending along the Milky Way, which passes directly through 
this constellation.

Other circumpolar constellations are Cepheus, the Camelo­
pard, the Lynx, the Dragon (Draco), and the Lizard ; but they 
do not contain any stare so bright as to attract especial atten­
tion. The reader who wishes to learn them can easily find 
them by comparing the star-maps with the heavens.

Owing to the annual motion of the sun anlong the stare, the 
constellations which are/more distant from the pole cannot be 
seen at all times, but must be looked for at cci*tain seasons, 
unless inconvenient hours of the night bo chosen A We shall 
describe the more remarkable constellations as Jhoy 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.

Firsl Position, Orion on the Meridian.—The constellations 
south of the zenith arc those shown on Maps II. and III., the 
former being west of the meridian, the latter east. This posi­
tion occurs on

December 21st..............................................................at midnight.
• January 21st.......................................................... at 10 o’clock p.m.

February 20th................................................ ...............at 8 o’clock p.m.
March 21st.......... ................................................... at C o'clock p.m.

£ And so on through the year. In this position, Cassiopeia and 
Urea Major arc near 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. 
North always means towards the north pole ; south, from it ; west, in the direc­
tion of the diurnal motion ; east, in the opposite direction. In Fig. 2, the arrows 
all point west, and by examining the figure it will bo seen that below the pole 
north is upwards, and east is towards the west horizon. Ileallv, these definitions 
hold equally true for the earth, the same differences being found between the 
points of the compass at different places on the earth—here and in Chinn, for in­
stance—that we see on the celestial sphere.

(
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the north-west, the latter in the north-east. The Milky Way 
spans the heaven! like an arch, resting on the horizon in the 
north-north-west aiid south-south-east. We shall first describe 
the constellations in its course.

Cygnus, 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 arc visible. It will be better seen at another 
season. - v-

Next in order come Cepheus, Cassiopeia, and Perseus, which 
we have already described as circumpolar constellations.

Above Perseus lies Auriga, the Charioteer, which may bo 
readily recognized by a bright star of the first magnitude, 
called Capella, 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 degrees 
east of Capella is the star (i Aurigae of the second magnitude ; 
while still farther to the east is a group of small stars which 
also belongs to the same constellation. The latter extends 
some distance feouth of the zenith.

The Milky Way next passes between Taurus and Gemini, 
which we will d^gribe presently, and then crosses the equator 
east of ôrion, the most brilliant constellation in the heavens, 
having two stare of the first magnitude and four of the second. 
The fonqer arc Betelguese, or a Orionis, which is highest up, 
and may be recognized by its reddish color, and Itigol, or (i 
Orionis, a sparkling white star, lower down, and a little to the 
west. ThcAormer is in the shoulder of the figure, the latter*'' 
in the fooy Between the two, three stirs of the second mag­
nitude, in/a. row, form the belt of the warrior.

Canis Minor, the Little Dog, lies just across thejMilky Way 
from Orion, and <nay be recognized by the bright star Pro- 
cyon, of the first magnitude, due cast from Bptelgueso.

Canis Major, the Great Dog, lies south-eadt of Orion, and is 
easily recognized by Sirius, the brightest fixed star in the heav­
ens. A number of bright stars south and south-east of Sirius 
belong to this constellation, making it one of great brilliancy.

As the Milky Way approaches the south horizon, it passes

•\
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^through Argo Navis, the Ship Argo, which is partly below the 
horizon. It contains Canopus, the next brightest star to Siri­
us ; but this object is below the horizon, unless the observer is 
as far south 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 Aries, the 
Ram, which may be recognized by three stare of the second, 
third, and fourth magnitudes, respectively, forming an obtuse- 
angled triangle, the brightest star being the highest. The 
arrangement xof these stare, and of some others of the fifth 
magnitude, may bo seen by Map II.

Taurus, the Bull, is nëxt above Aries, and may be recog-' 
nized by the Pleiades, or “ seven stare,” as the group is com­
monly called. Really there are only six stare in the group 
clearly visible to ordinary eyes, and an eye which is good 
enough to see seven will be likely to see four others, or eleven 
iu all. A telescopic view of this group will be given in con­
nection with the subject of clusters of stare. Another group 
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 
first magnitude, but not so bright as d Orion is.

Gemini, the Twins, lies east of the Milky Way, and may lie 
found on the left side of Map II. and the right of Map III. 
The brightest stare of this constellation are Castor and Pollux, 
or a and (3, which lie twenty or thirty degrees south-east or 
cast 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 drawn from Procyon to the pole star passes be­
tween them. The constellation extends from Castor and Pol­
lux some distance south and west to the borders of Orion.

Cancer, the Crab, lies cast of Gemini, but contains no bright 
star. The most noteworthy object within its borders is Pr 
sepe, a group of stare too small to be seen singly, wlnjen ap­
pears as a sjx)t of milky light. To see it well, tliorrfglit must 
be perfectly clear, and the moon not in the neighborhood.
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Leo, the Lion, contains the bright star Itcgulus, about two 
hours above the eastern horizon. This star, with five or six
small* ones, forms a sickle, Regains being the handle. The
sickle is represented as in the breast, neck, and head of the 
lion, his tail extending nearly to the horizon, where it ends at 
the star Denebola, now just risen.

Such are the principal constellations visible in the supposed 
position of the celestial sphere. If the hour of observation is 
different from that supposed, the positions of the constellations 
will be different by the amount of djnrnal rotation during the 
interval. For instance, ff, in the middle of March, we study 
the heavens at eight o’clock instead of six, the western stars 
will be nearer the horizon, the southern ones farther west, and 
the eastern ones higher up than we have described them. I

Second Position of the Celestial Sphere. — The meridian Vn 
twelve hours of right ascension, near the left-hayd edge of- 
Map III., and,the right-hand edge of Map IV. The stare on 
Map III. are west of the meridian, those of Map IV. east of it. 
This position occurs on

March 21st. 
April 20th.. 
May 21st....

.at midnight. 
..at tO o’clock, 
.at 8 o'clock.

In this position Ursa Major is near the zenith, and Cassiopeia
in the north horizon. The Milky Way is too near the horizon 
to be visible ; Orion has set in the west ; and there are no very
eonsffreuous constellations in the south. Castor and Pollux are
visible in the north-west, at a considerable altitude, and Pro- 
cyon in the west, about an hour and a half above the horizon. 
Leo is west of the meridian, extending nearly to it, while three 
new zodiacal constellations have come into sight in the east.

VirgOj the Virgin, has a single bright star—Spica—about 
the brilliancy of Regulus, now about one hour east of the me­
ridian, and a little more than half-way from the zenith to the 
horizon.

Libra, the Balance, has no stars which will attract attention. 
The constellation may be recognized by its position between 
Virgo and Scorpios. r
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Scorpius, the Scorpion, is just rising in the south-east, 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 

meridian, and aWut ten degrees south of the zenith. It is a 
close, irregular ^group of very small stars, quite different from 
anything else in the heavens. In the ancient mythology, Ber­
enice had voiced her hair to the goddess Venus; but Jupiter 
carried it away from the temple in which it wçs- deposited, 
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 somewhat red 
star, an hour and a half east of Coma Berenices.

Canes Venatici, the Hunting Dogs, are north of Coma. They 
are held in a leash by Bootes, and arc chasing Ursa Major 
round the pole.

Corona Borealis, the Northern Crown, lies next east of Bootes 
in the north-east. It is principally composed of a pretty semi­
circle of stars, supposed to form a chaplet, or crown.

Third Position of the Sphere.—The southern constellations 
are those shown bn Maps IV. and V., those of Map IV. being 
wesf of the meridian, and those of Map V. east of it. This 
position occurs bn

t
June 21st......... .....*........................................................... at midnight.
July 21st......... ..................................................................at 10 o’clock.
August 21st....................................................................... at 8 o’clock.

etc................................................................................ etc.

In this position the Milky Way is once more in sight, and 
seems to s^an the heavens, but we do not see the same part 
of it wlifch was visible in the first position. Cassiopeia is 
now in the north-east, and Ursa Major has passed over to the 
north-west. Arcturus is two or three hours high in the west, 
and Corona is above it, two or three hours west of the zenith. 
Commencing, as in the first position, with the constellations 
which lie along the Milky Way, we start upwards from Cas­
siopeia, pass Cephens and Lacerta, neither of which contains 
any striking stars, and then reach

t
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Cygnus, the Swan, now north-east from the zenith, which 
jnay be recognized by four or five stars forming a cross, di­
rectly in the Milky Way. The brightest of these stars some­
what exceeds the brightest ones of Cassiopeia.

Lyra, the Harp, is west and south-west of Cygnus, and near 
the zenith. It contains the bright star Vega, or a Lyrte, of 
the first magnitude, of a brilliant white color with a tinge of 
blue.

I Passing south, over Vulpecula, the Little Fox, and Sagilta, 
the Arrow, the next striking constellation we reach is

Aquila, the Eagle, now midway between the zenith and the 
horizon, and two hours east of the meridian. It contains a 
bright star — Altair, or a Aquilæ — situated between two 
smaller ones, the row of three stare running nearly north and 
south. f

We next pass west of the Milky Way, and direct our atten­
tion to a point two hours west of the meridian, and some dis­
tance towards the south horizon. Here we find

Scorpios, the Scorpion, a zodiacal constellation and a quite 
brilliant one, containing Antccres, or « Scorpii, a reddish star 
of nearly the first magnitude, with a smaller star on each side 
of it, and a long curved row of stare to the west.

Sagittarius, the Archer, comprises a large collection of sec­
ond-magnitude stars east of ibcorpius, and in and east of the 
Milky Way, and now extending from the meridian to a point 
two hours east of it.

Capricornus, the Goat, another zodiacal constellation, is now 
in the south-east, but contains no striking stars. The same 
remark applies to Aquarius, the Water-bearer, which has just 

„ risen, and Pisces, the Fishes, partly below the eastern horizon. 
Leaving the zodiac again, we find, north of Scorpios and 

west of the Milky Way, a very large pair of constellations, 
called Ophiuchus, the Serpent-bearer, and Serpens, the Serpent. 
Ophiuchus stands with one foot on Scorpius, while his head is 
marked by a star of the second magnitude twelve degrees 
north of the equator, and now on the meridian. It is, there­
fore, one-third or one-fourth of the way from the zenith to the

t>
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horizon. The Serpent, which he holds in his hands, lies with 
its tail in an opening of the Milky Way, south-west of Aquila,
wlüle its neck and head are formed by a collection of stars of
the second, third, and fourth magnitudes some distance north 
of Scorpius, and extending up to the borders of Bootes.

Hercules is a very large constellation, bounded by .Corona 
on the west, Lyra on the east, Opliiuchus on tlweduth, and 
Di-aco on the north. It is now in the zenith, but contains no 
striking stars.

Draco, the Dragon, lies with his head just north of Hercules, 
while his body is marked by a long curved row of stars ex­
tending round the pole between the Great and the Little Bear. 
His head is readily recognized by a collection of stars of the 
second and third magnitudes which might well suggest such 
an object.

Fourth Position of the Sphere.—The southern constellations 
are now found on Maps V. and II.—those of Map V. west of 
the meridian,those of Map II. east of it. The times are,*

September 21st.....................................................................at midnight.
October 21st.... 
November 20th 
December 21st.

f..........at 10 o’clock.
.at 8 o’clock. 
. at 6 o’clock.

In this position Cassiopeia is just north of the zenith, while
Urea Major is glimmering in the north horizon. Following 
the Milky Way from Cassiopeia towards the west, we shall 
cross Cepheus, Cygnus, Lyra, and Aquila, while towards the'* 
east we pass Perseus and Auriga, all of which have been de­
scribed.

In the south, the principal constellation is Pegasus, the Fly­
ing Horse, distinguished by four stars of the second magni­
tude, which form a large square, each side of wjtfch is about 
fourteen degrees.

Andromeda, her hands in chains, is readily found by 'a row 
of three bright stare extending north-cast from the north-cast 
corner of Pegasus in thb direction of Perseus.

Cetus, the Whale, is a large constellation in the south,"ex­
tending from the meridian to a point three hours cast of it.
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Its brightest stars are /3 Ceti, now ney the meridian, at an al­
titude of 20°, which stands by itself, and a Ceti, about 20° be­
low Aries, which is now about 30° south-east from the zenitlu

The reader who wishes to consult the fonstelld^ms in 
greater detail can readily do so by means of the star-maps.

>

§ 3. New and Variable Stars.
The large majority of stars always appear to be of the ^.me 

brightness, though it is quite possible that, if the quantity of 
light emitted by a star could be measured with entire preci­
sion, it would be found in all cases to vary slightly, from time 
to time. There are, however, quite'a number of stare in which 
the variation is so decided that it has been detected by com­
paring 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 practised eye caM perceive it. 
There are, however, two stare in which it is so decided that 
the most casual observer has only to look at the proper times, 
in order to see it. These are /3 Pereei and o Ceti, or Algol 
and Mira, to which we might add »j Argus, a star of the south­
ern hemisphere, which exhibits variations of a very striking 
character.

Variations of Algol. — This star, marked /3, in the constel-, 
lation Perseus, may be readily found on Maps I. and II., in 
right ascension 3 hours and declination 40° 23'. When once 
found, it is readily recognized by its .position nearly in a line 
between two smaller stars. 'Tlie mpst favorable seasons for 
seeing it in the early evening are the autumn, winter, and 
spring. In autumn it will, «|ter sunset, generally be low 
down in the north-east ; in winter, high up in the north,'not 
far from the zenith ; and in spring, low down in the north­
west. Usually it shines as a. faint second-magnitude star : on 
an accurate scale the magnitude is about 2|. But at inter­
vals of a little less than three days, it fades out to the fourtfî 
magnitude for a few hours, and then resumes its usual splen­
dor once more. These changes were first noticed about two
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centuries ago, but it was not tHl 1782 that tfiey were accu­
rately observed. The period is now knowiî to be 2 days, 20 
hours, 49 minutes—that is, 3 hours 11 minutes less tlutli three 
days. It takes about four hours and a half to fade away to 
its least brilliancy, and four hours more are spent in recover­
ing its light ; so that there are nine and a half hours during 
each period in ujiich 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.

The apparent regularity of this variation of tight/at*Hrst 
suggested, as an explanation of its cause, that $n$lrge dark 
planet was revolving round Algol, and passed over its face 
at etifcry revolution, thus cutting off a portion of its light. 
This theory accounts very well for the salient features oil 
the variation. But when the latter came to be studied more 
closely and carefully, it was found that there were small irreg­
ularities in the variation which the theory would not well ac­
count for. The period of the variation was found to change a 
little at different times, while the star does not lose and recover 
its light in the same time as it Mjould 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 Mira (the Wonderful). It may be 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 itTshines forth with the brilliancy of a star of the sec­
ond or third magnitude. It is, on the average, about forty 
days from the time it first becomes visible until it attains its 
greatest brightness, and it then requires about two months to 
become invisible ; so that it comes into sight more rapidly 
than it fades away. It is expected to attain its greatest brill­
iancy in November, 1877 ; in October, 1878, and so on, about 
a month earlier each year : but the period is quite irregular, 
ranging from ten to twelve months, so that the times of its
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appearance cannot be predicted with cerfeinty.XRs maximum 
brilliancy is also variable, being sometimes of tlieiafecond mag­
nitude, and at others only of the third or fpurth.

ri Argus.—Perhaps the most extraordinary known variable 
star in the heavens is i) Argus^ of the southern liemisphere, of 
which the position is, right ascension, 10 hours 40 imnutes; 
declination, 59° 1' south. Being so far south of the equator, 
it cannot be seen in our latitudes, and the discovery and Ob­
servations of the variations of its"light have been generilly 
made by astronomers who have visited the southern hemi­
sphere. In 1677, Halley, while at St. Helena, found it to/be 
of the fourth magnitude. In 1751, Lacaille found that it fia<V 
increased to the second magnitude. From 1828 to 1838 i ; 
ranged between the first and second magnitudes. The firs ; 
careful observations of its variability were made by Sir Join i 
Herschel while at the Cape of Good Hope. He says : “I; 
-was on the 16th December, 1837, that, resuming the photo- 
metrical comparisons, my astonishment was excited by the ap­
pearance of a new candidate for distinction among the very 
brightest stars of the first magnitude in a part of the heav­
ens with which, being perfectly familiar, I was certain that no 
such brilliant object had before been seen. After a momen­
tary hesitation, the natural consequence of a phenomenon so 
utterly unexpected, and referring to a map for its configura­
tion with other conspicuous stars in the neighborhood, I be­
came satisfied of its identity with my old acquaintance, tj ^r- 
gfus. Its light, .was, however, nearly tripled. While yet lo 
it equalled Rigel, and, when it attained some altitude, w 
decidedly greater.”* Sir John states that it continued to in­
crease until January 2d, 1838, when it was nearly matched 
with a Centauri. It then faded a little till the close of his 
observations in April following, but was still as bright as Al- 
debaran. But in 1842 and 1843 it blazed up brighter than 
ever, and in March of the latter year was second only to 
Sirius. During the twenty-five years following, it slowly but

* “Astronomical Observations at the Cape of Gootl Hope,” p. 33.
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steadily diminished : in 1867 it was barely visible to the naked 
eye, and the year following it vanished entirely frôtn the un­
assisted view, and has not yet begun to recover its brightness.

When we speak of this star as the most remarkable of the 
well-known variables, we refer, not to the mere range of its 
variations, but to its brilliancy when at its maximum. Sev­
eral cases of equally great variation are known ; but the stars 
are so bright, and therefore would not excite set much no­
tice. Thus, the star R Andromedæ varies from/the sixth to 
the thirteenth magnitude in a pretty regular period of 405 
days. When at its brightest, it is just visible to the naked 
eye, while only a large telescope will show it /when at its min- 

,imum. A number of others range through five or six orders 
of magnitude, but o Ceti is the only one of these which ever 
becomes as bright as the second magnitude.

stars are the billy ones the variations of 
Which would strike the ordinary observer. Among the hun­
dred remaining ones which astronomers have noticed, j3 Lyne 
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 4J. In the course of three days, 
it will rise to magnitude 3£. In the course of the week fol­
lowing, it will first fall to the fourth magnitude, and increase 
again to magnitude/ 3£. In three days more it will/ drop 
again to its minimum of magnitude 4£ ; the period in which 
it goes through all its changes beiij^ thirteen days. This pe­
riod is constantly increasing. The changes of this star can 
best be seen by comparing it with its neighbor, y Lyræ. Some­
times it will appear equally bright with the latter, and at other 
times a magnitude smaller.*

* In 1875, Professor Schonfeld, now director of the observatory »t Bonn,\ pub­
lished a complete catalogue of known variable stars, the total number being 143. 
The following are the more remarkable ones of his list. The positions are re­
ferred to the ecliptic and equinox of 1875 :

T Cassiopeiæ : right ascension, 0 hours 16 minutes 29 seconds ; declination, 55° 
fi'.O N.—This is a case in wlukli a star, having once been observed, was after­
wards found to be missing. Examination showed that it had so far diminished 
as to be no longef vjÉÎbîewtTïïout a larger telescope, and continued observations



430 THE STELLAR UNIVERSE.

New Stars.—It was once supposed to be no uncommon occur­
rence for new stars to come into existence and old ones to dis­
appear, the former being looked upon as new creations, and 
the disappearances as due to the destruction or annihilation 
of those stars which had fulfilled their end in the economy of 
nature. The supposed disappearances of stars are, however, 
found to have no /Certain foundation ifi fact, probably ^owing 
their origin loTerrors in recording the position of stare actu­
ally existing. It was explained, in treating of Practical As­
tronomy, that tile astronomer determines the position of a 
body in tlio celestial vault by observing^th^ÿock-time At which 
it passes the meridian, and the position of the circlektf his in-

showéd it to range from the seventh to the eleventh magnitude with a regular 
perioilof 436 days.

Bylassiopeiæ i right kscension^O hours 17 minutes 52 seconds ; declination, 
63° 277.0 N.—'Jhis is supposed to be the celebrated star which blazed out in 
November, 157^, and was so fully described by Tycho Brahe. / But the proof of 
identity can haruty be considered conclusive, especially as no variation has, of re­
cent years, been noticed m-the star. „ J

o Ceti : right ascension, 2 hours 13 minutes 1 second ; déclination* 3° 32'. 7 
S.—We have already described the variations of this star.

/3 PerSei, or Algol : right ascension, 3 hours 0 minutes 2 second/ ; declina­
tion, 40° 28'. 4 N.—The variations of this star, which is the mosftegular one 
known, have just been described.

R Aurigæ: right ascension, 5 hours 7 minutes 12 seconds ; declination, 53° 
26'.6 N.—This star is one of very wide and complex variation, changing from the 
sixth to the thirteenth magnitude in a period of about 465 days.

R Geminorum : right ascension, 6 hours 59 minutes 49 seconds ; declination, 
22° 53'.8 N.—This star wps discovered by Mr. Hind, of England, and ranges be- 
twethidhe seventh and thfc twelfth magnitude in a period of 371 days.

U Geminorum : riglA ascension, 7 hours 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, 1869, it increased three entire magnitudes in 24 hours. The periods of its 
greatest brightness have ranged from 75 to 617 days. \

i) Argus : right ascension, 10 hours 40 minutes 13 seconds ; declinat!5n7 59° 
1'.6 S.—This remarkable object has already been described.

R Hydræ : right ascension, 13 hours 22 minutes 53 seconds ; declination, 22° 
38’.0 S.—The variably of this star was recognized by Maraldi, in 1704. It is 
generally invisible to the naked eye, but rises tb about the fifth- magnitude at 
intervals of about 437 days. Its period seems to be diminishing, having been 
about 500 days when first discovered.
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etrument wlien his ^elescope is pointed at the objepfc' If he 
happens to make a mistake in writing down>ify of these 
numbers—if, for example, he gbts his^latik^lme one minute
happens to make a mistake in writing down>ify of these 
numbers—if, for example, he gfets hnTsfchud*'ttme 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 dfsappejtred,,when, in reality, there was 

/'never any star there. Where'thousands of numbers have to be 
written down, such mistakes will sometimes occur ; and it is to 
them that somcieases of supposed disappearance of stars are to 
fee attributed. There have, however, been several cases of ap­
parently new stars coming suddenly into view, of which we 
shall describe some of the most remarkable.

T Coronœ : right ascension, 15 hours 54 mi^es 10 seconds ; declination, 26° 
1C.5 N.—This is the “new star” which blazed ont in the Northern Crown in 
1800^ as hereafter described. Of late years it has remained between the ninth 
and tenth magnitudes without exhibiting any remarkable variations.

T Scorpii : right ascension, 16 hours 9 minutes 36 seconds ; declination, 22° 
40r.0 S.—This star was discovered by Auwers, in 1860, in the midst of a well- 
known cluster. It gradually diminished during the following months, and finally 
disappeared entirely among the stars by which it is surrounded.

— Serpenter» : right ascension, 17 hours 23 nÿnutes 9 seconds ; declination, 
21° 22'.4 S.—This is supposed to be the celebjgted “new star” seen and de­
scribed by Kepler in 1604, soon to be described/ «

X CygtJ|feright ^pension, 19 hours 45 minuUEs 46 seconds ; declination, 32° 36'.0 
N.—This star becomes visible to the naked eye at intervals of about 406 days, and 
then sinks to the twelfth or thirteenth magnitudè, so that only large telescopes will 
show it. Its greatest brightness ranges from the fourth to the sixth magnitude.

7 9 Aquilte : right ascension, 19 hours 46 minutes 6 seconds ; declination, 0° 
41'. 2 N.—This star varies from magnitude 3$ to 4i, and is therefore one of 
those which can readily be observed with the naked eye. Its period is 7 days 4 
hours 14 minutes 4 seconds.

I* Cygni : right ascension, 20 hours 13 minutes 11 seconds ; declination, 37° 
v 38'. 7 N.—This was supposed to be a new star in 1600, when it was first 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 elapsed no further 
variations have been noticed, the star being constantly of the fifth magnitude.

H Ceplici : right ascension, 21 hours 39 minutes 41 seconds ; declination, 58° 
13'.4 N.—One of the reddest stars visible to the naked eye in the northern hemi­
sphere. Its magnitude is found to vary from the fourth to the fifth in a very ir­
regular manner. ,

I
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In 1572 an apparently new star showed itself in Cassiopeia. 
It was first seen by Tycho Brahe on November lltli, when 
it had attained the first magnitude. It increased rapidly in 
brilliancy, soon becoming equal to Venus, so that good eyes 
could discerçi 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 first magnitude. In the follow­
ing winter it began to wane, but remained visible during the 
whole year 1605. Early in 1606 it 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 lltli 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 person known 
to have seen it was Mr. Benjamin Hallo well, 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 positive manner that the star 
was not there on May 10th, because 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 which gives color to the view that they have 
all blazed up with j>reat rapidity.
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In November, 1876, a new star of the third magnitude was 
noticed by Schmidt, of Athens, in the constellation Cygnus. 
It soon began to fade away, and disappeared from the unaided 
vision in a fewjweeks. The position of the constellation Cyg­
nus becomes s6 unfavorable for observation in November that 
very few people got a sight of this object.

The view that these bodies may bo new creations, designed 
to rank permanently among their fellow-stars, is completely 
refuted 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 fro<p age to 
age without any change whatever. They are now classified 
by astronomers among the variable stars, their changes being 
of a very irregular and fitful character. There is no serious 
doubt that they were all in the heavens as very small stars 
before they blazed forth in this extraordinary manner, and 
that they are in the same place yet. The position of the star 
of 1572 was carefully determined by Tycho Brahe ; and a 
small telescopic star now exists within V of the place com­
puted from hU observations, and is probably the same. The 
star of 1866^lvas found to have boon recorded as one of the 
ninth magnitude in Argelandor’s great catalogue of the stars 
of the northern hemisphere, completed several years 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 breaking 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 j3 Lyrtu. But the careful obser­
vations of the industrious astronomers who have devoted them­
selves to this subject have resulted in the discovery of stars 
of nearly every degree of irregularity between these extremes. 
Some of them change gradually from one magnitude to another, 
in the course of years, without seeming to follow any law what­
ever, while in others some tendency to regularity can be faintly 
traced. The best connecting link between now and variable stars 
is, perhaps, afforded by Argus, which we have just described.
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It is probable that the variations of light of which we have 
spoken are the result of operations going on in the star itself, 
which, it must be re^mbeyed, 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 ondfrportion 
of which there are frequently no spots at all to bo ^oen, while 
during another portion they are very numerous. Ilenco, if 
an observer so far away in the stellar places as to see our sun 
like a star, could, from time to time, make exact measures of 
the amount of light it emitted, he would find it to be a vari­
able star, with a period of eleven years, the amount of ligfct 
being least when we see most spots, aneKgreatest when there 
are few spots. The variation would, indeed, be so sligl'iVthat 
we could not perceive it with any photometric means which 
we possess, but it would exist nevertheless. Now, the general 
analogies of the universe, as well as the testimony of the spec­
troscope, lead us to believe that the physical constitution of 
the sun and the stars is of the same general nature. Wo may 
therefore expect that, as wo see spots oivtho sun which vary 
in form, size, and number from day to da}7, so, if %o could 
take a sufficiently close view of the faces of the stars, wo 
should, at least in some of them, see similar spots, /it is also 
likely that, owing to the varying physical constitution of those 
bodies, the number and extent of the spots might lie found to 
be very different in different stare. 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 in 
light, from time to time. Finally, we have only to suppose 
the same kind of regularity which we see in the eleven-year 
cycle of the solar spots, to have a variation in the brightness 
of a star going through a regular cycle, as in the case of Algol 
and Mira Ceti. *

The occasional outbursts of stare which we have described, 
in which their light is rapidly increased a hundred-fold, would 
seem not to be accounted for on the spot theory, without car-
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rying this theory to aV extreme. It would, in fact, if not 
modified, imply that ninety<iine 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 character with operations going on" in our sun. VMr,'- 
Huggins found the spectrum of this star to be a continuous 
one* crossed by bright lines, the position of which indicated 
that they proceeded partly or wholly from glowing hydrogen. 
The continuous1 spectrum was also crossed by dark absorption 
lines, indicating that the light had passed through an atmos­
phere of comparatively cool gas. Mr. Huggins’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* 
ns well as by heating up the whole surface of the star, caused 
the immense accession of brilliancy. Now, we have shown 
that the red flames seen around the sun during a total eclipse 
arc caused by eruptions of hydrogen from his interior ; more­
over, these eruptions are generally connected with faculæ, or 
portions of the sun’s disk several times more brill iant than the 
rest of the photosphere. Hence, it is not unlikelyTthat the 
blazing-forth of this star arose from an action similar to that 
which produces the solar flames, only on an immensely larger 
scale.

We liavc thus in* the spots, faculæ, and protuberances of 
the sun a few suggestions as to what is probably going on in 
those stars which exhibit the extraordinary changes 4>f light 
which we have described. Is there any possibility that our 
sun anay be subject to such outbursts of light and heat as 
those we have described in the cases of apparently new and 
temporary stare? Wo 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, even 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 feel any apprehension of such a catastrophe. Not
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the slightest certain variation of the solar heat has been de­
tected since the invention of the thermometer, and the gen­
eral constancy of the light emitted by ninety-nine stars out of 
every hundred may inspire us with entire confidence that no 
sudden and destructive variation need be feared in the case 
of our sun.

§ 4. Double Stard.
Telescopic examination shows that many stars which seem 

^sirjgle to the naked eÿe are really double, or composed of a 
pair of stars 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 beautiful of these 
is in Taurus, quite near Aldcbaran. Here the two stars O' 
Tauri and 0a Tauri are each of the fourth magnitude. An­
other such pair is a Capricorni, in which the two pairs are un­
equal. Here an ordinary eye has to lortk pretty carefully to 
see the smaller star. Yet another pair is t Lyræ, the com­
ponents of which are so close that only a good eye can dis­
tinguish them.» These pairs, however, are not considered as 
double stars in astronomy, because, although to the naked eye 
they seem so close, yet, when viewed in a telescope of high 
power, they arc so wide apart that they cannot be seen at the 
same time. The telescopic double stars arc formed of com­
ponents only a few seconds apart ; indeed, in many cases, only 
a fraction of a second. The large majority of those which 
ate catalogued as doubles rajige from half a second to fifteen 
seconds in distance. Wlipn they 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 lib in nearly the same straight line from our 
system.

The tnost obvious question which suggests itself here is 
whether in any case there is any real connection between the 
two stars of tfie pair, or whether they do not appear close to­
gether, simply because they chance to lie on nearly the same
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straight line from the earth. That some stars do appear dou­
ble in this ^j^liere 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 realty phys­
ically connected, and therefore close together in reality as well 
as in appearance, it is found in the fact that 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 pairs are called binary sys­
tems, 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
tronomers 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 lie then reads the position circle. Knowing what the 
position circle reads when he turns the wires so that the stak 
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 turns 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

N

Fia. 98. (Fia. 99. Fia. 100.

wM$i 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 which these two lines make with 
each other, counted from north towards east, is the position 
angle^f the stars, the changes ÿi which show the revolution
of oiie star around the othione star around the otliçr. 

In a few of the binary s^siIn 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. ^Xs a general rule, the paire which 
haye 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 veiy har£ to measure.

Binary Systems^Short Period.—The following table shows
v
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the periods of revolution in the case of those stars which have 
been observed through a complete revolution, or of which the 
j»eriods have been well determined :

42 Comae................... ............. 26 years. £ Ursae Majoris............... ....... 63 years
£ Herculis.................. ............. 35 “ i) Coronas Borealis........  . ...... 67 •“
Struve, 3121............ ............  40 “ a Centauri........................ ...... 77 «
»/ Coronas................... ............. 40 “ H Opliiuchi....................... ....... 92 “
Sirius.......................... ............. 50 “ X Opbiuchi....................... ...... 96 “
£ Cancri.................... ............  58 “ £ Scorpii........................... ....... 98 “

Two or three others arc suspected to move veVy rapidly, but 
they are so very close and difficult that it is only on favora­
ble occasions that they ca<?be seen to be double. One of 
the most remarkable stars in this list is Sirius, the period of 
which is calculated, not from the observations of the satel­
lite, but from the motion of Sirius itself. It has long been 
known that the proper, motion of this star is subject to cer­
tain periodic variations ; and, on investigating these vitia­
tions, it was found by Peters and Au were that they could be 
completely represented by supposing that a satellite was re­
volving around the planet in a certain orbit. The elements 
of this orbit word1 all determined except the distance of the 
satellite, which did not admit of determination. Its direction 
could, however, be computed foftn time to time almost as ac­
curately as if it were actually seen with the telescope. But, 
before the time of which we /speak, no one had ever seen it. 
Indeed, although many observers must have examincdJSirins 
from time to time with good telescopes, it is not likely that 
they made a careful search in the predicted direction.

Such was the state of the question until February, 1862, 
when Messrs. Alvan Clark & \ Sons, of Cambridgeport, were 
coftpleting their eighteen-inch ^lass for the Chicago Observa­
tory. Turning the glass one evening on Sirins, fop* the pur­
pose of trying it, the practised eye of the youngei/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

1
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that time, though the discoverers knew nothing of it. As the 
news went round the world, all the great telescopes were 
pointed on Sirius, and it was now found that when observers 
knew where* the companion was, many telescopes would show 
it. It lay in the exact direction which theory had predicted 
for that time, and it was now observed with the greatest inter­
est, in order to see whether it was moving in the direction of the 
theoretical satellite. Four years’ observation showed that this 
was really the case, so that hardly any doubt could remain that 
this almost invisible object was really the body which, by its at­
traction and revolution around Sirius, had caused the inequal­
ity in its motion. At the same time, the correspondence has 
not since proved exact, the observed companion having moved 
about half a 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 difficult observations from which the movements of the 
theoretical companion were computed.

The visibility of this very interesting and difficult object 
depends almost as much on the altitude of Sirius and the state 
of the atmosphere as on the power of the telescope. Wheij 
the images -btf the stars are very bad, it cannot be seen even 
in the great Washington telescope,’"Miile there are c^scs of its 
being seen under extraordinarily favorable conditionj wifii-tel- 
escopes of six inches aperture or less. These favorable condi­
tions are indicated to the risked eye by the absence of twinkling. 
\A case of the same kind, except that the disturbing satellite 
has xiot been seenpis found in Procyoa Bessel long ago sus- 
^jwSwxl that the position of this star wæ'fchanged by some at­
tracting body in its neighborhood, but le- did not reach a defi­
nite conclusion on the subject. Axrtfcrs, having made a Searc- 
ful investigation of allffie observations since the time of Rad­
ley, found that the star moved around an invisible centre 1" 
distant, which was probably the centre of gravity of the star 
and an invisible satellite. This satellite has been carefully
seaYched for witherreat telescopes during theJast few years, 
but without success./
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Triple and Multiple Stars. — Besides double stars, groups 
of three or more stars are frequently found. Such objects 
are known as triple, quadruple, etc. They commonly occur
through one of the stirs of a wide pair being itself a close 
double star, and very-mften the duplicity of the component 
has not been discoverco\till long after it was known to form

itirs of 
rKjften 
rea\tUl

of a wide pair being itself a close

one star of a pair. For instance, p Herculis was recognized 
as a double star by Sir W. Herschel, the companion star being 
about 30" distant, and much smaller than p itself. In 1856, 
Mr. Alvan Clark, trying one of his glasses uj>on 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 stars around each other having been made 
since 1856. Another case of the same kind is y Andromedæ, 
which wTas found by Herschel 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.

8 K dhistpTS nf Sttnrs

V

A very little observation with the telescope will show that 
while the brighter sfcjlrs are scattered nearly equally ov|r the

iyinunberxJtJ^aTSSwliicli it is not jxjssible to estimate are 
found to beXggrùgaMdfinto clusters, in which the separate 
stare are so email and ao imvierous that, with insufficient tele­
scopic power, they prerentl+hirappearanee of a mass of cloudy 
light. We nm] clusters^e|^cvery degree of aggregation. At

consisted of seven stars, one of which ^appeared froija the 
/heavens, leaving but six. But a very guu(heyjj_cayxeYCn now
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fifty to a hundred more, according to its power. We present a 
view of this group as it appears through 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'Plelades, after Kngelmann. The six larger stars are those 
easily seeu by ordinary eyes without n telescope, while the)four next In size, having 
four rays each, can be seen by very good eyes. About ryfmch from the upper right- 
hand corner is a pair of small stars which a very keen eye can see as a single star.

The cluster Praesepe, in the constellation Cancer (Map III., 
right ascension, 8 hours 20 minutes; declination, 20° 10' N.), 
is plainly visible to the naked eye on a clear, moonless night, 
as a nebulous muss of light. Examined with a small tele-
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/» *

scope, it is found to consist of a group of stare, ranging from 
the seventh or eighth magnitude upwards. For examination 
with a small telescope, one of the most beautiful groups is in 
the constellation Perseus (Map I., right ascension, 2 hours 10 
minutes ; declination, 57° N.). It is seen to the best advantage 
with a low magnifying power, between twenty-five and fifty 
times, and may easily be recognized by the naked eye as a 
little patch of light.

The heavens afford no objects of more interest to the con­
templative mind than some of these clusters. Many of them 
are so distant that the most powerful telescopes ever made 
show them only as a patch of star-dust, or a mass of light so 
faint that the separate stare 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 the 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 systems as holding intercourse with each other. 
Yet, were we transported to one of these distant clusters, and 
stationed on a planet circling one of the suns which compose 
it, instead of finding the neighboring suns in close proximity, 
we should only see a firmament of stare around us, such as we 
see from the earth. Probably it would be a brighter firma­
ment, in which so many stare would glow with more than the 
splendor of Sirius, as to make the night far brighter than 
ours ; but the inhabitants of the neighboring worlds would as 
completely elude telescopic vision as the inhabitants of Mare 
do here. Consequently, to the inhabitants of every planet in 
the clusteA, the question of the plurality of worlds might be 
as insolvable as it is to us.

To give the reader an idea what the more distant of these 
star clusters looks like, we present two views from Sir John

*1
s
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Herscliel’s observations at the Capo of Good Hope. Fig. 102 
shows the cluster numbered 2322 in Herscliel’s catalogue, and 
known as 47 Toucani. That astronomer describes it as “a 
most glorious globular cluster, the stars of the fourteenth mag­
nitude immensely numerous. It is compressed to a blaze of 
light at the centre, the diameter of the more compressed part 
being 30" in right ascension.” Fig. 103 is No. 3504 of Iler- 
sckel : “ The noble globular cluster w Centauri, beyond all 
comparison the richest and largest object of the kind in the 
heavens. The stars are literally innumerable, and as their

4- M Z 

'• .

North.

Fio. 108.—Cluster 47 Toucani. Right ascen­
sion, 0 hours IS minutes ; declination, 
72° 48' 8.

Fio. 103. ~Cluster » Centanri. Right ascen­
sion, 13 hours 20 minutes ; declination, 
46- 82' S.

total light when received by the naked eye affects it hardly 
more than a star of the fifth or fourth to fifth magnitude, the 
minuteness of each star may be imagined.” '

§ 6. "Nébulœ. ,
Nebulae appear to us as. masses of soft diffused light, of 

greater or less extent. Generally tfliese masses are very ir­
regular in outline, but a few of them are round and well- 
defined. These are termed planetary nébulœ. It may some­
time^ be impossible to distinguish between star clusters and 
nebtilæ, because when the power of the telescope is so low 
that the separate stars of a cluster cannot be distinguished, 
they will present the appearance of a nebula. To the naked 
eye the cluster Præscpe, described in the last chapter, looks

n
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^exactly like a nebula, though a very email telescope will re­
solve it into stars. The early observera with telescopes de­
scribed many objects as nebulae which the more powerful in­
struments of Herschek showed to be clusters of^tare. Thus 
arose the two classes of resolvable and irresolvable nebulae, 
the first comprising such as could be resolved into stare, 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 might be resolvable in another" telescope of greater 
power. This suggests the question whether all nebulae may 
not really be clusters of stars, those which are irresolvable ap­
pearing so merely because their distance is so great that the 
separate stare which compose tlifcm cannot be distinguished 
with our most powerful telescopes. If this were so, there 
would be no such thing as a real nebula, and everything 
which appears as such should be classified as a star cluster. 
The iSpbctroscope, as we shall presently show, has settled this 
question, by showing that many of these objects arc immense 
masses of glowing gas, and therefore cannot be stars.

Classification and Forms of Nebula?.—The one object of this 
’class which, more than all others, 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 
stare which form the sword of Orion. Its position may bo 
found on Maps II. and III., in right ascension 5 hours 28 
minutes, declination 6° S. A goocL eve will perceive that 
this star, instead of looking lil^o a l^pht point, as the other 
stare do, has an ill-defined, hazy 'appearance, due to the sur­
rounding nebulre. This object was first described by lluy- 
glicns in 1659, as follows :

“ There is one phenomenon among the fixed stare worthy 
o£ mention which, so far as I know, has hitherto been noticed 
by no one, and indeed cannot be well observed except with 
large telescopes. In the sword of CKon are three stars quite 
close together. In 1 RKfi na T plinnp.prl tn lift vipwitirr flip mid-

th the telescope, instead of a single star^^
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twelve showed themselves (a not uncommon circumstance). 
Three of these almost touched each other, and, with four oth­
ers, shone through a nebula, so that the space around them <
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 which a brighter region 
was visible.”*

Fio. 104__The great nebula of Orion, as drawn by Tronvelot with the twculy-six-inch
Washington telescope.

Since tlmt time it has been studied with large telescopes 
i^y a great number of observers, including Messier, the two

* Systema Satunmum, p. 8. The last remark of Huyghens seems to have pro­
duced the impression that he or some of the early observers considered the nebulae 
to be real openings/in the firmament, through which they got glimpses of the 
glory of the empyrean. But it may be doubted whether the old ideas of the firma­
ment and the empyrean were entertained by any astronomer after thp invention 
of the telescope, and there is nothing in the remark of Huyghens to indicate that 
he thought the opening really existed. Ills words are rather obscure. *

\

r

\
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Ilerschels, Rosse, Struve^and t . The representation
which we give in Fig. 104 is from a drawing made by Mr.
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 distinguished 
by a small telesçppe with a magnifying power of 40 or 50, 
combined witlTfwo small ones, requiring a nine-inch telescope 
to be well seen. The whole of those 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 6f~i$64-’65, the spectrum of this object was 
examined independently by Secchi and Huggins, who found 
that it consisted of throe bright lines, and hence concluded 
that the nebula was composed, not of stare, but of glowing 
gas. The position of one of the lines was near that of a line 
of nitrogen, while another seemed to coincide with a hydrogen 
line. There is, therefore, a certain probability that this object 
is a mixture of hydrogen and nitrogen gas, though this : 
point on which it is impossible to speak with certainty.

Another brilliant nebula visible to the naked eye is the 
great one of Andromeda (Maps II. and V., right ascension, 
0 hours 35 minutes ; declination, 40° N.). The observer can 
see at a glance with the naked eve that this is not a star, but 
a mass of diffused light. Indeed, untrained observers have 
sometimes very naturally mistaken it for a comet.* It was 
first described by Marius, in 1G14, who compared its light to 
that of a candle shining through horn. This gives a very 
good idea of the singular impression it produces, which is that 
of an object not self-luminous,but translucent, and illuminated 
by a very brilliant light behind it. With a small telescope, it

* A ship captain who had crossed the Atlantic once visited the Cambridge Ob- 
servatory, to tell Professor Bond that he had seen a small comet, which remained 
in sight during his entire voyage. „ The object proved to bo the nebula of An­
dromeda.
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is easy to imagine it to lie a solid like horn ; but with a large 
one, the effect is much more that of a great mass of matter, 
like fog or mist, which scatters and reflects the light of a brill­
iant body in its mid^t. That this impression can be correct, 
it would be hazardous to assert; but the result of a spectrum

Fio. 105.—The nnnular neb^Ln lu Lyra. Drawn by Professor K. S. Holden.

analysis of the light of the nebula certainly seems to favor it. 
Unlike most of the nebulæ, its spectrum is a continuous one, 
similar to the ordinary spectra from heated bodies, thus indi­
cating that the light emanates, not from a glowing gas, but 
from matter in the solid or liquid state. This would suggest
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the idea that the object is really an immense star-cluster, so 
distant that the most powerful telescopes cannot resolve it 
Though 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 resolution into stare 
seems possible. Indeed, it looks less resolvable and more like 
a gas in the largest telescopes tjiian ixl those of moderate size.
If it is really a gas, and if therepectrum is continuous through­
out the whole extent of thé nebula, it would indicate either 
that it shone by reflected light, of that the gas was subjected 
to a great pressure almost to its onttfr limit, which hardly seems, 
possible. But, granting that the light is reflected, we cannot 
say whether it originates in a single bright star or in a num­
ber of small ones scattered about through the nebula.

Another extraordinary object of this class is the annular, or 
riitg-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 filled with nebu­
lous light ; in fact, that we have here an object of very regular 
outline, in which the outer portion is brighter than the inte­
rior. Its form is neither circular nor exactly elliptic, but egg- 
shaped, one end being more pointed than the other. A ipod- 
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 drawings made at 
different dates, that some nebulae are subject to great changes 
of form. Especially does this hold true of the nebula sur­
rounding the remarkable variable star n Argus. In many 
other nebulae changes have been suspected ; but the softness 
and indistinctness of outline which characterize most of these 
objects, and the great difference of their aspect when seen in 
telescopes of very different powers, make it difficult to prove a 
change from mere differences of drawing. One of the strong- , 
est eases in favor of change has been made out by Professor 
Ilolden from a study of drawings and descriptions of what is ' 
called the “Omega nebula,” from a resemblance of one -of
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Fig. 106.—The Omega nebula ; Herechel 2008. Right aecenelon, 18 hour* 18 minute» ; 
declination, 16° 14' 8. Alter Holden and Tronvelot.

its branches to the Greek letter Q. We present a figure of 
this object as it now appeal’s, from 'a drawing hy Professor 
Iloldcn and Mr'Tfouvelot, with the great Washington tele­
scope. It is tlfe branch on the left-hand end of the nebula 
which was formerly supposed to have the form of Û.

As illustrative of the fantastic forms which nebulae some­
times assume, we present Ilerschel’s views of two more neb- 
lilte. 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 sefcn to advantage except in the south­
ern hemisphere.

Distribution of Oie Nèbulæ. — A remarkable feature of the 
distribution of the nebulae is that they are most numerous 
where the stars arc least so. While the stars grow thicker 
we approach the region of the Milky ^&y, the nebulae dimin­
ish in number. Sir John llerschel remarks that one-third of

<s / I
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Fio. 107.—Nebula Herechel 8728. Right ascension, 17 honre 86 minute» ; declination, 24* 
21' 9. After Sir John Herechel.

ftie nebulous contents of tlic heavens are congregated in a 
broad, irregular patch occupying about one-eighth the sur­
face of the celestial sphere, extending from Ursa Major in the 
north to Virgo in the south. If, however, we consider, not the 
true nebulae, but star clusters, we find the same tendency to 

* condensation in the Milky Way that we do in the stars. Wo 
thus have a clearly marked dis- 
tinction between nebulae and I 

law their
distribution. The law in ques- I 
tioh can be most easily under- I 
stood by the non-mathematical I 
reader by supposing the starry I 
sphere in such a position that I 
the Milky Way coincides with *

* " ITm 1 flS __Tho Innnod nahnla • TTara^halFio. 108.—The looped nebula ; Herechel 
2941. Right ascension, 6 hours 40 mln-the horizon. Then the stare and

star clusters will be fewest at the utee * declination, «#* v s. 

zenitli, and will increase in.number as we approach the horizon. 
Also, in the invisible hemisphere the same law* will hold, the 
stare and clusters being fewest under our feet, and will increase 
as we approach the horizon. But the true nebulae will then
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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 nebulæ and clusters in Sir John 
Ilerschel’s great catalogue have been studied by Mr. Clove- 
land Abbe with especial reference to their distance from,the 
galactic circle, and'the following numbers 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 surface of the ce­
lestial sphere, and if the stars or nebulæ 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 v 
clusters, but only one-tenth of the nebulæ. * o

The discovery that the nebulæ arc probably masses of glow­
ing gas is of capital importance as tending to substantiate the 
view of Sir William Herschel, that these masses are the crude 
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 nebulæ are objects of almost miraculous power, there 
must be some truth in it. A nebulous body, iifWrder (o shine 
by its own light, as it does, must be hot, and mîÏH,,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. We shall explain this more fully 
in treating of cosmical physics and the nebular hypothesis.

z§ 7. Proper Motions of the Stars.
To the unassisted eye, the stare seem to preserve tljc same 

relative positions in the celestial sphere generation after gen­
eration. If Job, Hipparchus, or Ptolemy should again lool* 
upon the heavens, he would, to all appearance, see Aldobaran, 
Orion, and the Pleiades exactly as he saw them thousands.,of 
years ago, without a single star being moved from its place. 
But the refined methods of modern astronolhy, 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 that the eye would not, in most cases, 
notice it for thousands of years. In ten thousand years qui] 
a number of stars, especially the brighter oneer*would be seen ‘ 
to have moved, while it wbuld take a hundred thousand years 
to introduce a very noticeable change in the aspect of the con­
stellations.
», As a general utile, the brighter stare have the greatest 
proper motions. But this i§ a rule to which there are many 
exceptions.. The star which, so far as known, has the greatest 
proper’motion of all—namely, Groombridge 183d—is the 
seventh magnitude only. Next in the order of proper inotioiv 
conies the pair of stars til Cygni, each of which is or thé sixth 
magnitude. Next are four or live others of tlut fourth aw) 
fifth magnitudes. The annual motions of these stftrs are as 
follows : . " ’]

Groombridge 1830............ 7".0
61 Cygni........................... 5".2
Lalande 21185................  4”. 7
c In*................................  4”.5

Lalande 21258................  4". 4
o'2 Kridani.........................i 4".l
|i Cassiopeia!..................... 3".fk
o Centauri........................  3”. 7

The first 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 n Cassiopciæ would require near­
ly 340,000 years to perform the same circuit. Slow as these 
motions are, they are very, large compared with those of most 
of the stars of corresponding magnitude. As a general yule, 
the starS the fourth, fifth, and sixth magnitudes move only 
a few sccyllids in a hundred years, and would therefore re­
quire many millions of years to perform the cirôaiit of the 
heavens. * V .

So far as then have y£t been observed, and, indotid, so far 
as they can be ousco^u 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 tlib short arc which has been do- 

\
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scribed since accurate determinations of sthe positions of the 
stars began to be mad a. So far as mere observation can in­
form us,.there is no reason to^enppbse that the stars are sever­
ally moving in definite orbits of any kind. It is trée that 
Miidler attempted to show, from'an* examination of the proper 
motions of the stars, that the whole stellar universe was revolv- • 
ing around the star Alcyone, of the Pleiades, as a centre—a 
theory thç grandeur of which led to (to wide diffusion in pop­
lar writings. But not the slightest weight has ever been given 
it by astronomers, who have always seen it to bo an entirely 
baseless Speculation. If the stars ^ere moving in any regular^ 
circula')' orbits whatever having a commpn centre, we could 
trace some regularity among t their proper motions. But no 
such regularity can be seen. The stars in all parts of the * 
heavens move in all directions, with all sorts of velocities.Xfft 
is true that, by averaging the proper motions, as it were, wo 

. can trace a certain law in them ; but this law indicates, not a 
particular kind of orbit, but only an apparent proper motion, 
common to all the stars, which is probably due to a real mo­
tion of our sun and solar system.

■ The Solar Motion.—As our sun is merely one of the stars, 
and rather a small star too, it may have, a proper motion as z 
well- as the. other stains. Moreover,y«nicn we speak of the' 
proper motion of a star, we mean, tifot its absolute motion, but 
only its motion relative to our syycm. As the sun iAovcs, he 
carries the earth and all the placets along with hinx and if 
we observe a star at perfect rose while we ourselves-are thus 
moving, the star ^vill appear to| move in the opposite direc­
tion, as we have already shownfin explaining the Copcrnican 
system. Hence, from an observation of the. motion of a sin­
gle star, it is impossible to dewue how much of this apparent 
l pot ion is due to the motioimif our system, and hdyv much to 
/lie real motion of tlic star^ If, however, we should observe a 
great number of stars oiynl} sides of ns, and find them all ap­
parently moving in the aame direction, it would be natural to 
conclude that it was really our system which was moving, and 
not the stare. Now, when llcrschel averaged the proper mu-
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tions of the stars in different regions of the heavens, ho found 
that this was actually the case. In general, the stars moved 
from the direction of the constellation Hercules, and towards 
the opposite point of the celestial sphere, near the constella­
tion Argus. This would show that, relatively to the general 
mass of the stars, our sun was moving in the direction of the 
constellation Hercules. Ilerschel’s data for this conclusion 
were, necessarily, rather slender. The subject was afterwards 
very carefully investigated by Argelander, and then by a num­
ber of other astronomers, whose* results for the point of the 
heavens towards which the sun is moving are as follows :

Right Ascension. Declination.

Argelander................................. 257° 49' 28° 50' N.
0. Struve................................... 261° 22' 37° â0’ N.
Lundahl............................. ....... 252° 24’ 14° 26' N. 1
Gallowav..................................... 260° 1 ' 84° 23' N.
Midler...................................... 261° as' 39° 64' N.
Airy and Dunkin....................... 262° 29’ 28° 68' N.

It will be seen that while there is a pretty wide range among 
the authorities as lo the exact point, and, therefore, some un­
certainty as to where we should locate it, yet, ir we lay the 
different points down on a star-map, we shall find that they 
all fall in the constellation Hercules, which was originally as­
signed by Ilerschel 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 4V'.(\ according to the use he made of stars hav­
ing large proper motions^

Motion of Groups of fltprs.—There are in the heavens sev­
eral cases of widely extended groups of stars, having a com­
mon proper motion cntirciY different, from that of the stars 
around and among them, ^ylch 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 tliis 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 o£ tl^e brighter ones 
only have been accurately investigated. vMn R A. Proctor 
has shown that five out of the seven stars which form the 
Dipper, or Great Bear, are similarly connected. He proposes 
'for this community of proper motions in certain regions the 
name of Star-drift. Besides those we have mentioned, there 

•arc cases of close groups of stars, like the Pleiades, and of l > 
pairs of widely separated stars, in which star-drift has been 
noticed.

Motion in the Line of Sight.—Until quite recently, the only 
way in which the proper motion of a star could be detected 
was by observing its change of direction, or the cltHnge of the 
point in which it is seen on the celestial sphere. It is, liow\. 
ever, impossible m this way to decide whether the st^j- 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, amDv 
which was first 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 i certain definite ratte, 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 l^c longer, and those which it throws in front of it will be
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shorter, than if the body were at rest. The result will be, that 
in the former case the spectral lines will be less refrangible, 
or nearer the red end of the spectrum, and in the latter case 
nearer the blue end. If the line is not a bright one which the 
gas emits, but the corresponding dark one which it has ab­
sorbed from the light of a star passing through it, the result 
will l)e 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 us^while in the contrary case it is receding from us.

The question may be asked, How can wo identify a line as 
proceeding from a gas, unless it is exactly in the position of 
the line due to that gas? How do#we know but that it may 
beJdue to some other gas which emits light of slightly differ­
ed, refrangibility ? The reply to this must be, that absolute 
ceiiainty on this point is not attainable; but tli^t, from the 
examination of a number of stars, the probabilities seem large­
ly in favor of the opinion that the displaced lines are really 
due to the gases near whose lines they fall. If the lines were 
always displaced in one direction, whatever star was exam­
ined, the conclti4ffn 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 stare 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. Huggins’s system of measurement has been introduced 
by Professor Airy into the RtfYal Observatory, Greenwich, 
where very careful measures have been made during the past 
two - ycaTs by Mr. Christie and Mr. Maunder. To show how 
well the fact of the motion is ma^ out, we give in the tables 
on the following page the results obtained by Mr. Huggins 
and by the Greenwich observers for those stars in which the 
motion is the largest :
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STARS RECEDING FROM ÜS.
■■ ' f

By Mr. Huggine. By Greenwich.

Sirius.......................................... 20 miles per sec. 
22 “ “
15 “ “
25 “ “

-16 “ “

25 miles per sec. 
76 “ “
receding.
25 miles per sec. 
30 “

a Orionis...A..............................
/3 Ononis...................................
a Geminorum.............................
a Leonis.....................................

STARS APPROACHING Ü8.

By Mr. Huggine. By Greenwich.

A returns.......................................................
a Lyræ...........................................................
a Cvgni......................................
/3 Geminorum............................
a Ursæ Mnjoris.......................................

55 miles per sec. 
50 “ “
39 “ “
49 “ “

46 “

41 miles per sec.
36 “
41 “ “
approaching, 
approaching.

There are several collateral circumstances which tend to 
confirm these results. One is that the general amount of mo­
tion indicated^jn a rough way, about what we should expect 
the stars to Æve, from their observed proper motions, com­
bined with meir probable parallaxes. Another is that those 
stars in the neighborhood of Hercules are mostly found to be 
approaching the earth, and those which lie in the opposite di­
rection to be receding from it, which is exactly the effect which 
would result from the solar motion just described. Again, the 
five stars in the Dipper winch we have described as having a 
copnnon proper motion arc also found1 to have a common mo­
tion in the line of sight. The results of this wonderful and 
refined method of determining stellar motion, therefore, seem 
worthy of being received with some confidence so far as the 
general direction of the motion is concerned. But the dis­
placement of the spectral lines is so slight, and its measure­
ment a matter of such difficulty and delicacy, that wo are far 
from being sure of the exact numbers of miles per second 
given by.the observera. The discordances between the results 
of Greenwich and those of Mr. Huggins show that numerical 
certainty is not yet attained.

A necessary result of these motions will be that those stare 
which are receding from us will, in the course of ages, appear 
less brilliant, owing to their greater distance, while those which

*
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arc approaching us will, as they come nearer, appear brighter, 
always supposing that their intrinsic brightness does not vary. 
But so immense is the distance of the stars, that many thou- 

• sands of years will be required to produce any appreciable 
change in their brightness from this cause. For instance, 
from the best determinations which have been made, the dis-: 
tance of Sirius from our system is more than a million radii 
of the earth’s orbit/ With a velocity of twenty miles per sec­
ond, it would require more than one hundred and fifty thou­
sand years to pass over this distance.

It will, of course, be understood that the velocities found by 
the spcctroscopio method are not the total velocities with 
which the stars are moving, but only the rate at which they 
are approaching to or receding from the earth, or, to speak 
mathematically, the component of the velocity in the direc­
tion of the line of sight. To find the total velocity, this com- 
]>onent must be combined with the telescopic velocity found 
from the observed proper motion of the star, which is the*vc- 
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 tw6 million radii of the 

' earth’s orbit, yet its velocity at right angles tot t^ie line of sight 
will hardly amount to one-third of,a mile pW second. If the 
spectroscopic determination is correct, then, after an interval 
which will probably fall between one hundred thousand and 
'three hundred thousand years, a Cygni will pass by our sys­
tem at something like a hundredth of its present distance, 
and will, for several thousand years, be many times nearer and 
brighter than any star is now.

»
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CIIAPTE^ II.

TIIE STRUCTURE OF THE UNIVERSE.

Having in the preceding; chapter described those features 
of the universe which the telescope exhibits to us, we have 
now, in pursuance of our plan, to inquire what light telescopic 
discoveries can throw upon the structure of the universe as a 
whole. 1 lore we necessarily tread upon ground less sure than 
that which has ljkherto 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
fied or disproved by subsequent discoveries. We shall en­
deavor to avoid all mere guesses, and to state no conclusion 
which has not some apparent foundation in observation or 
analogy. The human mind caftnot be kept from speculating 
upon and wondering about the order of creation in its widest 
extent, and science will be doing it a service in throwing ev­
ery possible light on its path, and preventing it from reaching 
any conclusion inconsistent with observed facts.

The first question which we reach in regular order is, IIow 
are the forty or fifty millions of stars visible in the most pow­
erful telescopes arranged in space? We know, from direct 
observation, how I they are arranged with respect to direction 
from our système and we have seen that the vast majority of 
small stars visible in great telescopes are found in a belt span­
ning the heavens, and known as the Milky Way. But this 
gives us no complete information respecting their absolute po­
sition : to determine this, we must know the distance as well 
as the direction of each star. But beyond the score or so of 
stars which have a measurable parallax, there is no known 
way of measuri ig 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 stars 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, 
tbe diversity of absolute magnitude is far less than that of the 
apparent magnitude ; so that a judgment founded on the lat­
ter is much better than none at all. It was on such consider­
ations as these that the conjectures of the first observers with 
the telescope were founded.

§ 1. Views of Astronomers before llerschel.
Before the invention of the telescope, any well-founded 

opinion respecting the structure of the starry system was out 
of the question. We have seen how strong a hold the idea of 
a spherical universe had on the minds of men, so that even 
Copernicus was fully possessed with it, and probably believed 
the sun to be, in some way, the centre of this sphere. Before 
any step could be taken towards forming a true conception of 
the universe, this idea had to be banished from the mind, and 
the sun had to be recognized as simply one of innumerable 
stars which made up the universe. The possibility that such 
might have been tlux case seems to have first suggested itself 
to Kepler, though heVas deterred from completely accepting 
the idea by an incorrect estimate of the relative brilliancy of 
the stars. lie reasoned that if the sun were one of a vast 
number of fixed stars of equal brilliancy scattered uniformly 
throughout space, there could not be more than twelve which 
were at the shortest distance from us. We should then have 
another set at double the distance, another at triple the dis­
tance, and so on ; and since the more distant they are, the 
fainter they would appear, we should speedily reach a limit 
beyond which no stars could be seen. In fact, however, we 
often see numerous stars of the same magnitude crowded 
closely together, as in the belt of Orion, while the total num­
ber of visible stars is reckoned by thousands. lie therefore

ll
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concludes that the distances of the individual stare from each 
other arc much less than their distances from our sun, the lat­
ter being situated near the centre of a comparatively vacant 
region.

Had Kepler known that it would require the light of a hun­
dred stare of the sixth magnitude to make that of one of the 
tiret magnitude, he would not have reached this conclusion. 
A simple calculation would have shown him that, with twelve 
stare at distance unity, there would have beèn 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 stare. The twelve hun­
dred starç 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 that, where many bright stare were 
found crowded together, as in Orion, their distance from each 
other is probably less than that from our sun. But this ag- 

* glomcration, 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 be said that he put 
forth this view, not as a well-founded theory, but only as a 
surmise, concerning a question in which certainty was not 
attainable.

Ideas of Kant.—Those who know of/lvant only as a specula­
tive philosopher’«nay be surprised to learn that, although he 
was not a working astronomer, he was the author of a theory 
of the stellar system which, with some modifications, has been 
very generally held until the present time. Seeing the Gal­
axy encircle the heavens, and knowing it to be produced by 
the light of innumerable stare too distant to be individually 
visible, he concluded that the stellar system extended much 
farther in the direction of the Galaxy than it did elsewhere. 
In other words, he conceived the stars to be arranged in a 
comparatively thin, flat layer, or stratum, our sun being some­
where near the centre. When we look edgewise *along this

//
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stratum, we see an immense number bf stars, 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 arc spread out in a thin layer, as it were ; 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 statem as Kant imagined it to exist. 
Had the tone of small plaiiets between Mars and Jupiter then 
been known, it would have)afforded a striking confirmation of 
Kant’s view by showing a^'ct greater resemblance of the plan­
etary system to his sujïposed stellar system. Were the num­
ber of these emall^plancts sufficiently increased, we'shonld see 
them as a sort/df Galaxy around the zodiac, a second Milky 
Way, belonging to otir system, and resolvable with the tele­
scope into small planets, jijst as the Galaxy is resolved into . 
small stars. The eoiuüu.aidn that two systems which were so 
similar in appearance were really alike .in structure woujd 
have seemed very well founded in analogy. ^

As the planets are kept at thety' proper distances, and pre­
vented from falling into cac|> other or into the sun by the 
centrifugal force generated tyy their revolutions in their or-' 
bits, so Kant supposed the stars^o 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 co#ld not be in motion around a centre. To this Kant’s 
reply was that the time of revolution was so 1< 
motion so slow, that it was not /perceptible with! the imper-1 
feet means of observation thenyavailable. Future genera- i 
tions would, he doubted not, by comparing their observations

/ffl

* The original idea of this theory is attributed by Kant to Wright, of Durhnin, 
England, a writer whose works are entirely unknown in this country, and whose 
authorship of the theory has been very generally forgotten.
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with those of their predecessors, find that there actually was a 
motion among the stare.

This conjecture of Kanfe, th^t the stare would be found to 
have a proper viotion, has, as we have seen, been amply con­
firmed ; but the motion k not of the kind which his theory 
would require. On this theory, all the stars ought to move in 
directions nearly parallel te* that of the Milky Way, just as in 
the planetary system we find them all moving in directions 
nearly parallel to the ccliptie. 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 jue moving in any regularly arranged orbits, as 
Kant supposed. A defender of Kant’s system might indeed 
maintain that, as it is only in a few of the stars nearest us 
that any proper motion has been detected, the great cloud of 
stars which make up the Milky Way might really be moving 
along in regular order, a view the possibility of which we shall 
be better prepared to consider hereafter.

The Kantian theory supposes the system which we have 
just been describing to be forme^ of the immense stratum of 
stars which make up the Galaxy and stud our heavens, and 
to, include all the stars separately visible with our telescopes. 
But he did not suppose tins system, immense though it is, to 
constitute the whole material universe. In the nebula*, he 
saw other similar systems at distances so immense that the 
combined light of their millions of suns only appeared as a 
faint cloud in the most powerful telescopes. This idea that 
the ncbulæ were other galaxies was more or less in vogue 
among popular writers until a quite recent period, when it 
was refuted by the spectroscope, which shows that these ob­
jects arc for the most part masses of glowing gas. It has, 
however, not received support among astronomers since the
time of Sir William Herschel.

A

!
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System of Lambert.—A few years after the appearance of 
Kant’s work, a similar but more elaborate system was sketched 
out by Lambert. He supposed the universe to be arranged in 
systems of different orders. The smallest systems which we 
know arc 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 arc each carried round.the sun. Each individual star 
which we see is a sun, and has its retinue of planets revolving 
around it, so that there are as fnany solar systems as stars. 
These systems are not, however, scattered at random, but are 
divided up into greater systems which appear in our telescopes 
as clusters of stars. An immense number of these clusters 
make up our Galaxy, and form the visible universe as seen in 
our telescopes. There may be yet greater systems, each made 
up of galaxies, and so on indefinitely, only their distance is so 
immense as to elude our observation.

Each of the smaller systems visible to us has its central body, 
the mass of which is much greater than that of those which 
revolve around it. This feature Lambert supposed to extend 
to other systems. As the planetp are larger than their satcl- / 
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 
ns, he supposed them to be opaque and dark. All the systems, 
from the smallest to the greatest, were supposed to be bound 
together by the one universal law of gravitation.

As not the slightest evidence favoring the existence of these 
opaque centres has ever been found, we are bound to say that 
this sublime idea of Lambert’s has no scientific foundation. 
Astronomers have handed it over without reservation to the 
lecturers and essayists.

§ 2. Researches of Herschel and his Successors.
Ilerschcl was the first who investigated the structure, of 

the stellar system by a long-continued scries of observations, 
executed with a definite end in view. Ilis plan was that of

31
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“ star - gauging,” which meant, in the first place, the simple 
enumeration of all the stars visible with a powerful tele­
scope in a given portion of the heavens. lie employed a 
telescope of twenty inches aperture, magnifying oiio/hundrcd 
and sixty times, the field of view being a quarter df a degree 
in diameter. This diameter was about half that of the full 
moon, so that each count or gauge included all the stars visi­
ble in a space having one-fourth the apparent surface of the 
lunar disk. From the number of stars in any one field of 
view, he concluded to what relative distance his sight ex­
tended, supposing a uniform distribution of the stars through­
out all the space included in the cone of sight Of the telescope. 
When an observer looks into a telescope pointed at the heav­
ens, his field of vision includes a space which constantly 
widens out on all sides as the distance becomes greater ; and 
the reader acquainted with geometry will se^ that this space 
forms a cone having its point in the focus of tile telescope, and 
its circular base at the extreme distance to which the telescope 
reaches. The solid contents of this cone will be proportional 
to the cube of the distance to which it extends ; for instance, 
if the telescope penetrates twice as far, the cone of sight will 
be not only twice as long, but the base will be twice as wide 
in each direction, so that the cone will have altogether eight 
times the contents, and will, on Ilerschcl’s hypothesis, contain 
eight times as many stars. So, when Ilerschel found the stars 
eight tijnes as numerous in one region as in another^]ic con­
cluded that the stellar system extended twrice as far in the 
direction of the first region.

To count all the stars visible with his telescope, Ilerschel 
found to be out of the question. lie would have had to point 
his instrument several hundred.thousand times, and count all 
the visible stars at each pointing. He therefore extended his 
survey only over a wide belt extending more than half-way 
round the celestial sphere, and cutting the Galaxy at right 
angles. In this belt he counted the stars in 3400 telescopic 
fields. Comparing the average number of stars in different 
regions with the position of the region relative «to the Galaxy,

v



f

RESEARCHES OF HERSCHEL AND UIS SUCCESSORS. 467

he found that the sta^s were thinnSt at the point most distant 
from the Galaxy, and that th^y constantly increased fin num- 

^ her as the Galaxy was approached. The following^able 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,
Second zone ...... .... 75° << 00° “ “ .............. 5 “ “
Third zone.........

oto u 45° “ “ .............. 8 “ “
Fourth zone........ .... 45° « 30° “ “ .............  14 “ “
Fifth zone......... .... 30° (C 15° “ “ .............  24 “ “
Sixth zone......... ... 15° << QO « « It .............. 63 “ “

similar enumeration $as made by Sir John Ilerschel for the 
corresponding region on tl*i other, or southern, side of the Gal­
axy. lie used the same telescope, aud the satDifc magnifying 
power. Ilia results were :

First zone .. 
Second zone. 
Third zone,.

C stars per field. 

9 “ “

Fourth zone.. 
Fifth zone. v 
Sixth zone..

13 stars per field.
26 “ “
59 “ “

The reader will, perhaps, more readily grasp tlie significa­
tion of these numbers by the mode of representation which 
was suggested in describing the distribution of the nebulæ. 
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 ordôr until we reach the sixth, 
or galactic, zone, which will encircle the horizon tp 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 two approached the horizon, t 
The observer being supposed sell to occupy the same posi­
tion, the second table shows the âistribution of the stars in the

■«*
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opposito or invisible hemisphere, which he would see if the 
farth were removed. Ii> this hemisphere the tiret, or thinnest, 
zone would be directly opposite the thinnest zone in the ob­
server’s zenith ; that is, it would be directly under his feet. 
The successive zones would then be nearer the horizon, the 
sixth or last encircling jt, and extending 15° below it on every 
side.

The numbers we have given are only averages, and do not 
give an adequate idea of the actual inequalities of distribu­
tion in special regions of the 1 leavens. Sometimes there was 
not a solitary star in the field of the telescope, while at oth­
ers there were many hundreds. In the circle of the Galaxy 
itself, the stare are more than twice as thick as in the average 
of the first zone, which includes not only this circle, but a 
space of 15° on each side of it.

Adopting the hypothesis of a uniform distribution of the 
stare, Herechel concluded from 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 
the Galaxy as in the direction perpendicular to it. The most 
important modification ho made was to suppose an immense 
cleft extending edgewise into the system from its circumfer­
ence about half-way to the centre. This cleft corresponded to 
the division in the Milky Way which commences in the sum­
mer constellation Cygnus in the north, and passes through 
Aquila, the Serpent, and Seorpius far into the southern hemi­
sphere. Estimating the distance by the arrangement and ap­
parent magnitude of the stare, he was led to estimate the mean 
thickness of the stellar stratum from top to bottom as 155 
units, and the diameter as 850 units, the unit being the aver­
age distance of a star of the first magnitude. Supposing this 
distance td bo that which light would travel over in 16 years 
—a supposition which is founde^/on the received estimate of 
the mean parallax corresponding to stare of that magnitude— 
then it would take light nearly 14,000 years to travel across 
the system from one border to the other, and 7000 years to 
reach us from the extreme boundary.
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The foregoing deduction of 
Herschel was founded on the 
hypothesis that the stars jjxSn 
equally dense in every part of 
the stellar system, so that the 
number of stars in any direc­
tion furnished an index to the 
extent of the stars in that di­
rection. Further study show­
ed 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 clusters evident­
ly offered cSscs in which sev­
eral stars were in much closer 
association than were the stars 
in general. To show exactly 
on what considerations this 
change of view is founded, we 

.remark that if the increase of 
density in the direction of the 
Milky Way were quite rcgi 
lar, so that there were no cases 
of greatdiffercnce in the thick­
ness of the staA in two adjoin­
ing regions, then the original 
view would have been sound 
so far as it went. But such ir^ 
regularities arc very frequent, 
and it would lead to an obvi­
ous absurdity to explain them 
on Ilerschel’s first hypothesis ; 
for instance, when the tele­
scope was directed towards 
the Pleiades there would be

X
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found, probably, six or eight times as many stars 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.1 As there arc 
many such Musters in various parts of the sky, we should have 
to suppose 1 great number of such spikes. In other regions, 
especially around the Milky Way, there arc spaces nearly void 
of stars, fro 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 stars showing 
itself in a telescope, with a comparatively void space surround­
ing it, is that we have here a real star cluster, or a region in 
which the stars are thicker than elsewhere. Now, one can see 
with the naked eye that the Milky Way is not a continuous 
uniform belt, but is, through much of its course, partly made 
up of a great number of irregular cloud-like masses with com­
paratively dark spaces between them. The conclusion is un­
avoidable that we have here real aggregations of stars, and 
not merely a region in which the bounds of the stellar-sys­
tem are more widely extended. Whether Herschel clearly saw 
this may be seriously questioned ; but however it may have 

- been, he adopted another method of estimating the relative 
distances of the stars visible in his gauges.

This method consisted in judging of the distances to which 
his telescope penetrated, not by tbe number of stars it brought 
into view, but by their brightness. If all the stars were of the 
same intrinsic brightness, so that the differences of their ap­
parent magnitude arose only from their various distances from 
us, then this method would enabh/us t<# fix the distance of 
each separate star. But as wc know that the stars arc by no
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means equal in intrinsic brightness, the method cannot be 
safely applied" to any individual star, a fact which Ilerschel 
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 stars. 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 estima'te Ilerschel attempted to make, 
proceeding on tjie 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 stars visible to the naked 
eye; that is, if wo 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 the radii 3, 5, 7,
9, etc. The contents of the 
spheres being as the cubes 
of their diameters, the first Fig.no._ina^~^^80rder8üflliB. 
sphere will have 3x3x3=27 twice of the «tar».

6*.. order

4'Ü order

order

"eta*»

star6
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times the bulk of the unit sphere, and will therefore be large 
enough to contain 27 stars; the Second will have 125 times 
the bulk, and will therefore contain 125 stars, and so with 
the successive spheres. Fig. 110 shows a section of portions 

»• of these spheres up to that with radius 11. Above the centre 
are given ^he various orders of stars which.are situated be­
tween the several spheres, while in the corresponding spaces 
below the centre are given the number of stare which the rc- 

• gion is large enough to contain ; for instance, the sphere 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 for 
218 stare between the spheres of radii 5 and 7.

Ilerschel designates the several distances of these layers'of 
stars as orders ; the stars between spheres 1 and 3 are of the 
tiret 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 magni­
tudes, he found the result to be as follows :

Or«l*r of 
Distance.

Number of 
Start there 
ia room for.

Magnitude.
Number of 

Stars of that 
magnitude.

l 26 i 17
2 08 3 2 67
3 218 3 206
4 386 4 454
5 602 5 1161
C 866 6 ' 6103
7 1178 7 6146
8 1538

There is evidently no correspondence between the calculat­
ed orders of distance and the magnitudes as estimated on the 
usual scale. But Ilerschel found that this was because the 
magnitudes as usually estimated corresponded to an entirely 
different scale of distance from that which he adopted. In 
his scale the several distances increased in arithmetical pro­
gression ; while in the order of magnitudes the increase is 
in geometrical progression. In 'consequence, the stars of the 
sixth magnitude correspond to the eighth, ninth, or tepth order 
of distances ; that is, we should have to remove a 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 tfoe 
Milky Way, Ilerschel concluded that it was unfathomable 
with His twenty - foot telescope, which, ho 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 
resect to the extent of the Milky Way as the twenty-foot one 
did. This unrivalled man, to whom it was giVen to penetrate 
farther into creation 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 ho believed his vision to extend, 
we shall find it to be about fourteen thousand years, or more 
than double that deduced from his former gauges. We can 
say with confidence that the time required for light to reach 
us from the most distant visible stars is measured by thou­
sands of years. But it must be admitted that Ilerscliel’s esti­
mate of the extent of the Milky Way may be far too great, be­
cause it rests on the assumption that all stars are of the same 
absolute brightness. If the smallest stars visible in his tele­
scope were, on the average, of the same intrinsic brilliancy as 
the brighter ones, the conclusion would" be well founded. But 
if we suppose a boundary, it is impossible to decide from Ilcr- 
schcl’s data whether the minuteness of those stars arises from 
their great distance or from their small magnitude. Notwith­
standing this uncertainty, it has been maintained by some, not­
ably by Mr. Proctor, that the vilws of Ilerschel respecting the 
constitution of the Milky Way, or stellar 6)^tcm, were radical­
ly changed by this second method of star-gauging. I see no 
evidence of any radical change. Although Ilerschel does not
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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 le^ were, in their main features, the same as those of the 
old method.

Since the time of Herschel, one of the most eminent of the 
astronomers who have investigated this subject is Struve the 
elder, formerly director of the Pulkowa Observatory. Ilis re­
searches were founded mainly on the numbers of stare of the 
several magnitudes found by Bessel in a zone thirty degrees 
wide extending all round the heavens, fifteen degrees on each 
side of the equator. With these he combined the gauges of 
Sir William Herschel. The hypothesis on which he based his 
theory was similar to that employed by Herschel in his later 
researches, in so far that he supposed the magnitude of the 
stare to furnish, on the average, a measure of their relative 
distances. Supposing, after Herschel, a number of concentric 
spheres to be drawn around the sun as a centre, the successive 
spaces between which corresponded to stars of the several 
magnitudes, he found that the farther out he went, the more 
the stars were condensed in and near the Milky Way. This 
conclusion may be drawn at once from the fact we have al­
ready mentioned, that the smaller the stare, the more they arc 
condensed in the regiofi of the Galaxy. Struve found that if 
we take only the stars plainly visible to the naked eye—that 
is, 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 thicker, and so on, the inequality of distri­
bution becoming constantly greater as the telescopic power is 
increased.

From all this, Struve concluded that the stellar system might

X
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be considered as composed of layers of stars of varient densi­
ties, all parallel to the plane of the Milky Way. The stars are , 
thickest in and near the central layer, which he conceives to 
be spread out as a wide, thin sheet of stars. Our sun is situ­
ated near the middle of this layer. As we pass out of this 
layer, on either side we find the stars constantly growing thin­
ner and thinner, but wie 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 we 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 Ilerschel’s telescope 
could penetrate :

Distance from Principal Plane. Density.
Mean Distance 
between Neigh­

boring Stars.

In the principal plane..................... 1.0000 1.000
0.05 from principal plane.......... 0.48568 1.272
0.10 “ “ ........... 0.33288 1.458
0.20 “ “ .......... 0.23895 1.611
0.30 “ “ .......... 0.17980 1.772
0.40 “ “ ........... 0.13021 1.973
0.50 “ “ .......... 0.08646 2.261
0.00 “ “ .......... 0.05510 2.628 "
0.70 “ “ ........... 0.03079 3.190
0.80 “ “ .......... 0.01414 4.131
0.8CG “ “ ...........

---------- - . -.J»
0.00532 5.729

This condensation of the stare near the central plane, and 
the gradual thinning-out on each side of it, are only designed 
to be tlie expression of the general or average distribution 
of thosetbodies. The probability is that even in the central 
plane the stare are many times as thick in some regions as in 
others, and that as we leave the plane, the thinning-out would 
be found to proceed at very different rates in different re­
gions. That there may be a gradual thinning-out cannot be 
denied ; but Struve’s attempt to form a table of it is open to 
the serious objection that, like llcreehel, he supposed the dif-
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fercnces between p magnitudes 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 whore we have to deal with irregular masses of stars, and 
especially where our telescopes penetrate to the boundary of 
the stellar system. In the Jafter case we cannot possibly dis­
tinguish between small/Stars lying within the boundary and 
larger ones scatter^'outside of it, and Struve’s gradual thin­
ning-out of the sty's may be entirely accounted for by great 
diversities in the absolute brightness of the stars.

Among recent researches on this subject, those of Mr. R 
A. Proctor are entitled to consideratibn, 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 stai-s are- 
either of similar intrinsic brightness, or approach an equality 
of distribution in different regions, arc entirely illusory, lie 
cites the phenomena of star-drift, described in the last chap­
ter, as proving that stars which had been supposed widely sc]> 
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 Ilerschel.

llow far the considerations brought forward 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 stars 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 Ilugby, England, re­
specting the orbits of some binary stars, throws light on this 
tendency. It was found by Struve that although the great 
common proper motion of the pair of stars 61 Cygni, cele­
brated for the determinations of their parallax, was such as to 
leave no reasonable doubt that they were physically connect­
ed, yet not the slightest deviation in their courses, arising
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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- 
I cate that eacli star of the pair is going on its course indepen­
dently of the other. But, as just stated, they move too nearly 
together to permit of the belief that they are really indepen­
dent. The only conclusion open to us is that each of them de­
scribes an immense orbit around their common centre of grav­
ity, an orbit which may be several degrees in 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 bo 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 connection whatever, but that, in 
pursuing their courses through space, they chanced' to come 
so close together that they were brought for a wlme within 
each other’s sphere of attraction. If this be the case, they 
will gradually separate forever, like two ships meeting on the 
ocean and parting again. We remark that the course of each 
star will then be very different from what it would have 
been if they had not met. We cannot, however, accept the 
hyperbolic orbit of Mr. Wilson as an established fact, because 
the case is one in which it is very difficult to distinguish be­
tween a large and elongated- elliptic orbit and a hyperbolic 
orbit. The common proper motion of the two objects is such 
as to lead to the belief that they constitute a pair, the compo­
nents of which separate to a great distance.

Now, these discoveries of pairs of stars moving around a 
common centre of gravity, in orbits of immenje extent, sug­
gest the probability that there exist in the hcavâis great num­
bers of pairs, clusters, and systems of this sorCthe members 
of which are so widely separated that theyfrhave never been

a
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suspected to belong together, and the widely scattered groups 
having a common proper motion may very well be systems of 
this kind.

*-

§ 3. Probable Arrangement of the Visible Universe.
The preceding description of the views l)$ld by several gen­

erations of profound thinkers and observed respecting the 
arrangement of the visible universe furnishes an example of 
what we may call the evolution of scientific knowledge. Of 
no one of the great men whom we have mentioned can it be 
said that his views were absolutely and unqualifiedly errone­
ous, and of none can it be said that he reached the entire 
truth. Their attempts to solve the mystery which they saw 
before them were like those of a spectator to make out the ex­
act structure of a gre^t 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 doors, and the pilasters for columns. Notwithstand­
ing such mistakes, his representation is to a certain extent cor­
rect, and he will seldom fall into egregious error. The suc­
cessive improvements in his sketch, from the first rough out­
line to the finished picture, do noLeonsist in effacing at each 
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 which the vast fabric is constructed, that we cannot 
pass beyond a few rough outlines. Still there arc a few feat­
ures which we can describe with a near approach to certainty, 
and others respecting which, though our knowledge is some­
what vague, we can reach a greater or less degree of proba-
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bility. We may include these under xtho following seven 
heads : '''X

1st. Leaving the nebulæ out of consideration, and confining 
ourselves to the stellar system, we may say, with moral cer­
tainty, that the great mass of the stars 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 wc 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 
Ilcrschcl and Struve. In fact, it forms the fundamental base 
of the structures reared by these several investigators. When 
Kant saw, in this arrangement, a resemblance to the solar 
system, in which the planets all move round near one central 
plane, he was correct, so far as he went. The space, then, in 
which we find most of the 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, but are for the most part collected into 
irregular clusters or masses, with comparatively vacant spaces 
between them. These collections have generally no definite 
boundaries, but run into each other by insensible gradations. 
The number of stare in each collection may range from two 
to many thousands ; and larger masses are made up of smaller 
ones in every proportion, much as the heavy clouds on a sum­
mer’s day are piled upon each other.

3d. Our sun, with its attendant planets, is situated near the 
centre of the space we have described, so that wo sec nearly 
the same number of stare in any two opposite quarters of the 
heavens.

4th. The six or seven thousand stare around us, which arc 
easily seen by the naked eye, arc scattered in space with a 
near approach to unifoi^nity, the only exception being local
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clusters, the component stare of which arc f&tv in number and 
pretty widely separated. Such are the Pleiades, Coma Bere­
nices, an4 perhaps the principal stare 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 yof the ^stellar system, but only the limits within 
which it ^mostly contained. The absence of any definite 
boundary, either to star clusters or the stellar system, and the 
number of comparatively vacant regions here and tl^exe among 

f~ the clusters, prevent our assigning any iriore definite form to 
the system than we could assign to a cloud of dust. The thin 
and widely extended space in which the stare are most thickly 
clustered may, however, be called the galactic region.

6th. On each side of the galactic region the stars are more 
evenly and thinly scattered, but probably do not extend out to 
a distance at all approaching the extent of the galactic region. 
If they do cx^yid out to an equal distance, they arc 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 stars we can see in the telescope, but because the 
density of the stars probably diminishes very gradually as wo 
go out towards the boundary.

7th. On each side of the galactic and stellar region we have 
a nebular region, in which we find few or no stars, but vast 
numbers of nebulae. The nebulae 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 stars and nebulae which wo 
have described is seen in Fig. Ill, which shows what is prob­
ably the general aspect of a section of the visible universe per­
pendicular to the Milky Way. In the central part of (,thc fig-, 
ure we have the galactic region, in which the stars are mostly 
aggregated in large masses. Of the arrangement of these 
masses nothing certain is known ; they are, therefore, put in 
nearly at random. Indeed, it is still an undecided question 
whether the aggregations of Stars which make up the Milky



PROBABLE ARRANGEMENT OF TUE VISIBLE UNIVERSE. 481

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 
he 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

r ne

GALAXY OR REGION OF STARS

Fio. mi 
the

-Probable arrangement of the stars and nebuhe visible with the telescope, 
laluxy the stars are not evenly scattered, but are agglomerated into clusters.

v

In

the stars visible with the naked eye arc part ofone of the 
masses which make up the Galaxy^ir whether we arc in a 
comparatively thin region. Although this question is stilj 
unsolved, it is one which admits of an answer by telescopic 
research. When we described Sir William Ilerschcl’s ar­
rangement of the stars in concentric spheres, wo saw that in 
the more distant spheres the stare were vastly more dense

32
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around the galactic belt of each sphere than they were in 
other parts of it. To answer the question which has been 
presented, wo must compare the densities of the stars at the 
circumferences of these spheres with the density immediately 
around us. In other words, the question is, Suppose a human 
being could dart out in the direction of the Milky Way, and 
pass through some of the masses of stars composing it, would 
he find them thicker or thinner than they are in the visible 
heavens around us ?

A question still left open is, whether all the celestial objects 
visible with the telescope arc included within the limits of the 
three regions tvc have just indicated, or whether the whole . 
Galaxy, with everything which is included within its limits, 
is simply one of a great number of widely scattered stellar 
systems. Since any consideration of invisible galaxies and 
systems would be entirely idle, the question may be reduced 
to this: Arc the most distant star clusters which the telescope 
shows us situated within the limits of the stellar system or far 
without them, a great vacant space intervening? The latter 
alternative is the popular one, first suggested by Kant, it be­
ing supposed that the most distant nebulae constituted other 
Milky Ways or stellar systems as extensive as our own.

Although the possibility that this view is correct cannot l>e 
denied, yet the arrangement of the star clusters or resolvable 
nebulae militates against it. We have shown that the major­
ity of 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, 
fat4 outside of the one which surrounds us, they would be as 
likely to lie in one direction as in another, and the probabil­
ity against the great mass of them lying in one plane would 
be very groat. The most prohalTtn conclusion, therefore, is 
that they constitute part of our stellar system. They may, in­
deed, be scattered around or outside of the extreme limits with­
in which single stars can be seen, but not at distances so great 
that they should be considered as separate systems. The most 
probable conclusion, in the present state of our knowledge,

<m\
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seems to be that the scheme shown in Fig. Ill incl e
whole visible universe.

DO THE STARS REALLY FORM A SYSTEM*- 3

The differences of opinion which now exist respecting the 
probable arrangement and distance of the stars arise mainly 
from our uncertainty as to what is the probable range of ab­
solute tfrogmtudç of the stars, a subject to which we have al­
ready several times alluded. The discovery of the parallax 
of several stars has enabled us not only to form some idea of 
this question by comparing the brilliancy of these stars with 
their known distances, but it has enabled us to answer the in­
teresting question, IIov^does our sun compare with these stars 
in brightness ? The curious result of this inquiry is, that our 
sun is really a star less than the average, which would mock 
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 Auriga?, 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 
arc situated at four or five timps 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<5 
no means belong among the smallest stare of all, because we 
do find stare with a measurable parallax which arc only of 
the fifth, sixth, or even .the seventh magnitude. Altogether, it 
appears that the range of absolute brilliancy among t^e stare 
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 arrangeaient 
of the stars in space.

§ 4. Do the Stars really form 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

4
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an indefinite period of time, reasoned by analogy that the 
stellar universe was constructed <5n the same general plan, 
and tli^fc each star had its appointed orbit, round which it 
would,>1111 its course during endless ages. This speculation 
was j(ot followed up by Ilcrschel and Struve, who, proceeding 
on a more strictly scientific plan, fojpd it necessary to. learn 
how the stars are now situated before attempting to decide 
in what kinds of orbits they are moving. In the absence of 
exact knowledge respecting the structure and extent of the 
stellar system, it is impossible to say with certainty what will 
be the state of that system after the lapse of the millions of 
years which would be necessary for the stars to perform a 
revolution around one centre. But, as in describing the 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 and orbits of th<f stars, there arc 
some propositions which we may sustain with a near approach 
to certainty.

Stability of the System.—We may first assert, with a \ygli de­
gree of probability, that-thc 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 which each star jnoves 
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 necessary to the existence of 
such a system that it have a great central body, the mass of 
which should be at least vastly greater than that of the indi­
vidual bodies which revolve around it. At least, such a cen­
tral bqdy could be dispensed with only by the separate stare * 
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 : Arc there any 
immense attracting centres around which the separate collec­
tions of stare revolve ; or is there any centre around which all 
the stars which compose the visible universe revolve ? In all

i
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human probability, these questions must be answered in the 
negative. All analogy leads us to believe that if there were 
any such central masses, they would be not only larger than 
the other stars, but brighter in a yet greater pro^ortiÔn. 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 magnitudes, 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 flic 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 arc 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 
dî 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 orbitAiround great centres of attraction.

The m^st extraordinary instances of theF irregularities of 
which we speak are found in the stars of jm usually rapid 
proper motion, which are moving forward at such a rate that 
the gravitation of all the known stars camjot 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 
Groombridgc 1830, it having the largest Apparent proper rao-

i
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J tion of any known star. The most careful determinations of 
its parallax seem to show that its distance is so immense that 
the parallax is only about a tenth of a second ; that is, a line 
drawn froin the sun to the earth would subtend an angle of 
only a tenth of a second when viewed from this star. But 
the apparent motion of the star, as we actually see it, is more 
than s^ven 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, ife actual velocity must be yet greater. 
Leaving this out of account, we see that the star would pass 
from the earth to the sun in about five days, so that its veloci­
ty probably exceeds two hundred miles per second.

To understand what this enormous velocity may imply, we 
must advert to the theorem of gravitational astronomy that 
the velocity which a body can acquire by falling towards an 
attracting centre is, at each point of its path, limited. For ex­
ample, a body falling from an infinite distance to the earth’s 
surface, and acted on by the attraction of the earth alone, would 
acquire a velocity of only about seven miles per second. Vice 
versa, a body projected from the earth with this velocity would 
never be stopped by the earth’s attraction alone, but would 
describe an elliptic or&t round the sun. If the velocity ex­
ceeded twenty-seven miles per second, the attraction of the sun 
himself cquld never stop it, and it would wander forever 
through th6 stellar spaces. The greater the distance from the 
sun at which the body is started, the less the velocity which 
will thus carry it forever away from the sun. At the orbit of 
Uranus the required velocity would be only six miles per sec­
ond ; at Neptune, it would be less than five miles per second ; 
half-way between the sun and a Ccntauri, it would be a mile 
in twelve seconds, or a fourth the speed of a cannon-ball. If 
we knew the masses of each of the stars, and their arrange­
ment in space, it would be easy to compute this limiting ve­
locity for a body falling from an infinite distance to any point 
of the stellar system. If the motion of a star were found to
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exceed this‘limit, it would show that the star did not belong 
to the visible universe at all, but was only a visitor flying 
on a course through infinite space at such a rate that the 
combined attraction of all th^ stars could never stop it.

jhct us now see how the case may stand with our flying star, 
and what relation its velocity may bear to the probable attrac­
tion of all the stars which exist within the range of the tel­
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 cannot 
see them, making one hundred millions in all. We shall also 
suppose that tlnfse stars have, on the average, five finies tîic 
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 
falling from an infinite distance to the centre of the system 
would acquire a velocity of twenty-five miles per second. 
Vice versa, a body projected from the centre of such a system 
with a velocity of more than twenty-five miles per second in 
any direction whatever would not only pass entirely through 
it, but would fly off into infinite space, never to return. If the 
body were anywhere else than in the centre of the system, the 
velocity necessary to carry it away would be less than the 
limit just given. But this calculated limit is only one-eighth 
the probable velocity of 1830 Groombridge. The force re­
quired to impress a given velocity on a body falling through 
any distance is proportional to the sqil^re of the velocity, four 
times the forcé being required to give double the velocity, nine 
times to increase it threefold, and so on. To give eight times 
the velocity would require sixty-four times the attracting mass. 
If, then, the star in question belongs to our stellar system, the 

'masses or extent of that system must bo many times greater 
than telescopic observation and igstronomical research indicate. 
We may place the dilemma in a concise form, as follows :
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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 Groombridgo is a runaway star, 
Hying 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 
per second with which it is moving exceeds any that could be 
produced by the attraction of all the other bodies in the uni­
verse, then it must have been flying forward through space 
from the beginning, and, having come from an infinite dis­
tance, must be now passing through our system for the first 
and only time.

It may be asked whether, in Lambert’s hypothesis 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 
we have spoken in some regular orbit. We answer, no. To 
secure such stability, stars equally distant from the aitraoting 
centres must move with nearly the same velocity. TAm at­
tracting centre sufficiently powerful to bring a/nody moving 
two hundred miles per second into a regular orbit would 
draw most of the other stars moving with small velocities into 
its immediate neighborhood, and thus subvert the system. We 
thus meet the double difficulty that we have good reason to 
doubt the existence of these opaque, dark bodies, and that if 
they did exist, they would not fulfil our requirements.
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The general result of our inquiry is that the stellar uni­
verse docs, not seem to possess that form of unvarying stabil­
ity which we see in the solar system, and that the stars move 
in irregular courses depending on their situation in respect 
to the surrounding 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 universal ruin 
would be the result But the motions which we actually see 
are sufficient to prevent this catastrophe, by supplying each 
star with a reserve of force which will generally keep it from 
actual collision with its neighbors. If, then, any one star 
does fall towards any attracting centre, the velocity which it 
acquires by this fall will carry it away again in some other 
direction, and thus X may keep up a continuous dance, under 
the influence of ever-varying forces, as long as the universe 
shall exist under its present form.

To those who have been enraptured with the sublime specu­
lations of Kant and Lambert, this may seem an unsatisfactory 
conclusion ; while to those who look upon the material uni­
verse as something made to last forever, it may seem improba­
ble. But when we consider the immense periods ^fricli would 
be required for the mutual gravitation of the stars to effect 
any great change in the stellar system, we may be led to alter 
such views as these. We have shown that tens of thousands 
of years would be required to make any great change in the 
arrangement of the stars which we sec with the naked eye. 
The time required for all the stars visible with the telescope 
to fall together by their own attraction is to be counted by 
millions of years. If the universe had existed in its present 
state from eternity, and were to exist forever, the immensity 
of these periods would not be at all to the point, because a 
million of years is no more a part of eternity than a single 
day. But all modern science seems to point to the finite 
duration of our system in its present form, and to carry us 
back to 11 îp time when neither sun nor planet existed, save as 
a mass of/glowing iras. How far back that was, it cannot tell 
us with certainty ; it can only say that the period is counted
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by millions of years, 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 secure 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 arc, on the other hand, like wheels which have 
to make millions of revolutions before they stop. Unless there 
is a constant balance between the opposing forces under the 
influence of which they move, there must be a disarrangement 
of the movement long before the engine wears out. Thus, 
although the present arrangement of the stare may be studied 
without any reference to their origin, yet, when we seek to 
penetrate the laws of their motion, and foresee the changes 
of state to which their motions may give rise, we are brought 
to face the question of their 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 cither 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,” before 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, are lost ; where eldest Night 
And Chaos, ancestors of Nature, hold 
Eternal anarchy amidst the noise 
Of endless wars, and by confusion stand :
For hot, cold, moist, and dry, four champions fierc 
Strive here for mastery, and to battle bring 
Their embryon atoms. 
******

Chaos umpire sits,
And by decision more embroils the fray 
By which he reigns : next him, high arbiter,
Chance governs all.. Into this wild abyss 
The womb of Nature, and perha|is her grave,
Of neither sea, nor shore, nor air, nor fire,
But all these in their pregnant causes mixed 
Confusedly, and which thus must ever light.
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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 we classify men’s ideas of the cosmogony according to 
-the data on which they arc founded, we shall find them divis­
ible into three classes. The first class comprises those formed 
before the discovery of the thedry of gravitation, and which, 
for this reason,however correct they might have been, had no 
really scientific foundations®ie second are those founded on 
the doctrine of gravixatipiii^mt without a knowledge of the 
modern theory of the" conservation of force ; while the third 
arc founded on this theory. It must not be supposed, how­
ever, that the ideas of the last-mentioned class arc antagonistic 
to those of the other classes. Kant and Laplace founded the 
nebular hypothesis on the theor^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 leather to the history of philosophy than to as­
tronomy, for the reason that they were of necessity purely 
speculative, and reflected rather the mode of thought of the 
minds in which they originated than any definite system of 
investigating the operations of nature. The Hindoo concep­
tion of Brahma sitting in meditation on a lotus-leaf through 
long ages, and tlifen producing a golden egg as large as the 
universe, out of which the latter was slowly evolved, is not 
founded on even the crudest observation, but is purely a result 
of the speculative tendency of the Hindoo mind. The Jew­
ish cosmogony is the expression of the monotheistic views of 
that people, and of the identity of their tutelary dignity with 
the maker of heaven and earth. Hipparchus and Ptolemy 
showed the scîchtific^turn of their minds by confining them­
selves to the examination of the universe as it is, without mak­
ing any vain effort to trace its origin.

\
y
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Though tlie systems to which we refer arc essentially un­
scientific, it must not be supposed that they were» all errone­
ous in their résulte, or that they belong exclusively to ancient 
times. Thus, the views of Swedenborg, though thc^, belong 
to the class in question, arc remarkably in accordance with 
recent views of the subject as regards the actual changes which 
took place during the formation of the planets. A great deal 
of what is written on the subject at present is to be included 
in this same ancient class, as being the production of men who 
are not mathematicians or working astronomers, and who, 
therefore, cannot judge whether their views are in accordance 
with mechanical laws and with the facts of observation. Pass­
ing over all speculation of this sort, no matter when or by 
whom produced, we shall consider in historical order the works 
of those who have actually contributed to placing the laws of 
cosmogony on a scientific foundation.

§ 1. The Modern Nebular Hypothesis.
From a purely-scientific point of view, Kant has probably 

the best rightlo be regarded as the founder qf 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. Ilis reasoning is 
briefly this: Examining the solar system, wo 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 infyirclcs, not only in the same direction 
in which the sun himself revolves on his axis, but very nearly 
in the same plaice. This common feature of the motion of 
so many bodies could not, bv any reasonable possibility, have 
been a result M chance ; we are, therefore, forced to believe 
that it must be the result of some common cause originally 
acting on all the planets.

On the other hand, when we consider the spaces in which 
the planets move, we find them entirely void, or as'good as 
void ; for if there is any matter in them, it is so rare as to be 
without effect on the planetary motions. There is, therefore,
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■flo material connection now existing between Him planets 
through which they might have been forced to take up a com­
mon direction of motion. How, then, are we to recoiibilc 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 vnwspc- 
ing a later occurrence. But, naturally, some parts of the mass 
would be more dense than others, and would thus jgathcr 
around them the rare matter which filled the intervening 
spaces. The larger collections thus formed would draw the 
smaller ones into them, and this process would continue until 
a few round bodies had taken the place of the original chaotic 
mass. •

If we examine the result of this hypothesis by the light of 
modern science, we shall readily see that all the bodies thus 
formed would be drawn to a common centre, and thus we 
should have, not a collection of bodies like the solfrr 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. lie seems to think that the 
motion of rotation could be produced indirectly by the repul­
sive forces acting among the rarer masses of the condensing 
matter, which would give rise to a whirling motion. But the 
laws of mechanics show that the sum total of rotary motion in 
a system can never be increased or diminished by the mutual 
action of its separate parts,so that the present rotary motions 
of the sun and planets must be the equivalent of that which 
they had from the beginning.
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HerscheVs Hypothesis. — It is-remarkable that the -idea of 
the gradual transmutation of ricbulse into stars seems to have 
been suggested to Herschel, npt by the relations of the solar 
system, but by his examinations of the nebulæ ^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 those parts where it is most dense, until 
it should be transmuted into a star or a cluster of stars. On 
classifying the numerous nebulæ which he discovered, it 
seemed to him that he could see each stage of this operation 
going on before his eyes. There were the large, faint, diffused 
nebulæ, in which the process of condensation seemed to have 
hardly begun ; the smaller but brighter ohes, which had been 
so far condensed that the central parts would soon begin to 
form into stars ; yet, others, in which stars had actually begun 
to form ; and, finally, star clusters in which the condensation 
was complete. As Laplace observes, Herschel followed'the 
condensation of the nebulæ in much the samc"Xay that we 
can, in a forest, study the growth of the trees by comparing 
those of the different ages which the forest contains at the 
same time. The spectroscopic revelations of the gaseous nat­
ure of the true nebulæ tend to strengthen these views of Ilcr- 
schel, and to confirm us in the opinion that these masses will1** 
all at some time condense into stars or clusters of stars.

Laplaces View of the Nebular Hypothesis.—Laplace was led 
to the nebular hypothesis by considerations very similar to 
those presented by Kant a few years before. The remarkable 
uniformity among the directions of rotation of the planets he­

wing something which could not have been the result of chantie, 
he sought to investigate its provide cause. This cause, lie 
thought, could bo nothing else tli^n 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 the play of 
attractive and repulsive forces, but with the sun, surrounded 
by this immense fiery atmosphere. Knowing, from îtjçchan-
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ical laws, that the sum total of rotary motion now seen in the 
planetary system must have been there from the beginning, he 
conceives the immense vaporous mass forming the sun and 
his atmosphere to have had a slow rotation on its axis. The 
mass being intensely hot would slowly cool off, and as it did so 
woyld contract towards the centre. As it contracted, its ve­
locity of rotation would, in obedience to one of the funda­
mental laws of mechanics, constamtyJjicrease, so that a time 
would arrive when, at the outer boundary of the mass, the cen­
trifugal force due to the rotation would counterbalance the at­
tractive force of the central mass. Then, those outer portions 
would be left behind as a revolving ring, while the next inner 
portions would continue to contract until, at their boundary, 
the centrifugal and attractive forces would be again balanced, 
when a second ring would be left behind, and so on. Thus, 
instead of a continuous atmosphere, the sun would be sur­
rounded by a series of concentric revolving rings of vapor/ 

Now, how would these rings of vapor behave ? As they 
cooled off, their denser materials woula condense first, and 
thus the ring would bo composed of a mixed mass, partly solid 
and partly vaporous, the quantity of solid matter constantly 
increasing, and that of vapor diminishing. If the ring were 
perfectly uniform, this condensing process would take place 
equally 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 
some portions of the'ring would be much denser than others, 
and the denser portions would gradually attract the rarer por­
tions around it until, instead of a ring, we should have a sin­
gle mass, composed of a nearly solid centre surrounded by an 
immenscN^tinosphere of fiery vapor. This condensation of the 
ring of vapor around a single point would have ‘produced no 
change in the amount of rotary motion originally existing in 
the ring ; the planet, surrounded by its fiery atmosphere, would 
therefore be in rotation, and would be, in miniature, a repro­
duction of the case of the sun surrounded by his atmosphere 
with which we set out. In the same way tltat the solar at-
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mosphere formed itself first intp rings, and then those ring% 
.'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 so perfectly uniform 
that there could be no denser portion to draw the* rest of 
the ring around it, and thus we have the well-known rings 
of Saturn. ,

If, among the materials of the solar atmospnere, there Nvcrc 
any so rare and vojyile that they would not unite themselves Ç * 
either into a ring or around a planet, they would continue to 
revolve around the sun, presenting rta appearance like that 
of the zodiacal light. They would offer no appreciable re­
sistance to the motion of the 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 f 

has given rise to so much discussion. It commences,/not\with 
i^ptrrcly nebulous mass, but with the sun surrounded Ly a 

x fiery atmosphere, out of which the planets were formed. On 
this theory the sun is older than the planets; otherwise it 
would have been impossible to account for the slow rotation 
of the sun upon his axis. If his body had been formed of ho­
mogeneous matter extending out uniformly to near the orbit 
of Mercury, it would not have condensed into a globe revolv­
ing on its axis in twenty-five days, but into a fiat, almost lens- 
shaped, body, which would have been kept from forming a 
sphere by the centrifugal force. But the denser materials be­
ing condensed first, perhaps into such a body as we described, 
the friction of the uncondensed atmosphere would have di­
minished the rotation of the sun, the rotating 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 centrifugal and

33
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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 \ve 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, indeed, cease to drop towards the sun, and 
would partially separate from the portions next to it ; then 
these would separate next, and so on ; that is, there woTild he 
a constant dropping-off of matter from the outer portions, so 
that, instead of a series of rings, there would have been a Hat. 
disk formed of an infinite number of concentrating rings $11 
joined together.

If we examine the subject more closely,we shall see that 
the whole reasoning by which it is supposed that the inner 
portions of the mass would drop away from the outer ones 
needs important modifications. In its primeval state, when it 
extended far beyond the present confines of the solar system, 
the rare nebnlous atmosphere must have been nearly spherical. 
As it gradually contracted, and the effect of centrifugal force 
thus became miore marked, it would have assumed the form 
of an obîatxy spheroid. When the contraction had gone so 
far that theCcentrifugal and attracting forces nearly balanced 
each other $e the outer equatorial limit of the mass, the result 
would have Leen 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 solahequator, 'thus, we should have a constant 
flattening of the spheroidal atmosphere until it was reduced 
to a thin flat disk. Tms disk might then separate itself into 
rings, which would form planets in much the same way that 
Laplace supposed. But there woi^cl probably be no marked

»
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difference in the age of the planets ; quite likely the smaller 
inner rings would condense into planets more rapidly than the 
wide-spread outer ones.

Kant and Laplace may be said to have arrived at the neb­
ular hypothesis by reasoning forward, and showing how, by 
supposing that the space now occupied by the solar system 
was once filled by a chaotic or vaporous mass, from which the 
planets were formed, the features presented by this system 
could be accounted for. We are now to show how our mod­
ern science reaches a similar result by reasoning backward 
from actions which we see going on before our eyes.

§ 2. Progressive Changes in our System.
During the short period within which accurate observations 

have been made, no actual permanent change has been ob­
served in our system. The earth, sun, and planets remain of 
the same magnitude, and present the same appearance as al­
ways. The stars retain their brilliancy, and, for the most part, 
the nebulae their form. Nut 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, ana that the time will come when the state of the 
universe will be very different from that in which we now see 
rk llow a change may be inferred when none is actually vis­
ible may be shown by a simple example.

Suppose an inquiring person, walking in what he sup­
posed to be a deserted building, to find a clock running. If 
he is ignorant of mechanics, he will see no reason why it may 
not have been running just as he now sees it for an indefinite 
period, and why the pendulum may nW continue to vibrate, 
and the hands to go through their révoltions, so long as the 
fabric shall stand, lie 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
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pendulum in motion. lie will then find that this force is 
transmitted to the pendulum through a train of wheels, 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 which 
it is connected by a cord, lie can see a slow motion in the 
wheel which acts on the pendulum, and perhaps in the one 
next behind it, while during the short time he has for exami­
nation he can see no motion in the others. But if he sees how 
the wheels act on each other, he will know that they must all 
he in motion ; and when he traces the motion back to the first 
wheel, he sees that its motion must be kept up by a gradual 
falling of the weight, though it seems to remain in the same 
position, lie can then say with entire certainty: “1 do not see 
this weight move, but I know it must be gradually approach­
ing the bottom, because I sec a system of moving machinery, 
the progress of which necessarily involves such a slow falling 
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, 1 can tell how 
limit* days it will take to reach the bottom. When this is 
done, I see that the clock must stop, because it is only the fall­
ing of the weight that keeps its pendulum in mo/on. More­
over, I see that the weight must have been higltcr yesterday 
than it is to-daY, and yet higher the day before, so that 1 can 
calculate its position backward as well as forward. By this 
calculation I see backward to a time when the) weight was 
at the top of its course, higher than which it c\nld not be. 
Tims, although I*>ee no motion, I see with the eyc\of reason 
that the weight is running through a certain course from the 
top of the clock to the bottom ; that some power must have 
wound it up and started jt; and that unless 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 corresponding progressive change exhibited by the 
operations of nature consists in a constant transformation of 
motion into heat, and the constant loss of that heat by radia­
tion into space. As Sir William Thomson has expressed it,

\
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a constant “dissipation of energy” is going on in nature. 
We all know that the sun lias 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 performing 
its function, is radiated off into space by the earth itself. The 
portion of the sun’s radiant heat received by the dearth is, how­
ever, comparatively insignificant, since our luminary radiates 
in every direction equally, while the earth can receive only a 
part represented hy the ratio which its apparent angular mag­
nitude as seen from the sun bears to the whofïe celestial sphere, 
Avhich a simple calculation shows to be the ratio of 1 to 
2J70,000,000. The stars radiate heat as well as the sutu— 
Tim heat received from them, when condensed in tlié^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 that solar heat 
and light do. Wherever there is white stellar light, there 
must be stellar heat ; and as we have found that the stars in 
general give more light than the atm, we^iave reason to be­
lieve that they give more heat nM>. Thus Ve have a contin­
uous radiatiop from all the visible bodies of the universe, 
which must have obçn going^dn from the beginning.

Until quite recently, 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 force is necessarily limited. One of the best-estab­
lished doctrines of modern science is that force can no more 
be 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 nothing before our eyes, llenc^, this radiation cannot • 
go on forever unless tfie force expended in producing the heat 
be returned to the sun in some form. That it is not now
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so 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 
hack 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 is no evidence of any heat at all reaching us from 
space except what is radiated from the stare. \

Since, then, the solar heat does not now return to the sue, 
we have to inquire what becomes of it, and whether a com­
pensation may not at some time be effected whereby all the 
lost heat will be received back again. Now, if we trace the 
radiated heat into the wilds of space, we may make three pos­
sibly hypotheses respecting its ultimate destiny :

1. We may suppose it to be absolutely annihilated, just as
was formerly supposed to be annihilated when it was lost by 
friction.

2. It may continue its onward course through space forever.
3. 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 these hypotheses is one which the scientific 
thinkers of the present day would not regard as at all philo­
sophical. In our scientific philosophy, the doctrine that force 
cannot be annihilated is coeqiuH with that that it cannot be 
created ; and the inductive processes on which the latter doc­
trine is founded are almost as unimpeachable as those from 
which we conclude that matter cannot be created. At the 
same tune, it might be maintained that all these doctrines re­
specting the uncreatablcncss and indestructibility of matter 
and force can have no proper foundation except induction- 
from experiment, and that the absolute truth of a doctrine 
like this cannot be proved by induction. Especially may this 
4)e claimed in respect of force. The most careful measures of 
force which we can make under all circumstances show that it
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is subject to no sensible loss by cither transmission or transfor­
mation. But this alone does not prove that it can be subject 
to no loss in a passage through space requiring hundreds of 
thousands or millions of years. There is also this essential 
difference between force and matter, that we conceive the lat­
ter as made up of individual parts which preserve their iden­
tity through all the changes of form which they undergo ; 
while force is something in which we do not conceive of any 
such identity. Thus, when I allow a drop of water to evapo­
rate from my hanq, 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 of the indestructibility of matter is 
founded, because matter cannot be destroyed wijmout destroy­
ing individual molecules, and any cause which'could destroy a 
single molecule might equally destroy all the molecules in the 
universe.

But neither parts nor identity is possible in force. A cer­
tain amount of heat may be expended in simplj^ raising a 
weight. Here heat has disappeared, and is repilhccd by a 
mere change of position — something which cannot be con­
ceived as identical with it. If we let the weight drop), the 
same amount of heat will be reproduced that was expended 
Tii raising the weight ; but, though equal in quantity, it can­
not be regarded as identical in the way that the water con­
densed from steam is identical with that which was evapo­
rated to form the steam. If measures showed it to be less 
in quantity, we could not say there was a destruction of an 
identical something which previously existed, as we could if 
the condensed steam were not equal to the water evaporated. 
Therefore, while the doctrine of the indestructibility of force 
is universally received as a scientific pmncipde, it can hardly 
be claimed that induction has established its absolute correct-
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ness ; and, in a case like the present, where we see something 
which transcends scientific explanation, the failure of the
widest induction may 
natives.

among the possible alter-

The second alternative—that the heat radiated from the 
sun and stars continues its onward course through space for­
ever—is the one most in accord with our scientific concep­
tions. We actually receive heat from the most distant star 
visible in our telescopes, and this heat has, according to the 
best judgment we can form, been travelling thousands of 
years without any loss whatever. From this point of view, 
every radiation which has ever emanated from the earth or 
the sun is still pursuing its course through the stellar spaces, 
without any other diminution' tlxm that which arises from its 
being spread over a wider area. A very striking presentation 
of this view is, we believe, due to some modern writer. If 
an intelligent being had an eye so keen that he could see the 
smallest object by the faintest light, and a movement so rapid 
that he could pass from onè bound of the stellar system to the 
other in a few years, then, by viewing the earth from a dis­
tance much less thin that of the farthest star,he would see it 
by light which had1 left it several thousand years before. By 
simply watching, he would see the whole drama of human his­
tory acted over again, except where the actions had been hid­
den by clouds, or under other obstacles to the radiation of light. 
The light from every human action performed under a clear 
sky is still pursuing its course among the stars, and it needs 
only the powers we have mentioned to place a being in front 
of the ray, and let him see the action again.

If the hypothesis now under consideration be the correct 
one, then the heat radiated by the sun and stars is forever lost 
to them. There is no known way by which the heat thus sent 
off can he returned to the sun. It is all expended in produc­
ing vibrations in the ethereal medium which constantly ex­
tend out farther and farther into sjiace.

The third hypothesis, like the first, is a simple conjecture
permitted by the necessary imperfection of our knowledge. 

A
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All the laws of radiation and all our conceptions of space 
lead to the conclusion that the radiant heat of the sun can 
never he returned to it Such a return can result only from 
space itself having such a curvature that what seems to us a 
straight line shall return into itself, as has been imagined by a 
great Ufoman mathematician ;* or from the ethereal medium, 
the vibrations in which constitute heat being 1 united 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 our science 
as completely as does that of an actual annihilation of force.

§ 3. The Sources of the Sun's Ileat.

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 years, 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—lias been, IIow is this sup-

* This idea belongs to that transcendental 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 one to be settled by experience. Especially is 
this true of the theorem of parallels, no really valid demonstration either that two 
parallel straight lines will never meet or never diverge being possible. Bv 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 Hiemann, who showed that although we are 
obliged to conceive of space as unbounded, since no position is possible which has 
not space on all sides of it, yet there is no necessity that we shall consider it as 
infinite. It may return into itself in something the manner of the surface of a 
sphere, which, though it has no boundary, yet contains only a finite number of 
square feet, and on which one who travels straight forward indefinitely will finally 
arrive at his starting-point. Although this idea of the tinitude of space transcends 
our fundamental conceptions, it does not contradict them, and the most that ex­
perience can tell us in the matter is that, though space be finite, the whole extent 
of the visible universe can be but a very small fraction of the si/n total of space.

I
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ply of heat keut up ? ft We calculate at what rate the tem­
perature of the-sun woirta be lowered annually by the radia­
tion from its surface, we shall find it to be 2£° Fahrenheit per 
annum, supposing its specific heat to be the same as that of 
water; and from 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 formation if it had no other source of heat 
than that shown by its temperature.

That the temperature could be kept up by combustion, as 
terrestrial fires are kept up, is out of the question, as new fuel 
would have to be constantly add,ed in quantities which cannot 
possibly exist in the neighborhood of the sun. But an allied 
source of heat has been suggéra, founded on the law of the 

'^mechanical equivalency of heat and force. If a body should 
fall into the sun frqm a great height, all the force of its fall 
would be turned into heat, and the heat thus produced would 
be enormously greater tlian 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 meteors upon his 
surface. The fact that the earth in its course around the sun 
encounters millions of meteoroids every day is shown by the 
frequency of shooting-stars, and leads to the result that the 
solar system is, so to speak, crowded with such bodies revolv­
ing in all sorts of erratic orbits. It is therefore to be sup­
posed that great numbers of them fall into the sun ; and the 
question whether the heat thus produce^ can be equal to that 
radiated by the sun is one to be settled by calculation. It is
t-

X
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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 solpr heat cannot be thus accounted for. 
Only a minute fraction of all the meteoroids or other bodies 
circulating through space or revolving around the sun could
strike that luminary. In order to reach the sun, they would 
have to drop directly to it from space, or be thrown into it
through some disturbance of their orbits producdd 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 heattfrom 
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 
radiates in the form of heat, it is easy, from the mechanical 
equivalent of the heat thus radiated/ to find by what amount 
lie 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 lie 
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 be
raised or lowered by contnaction depends on whether we siq>-”'
pose his Ulterior 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 first sight, seems paradox­
ical, is that the more heat such 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 sjplidify or liquefy, this action 
ceases to hold, and further contraction is a cooling process. 
We cannot yet say whether the sun has or has not begun to 
solidify or 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. Thjg 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 nouyit 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 sufficient 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, lie 
must have been Marge r a hundred years ago than he is now by 
four miles, and yet Harger in preceding centuries,

r

Knowing „

* This curious law of cooling masses of gas was discovered by Mr. J. Homer 
Lane, 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 discussion of the subject with which I amjacquainted. The principle in 
question may be readily shown in the following way. If a glMmlar gaseous mass 

y 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 surface will be increased sixteen times, while the density will be 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 be in equilibrium when the diajneter is reduced one-half. 
A similar paradox is found in the theorem of celestial mechanics—that the effect 
of a resisting medium is to accelerate the motion of a planet or comet through 
it. The effect of the resistance is to make the body approach the sun, and the 
velocity generated by the approach exceeds that lost by the resistance.

r
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the law of his contraction, we can determine his diameter at 
any past time, just as in the case of the running clock the 
height oftho weight during preceding days can bo calculated. 
We can thus go hack to a time when the globe of the sun ex­
tended out to the orbit of Mercury, then to the orbit of the 
earth, anti, finally, when it filled the whole space now occupied 
by the solar system. Wo arc 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
id ace, 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 artîmit, 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 beat, just as it would acquire only à lim­
ited velocity. It is thus found that if the sun had, in the be­
ginning, filled all space, the amount of heat generated by his 
contraction to his present volume would have been sufficient 
to last 18,000,000 years at his present rate of radiation. We 

" can say with erttire certainty that the sun cannot have been 
radiating heat rtt the present rate for more than this period un­
less liô'has, in the mean time, received a miraculous accession 
of energy from some outside source. We use the term “ mi- 
rn(gjlous ” to designate any seeming incompatibility with those 
well - ascertained natural laws which wo 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 receiving it from some other body hotter than 
itself. The. heat evolved by contraction from an infinite size, 
or by the filling of all the parts of the sun from an infinite 
distance, shows the cxtrcmB limit of the heat the sun could 
acquire from internal change, and this quantity, as just stated, 
would last only 18,000,000 years. . In order that the sun

/
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V

j slipi^d receive heat from another body, it is not merely neces- 
\ -«ary that that body should be hotter than the sun, but it would 

have to be so much hotter that the small fraction of its radi­
ant heat which reached the sun would be greater than all that 
the sun himself radiated. To give an instance of what this 
condition requires, we remark that the body must radiate 
more heat than the sun in the proportion that the entire vis­
ible celestial sphere bears to the apparent angular magnitude 
of the body as seen from the (sun. For instance, if its appar­
ent diameter were twelve degrees, it would seem to till about 

part of the celestial sphere, and in order to warm the 
sun at all it would (have to radiate more than three thousand 
times as much heâjt as the sun did. ' Moreover, in order to fur­
nish sufficient heat to last the sun any given length of time, 
it would have to stay in the sun’s neighborhoockso long that 
the excess of what the sun received over what xe radiatdtk 
would furniaji a supply of heat sufficient for that tiÏHfi.S^We 
cannot suppose th^sun to have received even a supply of a 
thousand years of heat in this way without the most extrava­
gant assumptions respecting the volume, the temperature, and 
the motion of the body from which the heat was received— 
ass^iptions which, in addition to their extravagance, would 
involve the complete destruction of the planets by the heat of 
the body, and the total disarrangement of their orbits by its 
attraction, if we suppose them to have been in any wscy pro­
tected from this heat. 1

The foregoing computation of the limit of time the sun can 
^liave been radiating neat is founded t® 'flic suppositionrthat 

the amount of heat radiated has always been the same. If 
we suppose this amount to have been less formerly than now, 

«^ the period of the sun’s existence may have been longer, an 
in the contrary case it may have been shorter. The amount^ 
in question depends on several causes, the effort of which can­
not be accurately computed—namely, the magnitude, temper­
ature, and condition of the solar globe. Supposing a uniform 
radiation, the diameter of this globe vtos twice as ^reat nine 
millions of years ago as it is now. Ità^surface was then of*

A
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four times its present extent, so that, if it was of the same 
nature and at the same temperature as now, there would have 
been fohr times the radiation. But its density would have 
been only one-eighth as great as at present, and its temper­
ature would have been lower. These circumstances \vould 
tend to diminish its radiation, so that it is quite possible that 
the f total amount of heat radiated was no greater than at 
present. The probability would seem to be *6Kthg side of a 
greater total radiation, and this probability is strengthened by 
geological evidence that the earth was warmer in its earlier 
ages tliap now. If we reflect that a diminution of thoN 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 awsty, 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. Thiy is, 
therefore, near the extreme limit of time that we can suppose 
water to have existed on the earth in the fluid state.

§ 4. Eec 
: of aq>i

the Earth.

regressive loss ( f heat, second in impor- 
itself, and, indeed, coll­
ar cooling of the earth, 

shown in la preceding clu ,ptcr, the interior of the
wherever there is such 
ere must be a conduc-

'aular^Couling of
An instance of

tance only to the losd from the sun 
nected with it, is afforded by the seen 
As we hav
earth is hotter" than the surface, and< f
a difference of temperature as this, t 
tion of heat from the hotter to the colder parts. In order 
that heat may thus be conducted, there must be a supply of 
heat inside. The increase of heat downwards into the earth 
cannot, therefore, terminate suddenly, but must extend to a 
great depth.

Whatever view we may take of the question of the earth’s 
fluidity, it must be admitted that it, was hotter in former ages 
than now. To borrow an illustration from Sir William Thom­
son, the case is much the same as if we should find a"hot stone

f
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in"a field. We could 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 soïh'ce. 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, no\ÿ 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 ita, 
traction, and destroyed all life on the surface of the g|doc by 
its heat.

Thus, tracing back the earth’s heat, we arc led back to the 
time wlrdfi it was white-hot ; and then, again, to when it was 
enveloped in the fiery atmosphere of the sun ; and agaiiywhen 
it was itself a mass of fiery vapor. Respecting tho^time re­
quired for it to cool off, we cannot make any ex^et 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 years. 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 the crust,
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and t}ie latter, though 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 that the temperature is lowered there will proba­
bly be a hundred degrees of heat evqlved by the contraction 
of our globe. Considering only the earth, it is difficult to set 
an exact limit to the time it may have been cooling since its 
crust was formed.

The sudden change produced in the radiation of a molten 
body by the formation of a solid crust over its surface may 
afford us some clue to the probable termination of the heat- 
giving powers of the sun. Whenever the latter so far cools 
off that a continuous solid crust is formed over its surface, It 
will rapidly cease to radiate the heat necessary to support life 
on the globe. At its present rate of radiation, the sun will be 
as dense as the earth in about 12,000,000 years ; and it is 
quite likely to be long before that time that we arc 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, 
rate of cooling has been so slow that no solid crust is yet 

fdrilled over them. In this case they would appear self-lumi- 
s, were they not surrounded by immense atmospheres, filled 

witll clouds and vapors, which shut off a great part of the 
internal heat, and thus delay the cooling process.

34
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>
§ 5. General Conclusions respecting the Nebular Hypothesis.

It would; sec in from what has been said that the widest in­
ductions of modem science agree with the speculations of 
thinking minds in pa/st tiges, in presenting the creation of the 
material universe td our view as a process rather than act. 
This process began when the present material universe was a 
mass of fiery vapor, filling the stellar spaces ; it is still going 
on In its inevitable course, and it will end when sun and stare 
are*reduced to dark and cold masses of dead matter. The 
thinking reader will, at this stage of the inquiry, very natu­
rally inquire whether this view of the cosmogony is to be 
received as an established scientific fact, or only as a result 
which science makes more or less probable, but of the validity 
of which opinions may reasonably differ. We consider that 
the latter is the more correct view. All scientific conclusions 
necessarily rest on the postulate that the laws of nature are 
absolutely unchangeable, and that their operations have never 
been interfered with by the action of any supernatural cause ; 
that is, by any cause not now in operation in nature, or op- « 
crating in any way different from that in which it has always 
done. I^he question of the correctness of this postulate is one 
of philosophy and common-sense rather than of science ; and 
all we can gay in its favor is that, as a general rule, the bet­
ter men understand it, the more difficulty they find in doubting 
it. And All we can say in favor of the nebular hypothesis 
amounts jib this : that the operations of nature, in their widest 
range, when wo trace them back, seem to leadens to it, as 
the mode of running of the clock leads to the conclusion that 
it was once wound up.

Helmholtz, Thomson, and others have, az/we have explain­
ed, made it evident that by tracing tyack the cooling processes 
we now see going forward in nature, we are led to a time 
when the planets were enveloped in the fiery atmosphere of 
the sun, and were therefore themselves in a molten or vapor­
ous form. But the reverse problem, to show that a nebulous 
mass would or might condense into a system possessing the
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idcrful symmetry of our solar system—the planets revolv- 

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, tilling the whole space now occupied 
by the planets. Again, when we examine the actual nebulæ, s 
we find very few of them to present that symmetry 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 
the nebular hypothesis than do the planets and satellites of our 
system.

These difficulties may not be insurmountable. The greatest 
of them, perhaps, is to show how a ring of vapor surrounding 
the sun could condense into a single planet encircled by satel­
lites. The conditions under which such a result is possible 
require to be investigated mathematically. At the present 
time we can only say that the nebular hypothesis is indicated 
by the general tendencies of the laws of nature ; that it has 
not been proved to be inconsistent with any fact; that it is 
almost a necessary consequence of the ♦only theory by which 
we can account for the origin and conservation of the sun’s 
heat ; but that it rests on the assumption that this conservation 
is to be explained by the laws of nature, as we now see th$ja< 
in o^ration. Should any one be sceptical as to the sufficiency 
of these laws to account for the present state of things, science 
can furnish no evidence strong enough to overthrow his doubts 
until the sun shall be found growing smaller by actual mcas-

) * u
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uremcnt, or the nebulae be actually seen to condense into stars 
and systems.

§ C. 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 thfs' may be the abode 4i intelligent beings. The 
question whether other planets are, as a general rule, thus 
peopled, is one of the highest interest to us, not only as in­
volving our place in creation, but as showing us what is rqftlly 
greatest in the universe. Many thinking people regard! the 
discovery of evidences of life in other worlds as the great\uK 
timate object of telescope research. It is, therefore, extreme 
ly disappointing to learn that the attainment of any direct 
evidence of such life seems entirely hopeless — so hopeless, 
indeed, that it has almost ceased to occupy the attention of 
astronomers. The spirit of modern science is wholly adverse 
to speculation on questions for the solution of which no scien­
tific evidence is attainable, and the common answer of astron­
omers to all questions respecting life in other worlds would 
be that they knew no more on the subject than any one else, 
and, having no data to reason from, had not even an opinion 
to express. Still, in spite of this, many minds will speculate ; 
and -although sc%nce 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.

Firslj, we see moving round our sun eight large planets, on 
one of I which we live. Our telescopes show us other suns, in 
such numbers that they defy count, amounting certainly to 
many millions. Are these suns, like our own, centres of plan­
etary systems 1 If our telescopes could be made powerful 
enough to show such planets at distances so immense as those 
of the fixed stars, the question would at once be settled ; but 
all the planets of our system would disappear entirely from 
the reach of the most powerful telescopes we can ever hope to

\
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make at a distance far less than that which separates us from 
the nearest fixed star. Observation can, therefore, afford us 
no information on thé subject. We must have recourse 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 £e have 
just shown that the symmetry of form 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 nebulae, while the irreg­
ular orbits of the double stars show us what we should rather 
expect to be the rule. It is, therefore, quite possible that reti­
nues of planets revolving in circular orbits may be rare excep­
tions, rather than the rule, among the stars.

Next, granting the existence of planets without number, 
what indications can wre 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, nothing on which organic life can 
be supported. The speculations sometimes indulged in re­
specting the possible habitability of the other side of the 
moon, which we can never see, are nothing more than plays 
of the pagination. The primary planets are all too distant 
to enable us to form any certain judgment of the nature of 
their surfaces, and the little we can see indicates that their 
constitution is extremely varied. Mars has every appearance 
of being like our earth in many particulars, and is, therefore, 
the planet which we should most expect to find inhabited. 
Most of the other planets give indications of being surround­
ed by immense atmospheres, filled with clouds ,gnd vapors, 
through which sight cannot penetrate, and we can reach no 
certain knowledge of what may be under these clouds. On 
the whole, we may consider the chances to be decidedly 
against the idea that any considerable fraction of the heav­
enly bodies are fitted to be the abode of such animals as we 
have on the earth, and that the number of them which have
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the requisites for supporting civilization is 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 wre can set no 
limits to the power of the Creator in adapting life to the con­
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 outlie im­
possibility of our earthly animals living in the planets entirely 
inconclusive. The only scicntitic way of meeting this argu­
ment is to see whether, on our earth, there are any limits to 
the adaptability in question. A cursory examination slittws 
that while there are no well-detined limits to what may be 
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
op'd 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 adding 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 imposé 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 be cooled down to the temperature of the 
poles, or heated up to that of the equator, or gradually be cov­
ered with water, or deprived of its atmosphere, the higher pres­
ent forms of animal life would refuse to adapt themselves to 
the new state of things, and no new forms of life of equal ele­
vation would take the place of those destroyed by the change. 
There is not the slightest reason for believing that anything 
more intelligent than a fish would ever live under water, or 
anything more intellectual than the Esquimaux ever be sup­
ported in regions as cold as the poles. If we apply this con-

\
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sidération 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 universe, it would 
be only in a few favored spots that we should expect to find 
any very interesting development of life.

An allied consideration will lead us to nearly the samc'con- 
clusion. Enthusiastic writers not only sometimes people the 
planets with inhabitants, but calculate the possible population 
by the number of square miles of surface, and throw in a lib­
eral supply of astronomers who scan our earth with powerful 
telescopes. The possibility of this it would be presumption 
to deny ; but that it is extremely improbable, at least in the 
case of any one planet, may be seen by reflecting on the brev­
ity of civilization on our globe, when compared with the exist­
ence of the globe itself as a planet. The latter has probably 
been revolving in its orbit ten millions of years ; man has 
probably existed on it less than ten thousand years; civiliza­
tion less than four thousand ; telescopes little more than two 
hundred. Had an angel visited it at intervals#of ten thousand 
years to seek for thinking beings, 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 assimilai' search, until he had exam­
ined many thousand planets.

It seems, therefore, so far as we can reason from analogy, 
that the probabilities are in favor of only a very small frac­
tion of the planets being peopled with intelligent beings. 
But when we reflect that the possible number of the planets 
is counted by hundreds of millions, this small fraction may 
be really a very large number, and among this number maqy 
may be peopled by beings much higher than ourselves in the 
intellectual scale. Here we may give free rein to our imagi­
nation, with the moral certainty that science will supply noth­
ing tending either to prove or to disprove any of its fancies.
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ADDENDUM TO PART III., CHAPTER II.
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«

As this work is parsing through the press, Professor Henry Draper, of 
New York, has made an addition to the theory of the solar spectrum which 
can hardly fail to add a quite new feature to the spectral analysis of the 
sun and, perhaps, to that of other heavenly bodies. Hitherto the solar 
spectrum has been universally considered as a continuous one, like that 
from a glowing solid, crossed by dark ljjjes produced by the absorption of 
vapors surrounding the sun. This is the view explained on page 225. 
Professor Draper’s point is that, in addition to this, the spectrum is crossed 
by the bright lines and bands arising from glowing gases, and that these 
lines admit of being recognized in certain parts of the spectrum if the 
proper steps are taken to bring them dut. That bright lines might well 
exist in the spectrum no one would deny, because the gases of the chro­
mosphere must produce them. But it has always been sifpposed that they
must be so excessively faint as to be entirely invisible when projected on 
the spectrum of the sun itself, and so no one is known to have sought for 
them with especial care. Dr. Draper’s course has been to photograph 
side by side the solar spectrum between the lines Q and H, and the corre­
sponding part of the spectrum of oxygen rendered luminous by the elec­
tric spark. The result is that out of thirteen bright lines of oxygen, some 
of them double or treble, nearly all have corresponding lines in the solar 
spectrum. The coincidence is so striking that it seems hardly possible 
to avoid the conclusion that a considerable part of the violet light of the 
sun’s spectrum arises from glowing oxygen in the photosphere.

The reason why these lines are brought out here when they are not 
found in other parts of the spectrum is to be found in the extreme faint­
ness of the violet part of the continuous spectrum, whereby the bright 
lines are not obscured by the dazzlinghril li iticy of the background of con- \
tinuous spectrum. If it be asked why these bright lines have not been 
noticed before, the answer is, that (Le dark lines arc here so broad and 
numerous as to cut up the continuous spectrum into very narrow lines of 
very irregular brightness, besides which absorption bauds 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 
difficult to distinguish them from spaces between the dark bauds.

The full confirmation of this discovery must be sought for in 
measures of the relative brilliancy of the oxygen lines in various parts of 
the spectrum, in order to determine whether the violet lines are bright 
enough to be seen on the background of continuous spectrum, and in a 
more minute study of the solar spectrum in this region. It may then well 
rank as the most important advance in spectrum analysis since Lockyer 
and Janssen discovered the spectrum of the solar protuberances.

t
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i.

LIST OF THE PRINCIPAL GREAT TELESCOPES OF THE WORLD.

A. Reflecting Telescopes.

Owner, and Place.

The Eafl of Rosse, Pareonstown,
Ireland.........................................

Mr. Lassell, Maidenhead, Eng­
land..............................................

The Observatory of Melbourne, 
Australia....................................

The Observatory of Paris.............
The Earl of Rosse, Parsonstown,

Ireland........................................
Professor Henry Draper, Dobbs

Ferry, New York........ .............
The Observatory of Toulouse,

France.........................................
The Observatory of Marseilles,

France.........................................
Mr. Lassell, Maidenhead, Eng­

land..............................................

Construction.* Aperture. When built, and by whom.

Newtonian. 6 feet Earl of R., 1844.

Newtonian. 4 feet. Mr. Lassell, \ 1860.

dCassegr. 4 feet. Mr. Grubb, 1870.

Newt., S. G. 47 in. j M. Martin and M.
{ Eichens, 1876.

Newtonian. 8 feet. The owner.

Cass., S. £1. 28 in. The owner.

S. G.*»
S. G.

81.5 in.

31.5 in.

M. Foucault.
( M. Foucault and M.
( Eichens.

Newtonian. 2 feet. The owner.

B. Refracting Telescopes.

Owner, and Place. Aperture.

U. S. Naval Observatory, Washington.................
The Imperial Observatory, Vienna^.....................
Mr. R. S. Newall, Gateshead, England...................
The Observatory of Strasburg, Germany^.........
The Observatory of Chicago...................................
Mr. Van der Zee, Buffalo, New York....................
The Observatory of Harvard College, Cam- ) 

bridge, Mass...................................................... J

26 in.
25 in.
19 in.
18.5 in
18 in.

Maker, and Date.

j A. Clark and Sons, 
I 1878.
Mr. Grubb, 1877. 
j T. Cooke and Sons, 
j 1870.
Merz and Mahler, 
j A. Clark and Sons, 
j 1862.
Mr. Fit*, of N. Y. 
j Merz and Mahler, 
I 1848.

* In this column, “Cassegr.” signifies the Cassegvaniau construction, described on page 
124. 8. Q. signifies that the mirror is of silvered glass. \

t Mr. Lnseell's four-foot telescope is, the writer believes, dismantled.
These telescopes are still unfinished. \\
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X

Owner, and Place.

The Royal Observatory, Pulkowa, Russia.
Mr. William Huggins, London, England * .
Lord Lindsay, Aberdeen, Scotland............
The Observatory of Lisbon, Portugal.
TL A OKanmra 11 fib mil rioatln I'nr*The Observatory, Markree Castle, England?».
Hamilton College, Clinton, New York............
The Paris Observatory! .
The Allegheny Observatory, Pennsylvania . 
Mr. L. M. Rutherfurd, New York. £>■'

The Dudley Observatory, Albany, New York....

The Royal 
landj....

Observatory, Greenwich, Eng-

Aperture.

15 in.
16 in. 
15 in. 
14.8 in. 
14 in. 
13.6 in. 
13 in. 
13 in. 
13 in. 
13 in.

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. S. V. White, Brooklyn, New York................
The Radcliffe Observatory, Oxford, England 
The Observatory, Bothkamp, Germany.
The Observatory, Cordova, South America..........
The Observatory, Munich, Germany....................
The Observatory, Copenhagen, Denmark............
The Observatory of Cincinnati, Ohio..................
Middletown University, Connecticut....................

5 in.

6 in.
3 in.
2 in.
in.
in.
in.

12 in.

12 in.
in.
in.
7 in.
2 in.
in.
in.
in.
in.

Maker, and Date.

( Merz and /Mahler, 
( 1840. A
Mr. Grubb.
Mr. Grubb.
Merz and Mahler. Î

Mr. Spencer. 
M. Eichens.

The owner.
Mr. Fitz, of N. Y.

{Merz and Sons, 
1860.

Trough ton and 
Simms.

Mr. Fitz, of N. Y.
I Mr. Fitz, of N. Y. 
j A. Clark and Sons. 
Mr. Grubb.

A. Clark and Sons, 
1876.

. Cauchoix.
M. Cauchoix.
A. Clark and Sons, 

1876.
A. Clerk and Sons, 

1876.
A. Clark and Sons. 
M. Cauchoix. 
Schroeder.
Mr. Fitz, of N. Y. 
Merz.
Merz.
Merz.
A. Clark and Sons.Besides these, the following telescopes are projected : A reflector of 

seven or eight feet aperture, by Grubb of Dublin, for the Lick Observa­
tory of/California, and a refractor of 28 or 29 inches aperture, by Alvan 
ClarJ/aud Sous, for Yale College.

* This telescope belongs to the Royal Society, but is in possession of Mr. Huggins, 
t The object-glass is an old one, but the mounting is new, by Eichens.
* The object-glass is by Merz, of Munich, the mounting by Troughtou and Simms.
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II.
LIST OF THE MORE REMARKABLE DOUBLE STARS.

COMPILED BY 8. W. BURNHAM.

N.n„. Right Ascen.
IttiW.

Declination
1880.

Posltl’n Distance. Magnitudes.

H. M. 8. • ' •

85 Piscium ... 8 47 8 9 149.8 11.68 6.2 7.8
38 “ ... 11 13 8 12 237.6 4.69 7.0 8.0
42 “ ... 16 13 12 49 888.0 29.78 6.8 10.7
51 “ ... 26 12 6 18 82.8 27.42 6.0 9.0
66 “ ... 83 86 20 47 192.7 6.37 5.0 8.2
»? Cassiopeæ... 41 48 67 11 140.0 6.86 4.0 7.6
86 Andromçdœ. 48 82 22 69 358.9 1.84 6.2 6.8
<)> Piscium .... l 7 14 23 67 227.5 7.98 4.7 10.1
42 Geti.......... .... 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
e Sculptons... 40 1 -25 89 69.6 6.63 6.0 10.0
a Piscium .... 65 60 2 11 322.2 8.12 2.8 8.9
y Andromedæ. 66 32 41 45 62.4 10.38 3.0 6.0
i Trianguli.... 2 5 25 29 >5 80.6 3.68 6.0 * 6.4
i Cassiopeæ... 19 10 66 62 266.1 2.01 4.2 7.1

107.8 7.62 8.1
84 Ceti............ 35 4 -1 12 824.7 4.63 6.0 9.2
y Ceti!............ 37 6 2 44 289.2 2.67 3.0 a 6.8
t Arietis.......... 52 21 20 62 201.9 1.26 5.7 6.0

£ Persci.......... 3 46 35 81 32 207.6 12.47 2.7 9.3

t Persei ;........ 49 48 39 40 9.2 8.81 3.1 8.3
89 Eridani.... 4 8 41 -10 33 153.7 6.26 6.0 9.1
<p Tauri........... 12 68 27 4 245.6 63.78 610 8.P
a Orionis......... 5 7 1 2 48 63.4 7.06 4.7 8.6
/I “ .'.... 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
<) “ ......... 18 27 -2 80 83.8 1.11 4.0 6.0
X “ ......... 28 32 9 61 40.3 4.23 4.0 6.0
O' “ ......... 29 28 -5 28 . . . . . . . . . .
n “ ..... 32 43 -2 40 236.6 11.00 4.1 10.3

84.5 12.86 7.5
£ Orionis......... 34 42 -2 0 151.3 2.65 2.0 6.7
11 Monocerotis. 6 23 0 — 6 57 130.0 7.25 5.0 6.6

101.7 2.46 6.0
12 Lyneis...... 85 38 59 34 163.7 1.53 5.2 6.1

304.2 fU>7 7.4

I White, S. Pale-white 
| violet, Smyth. /

III 
I

Yellow : blue 
Herschel. 

hite : ashy. /
Yellow : deep - red, 

Dembowski. 
ellow : purple. 

Binary, 849.1 years. 
White : blue.

Whitp : dull red.

j Yellow : blue. B 
( again double, 0'\6, 

Yellow : blue.
A and B. )
A and C. J 
Yellow : ashy.
Yellow : blue.
Binary.

Light - green : ashy. 
Other small stars 
in the field. 

Pale-white : lilac. 
Yellow : blue.
Red : bluish.
Yellow : blue. 4

Discovered by Dawes. 
Yellow : purple.
( Sextuple. In the great 
) nebula of Orion.

A and B. )_
A and C. j
Yellow : light-purple.
A and B. )
B and 0. f 
A and B. [
A and (’. \
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88 Lyncis 
y Leonis .
85 Sextantie 
£ Ursae Maj. 
66 Ursae Maj 
C Comm..
24 “ .. 
y Virginia 
85 Comae.

Name.

66 Aurigae.. 
fi Canis Maj. 
I Qeminorum 
Castor.,
6 Navis,
£ Cancri

84 Virginia 
£ Booty 
« “
£ “
44 “
H “

S Serpenti 
£ Librae

Antarcs.
36 Ophiuchi 
a Herculis

it
70 Ophiuchi 
t' Lyrae ..
t* “
£ “ .. 
fi Cygni..
£ Sagittae. 
a Draconis 
9 Sagittae. 
49 Cygni 
c Equulei

12 Aquari 
61 Cygni 
/3 Cephei 
41 Aquari 
53 “
£
^ “
<r Cassiopcae

Bight Ascen.
1 1880.

Declination
1880.

Poeltl'n
Angle. Distant».. Magnitudes. Notes.

H. M. 8. O « O «
88 6 43 42 17.1 66.88 6.0 9.0 White : blue.
60 36 -13 63 343.6 8.22 4.7 8.0

7 12 67 22 12 196.9 7.14 3.2 8.2
26 57 82 9 289.8 6.49 2.7 8.7
42 19 -11 64 17.5 8 32 5 3 7.4

8 6 19 18 1 130.1 0.74 6.0 6.7 A and B. )
132.0 6.48 6.6 A and C. Ç

9 11 23 87 19 240.2 2.69 4.0 6.7 '
10 13 20 20 27 111.2 ÎU8 2.0 8.6 Yellow : greenish.

37 7 6 28 240.6 6.72 6.L 7*■Yellow : blue.
11 11 48 82 13 317.6 1.09 4.0 4.9 liinary.

48 61 47 9 86.4 8.71 6.0 8.3 Yellow : blue.
68 8 22 8 240.6 •,,8.78 6.0 7.6 it it

12 29 6 19 2 271.9 20.42 4.7 6.2 it u
38 86 -0 47 169.3 4.77 3.0 8.0 Binary.
47 28 21 64 26.3 1.43 6.0 7.8 A and B. )
.... . . . . 124.7 28.60 9.0 - A and C. Ç

13 87 2 4 9 136.8 8.39 5.8 8.2 Yellow : blue.
14 35 25 14-16 3^)3.2 1.02 8.5 8.9

- ‘ 89 45 27 86 820.6 2.63 3.0 6.8 Yellow : blue or green.
46 61 19 86 801.6 6.44 4.7 6.6 Yellow: reddish purple.
69 61 48 7 259.8 4.80 5.2 6.1 Yellowish : bluish.

15 19 68 87 48 171.9 108.46 4.0 A and B. 1 Binary.
.... 141.9 0.69<7 7.3 R and C. j f
29 6 10 56 196.9 2.56, fO 4.0 Binary.
67 46 -11 8 173.1 1.06 4.9 6.2 A and B. ) Binary.

lï'ïà' 2 70.8 • 7.06 7.2 A and C. Ç
-26 10 268.7 8.46 1.0 7.0 Red : green.

17 7 69 -26 26 227.3 6.65 6.0 6.0
9 10 14 82 118.6 4.66 3.0 6.1 Yellow : emerald.

19 83 37 16 807.2 8.60 4.0 6.1
69 23 2 83 83.7 8.48 4.1 6.1 Yellow "purple. Binary.

18 40 22 39 33 26.0 8.03 4.6 6.8
40 24 39 Y 9 155.2 2.67 4.9 5.2
40 38 87 149.7 43.71 4.2 6.5

19 25 63 27 42 66.7 84.29 3.0 6.3 Golden yellow : blue.
43 39 18 61 312.8 8.49 5.7 8.8 Light-green : blue.
48 84 69 68 354.5 2.79 4.0 7.6 Yellow : blue.

20 4 39 20 83 326.7 11.40 6.0 8.8
36 11 81 53 49.4 2.74 6.0 8.1 Yellow: blue.
63 6 3 60 283.9 0.06 6.2a 6.2 A and B. )

76.2 10.83 r u A, B, and C. \
67 44 -6 18 189.6 2.66 6.6 7.7 Yellowish : blue.

21 J 14 88 8 116.6 19.65 5.8 5.9
2T 6 70 2 250.0 13.67 3.0 8.0 Light-green : blue.

22 *1 40 -21 40 119.4 4.08 6.0 8.5 Yellow : blue.
20 3 -17 21 304.6 8.20 6.0 6.3 White : yellow.
22 89 -0 38 334.5 3.44) 4.0 4.1 Binary.

23 9 35 It-9 44 312.2 49.63 4.5 8.6 Yellow: blue.
52 56 55 6 323.4 ' if.Ol 6.4 7.5 White : blue.

c; Note.—The sign minus (-) before declinations means south; without the sign, it is
lorfA,

d^cli
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III.
LIST OF TIIE MORE INTERESTING AND REMARKABLE NEBULÆ AND

STAR CLUSTERS.

Object. R. A. 1880. Dm. 1880.

H. M. o t

47 Toudani cluster.......................................................... 0 19 72 46 S.
Great neoula of Andromeda.......................................... 0 86 40 37 N.
Nebula.............................................................................. 0 42 25 R7 S

8 29 Sfi R9 S
Tempel’s variable nebula................................................ 3 39 23 23 N.
Hind’s variable nebula.................................................... 4 16 19 14 N.
Globular cluster.............................................................. 5 9 68 55 S

« it 6 10 40 11 S.
Great nebula of Orion.................................................... 6 29 5 29'S.
Chacomac’s variable nebula.......................................... 6 80 21 8 N.
Nebula around t Orionis................................................ 6 80 1 17 S.
Looped nebula................................................................. 6 89 69 10 S.
Cluster and jybula Meçs. 46.......................................... 7 36 14 32 S.
Star cluster..................................................................... 7 48 38 13 S

“ “ Muss. 67...................................................... 8 45 12 15 N.
Planetary nebula..................................'......................... 9 11 86 7 S.

“ .......................................... ................. 9 18 67 47 S.
Nebula...................... ........................................................ 9 45 69 38 N
Planetary nebula............................................................ 10 2 39 61 S.

it it 10 19 18 2 S.
it tt 11 8 55 40 N.

Spiral nebula................................................................... 12 13 15 5 N.
• it it 12 17 16 29 N.

Nebula.............................................................................. 12 34 10 67 S.
“ .77?:.................... rrrr?x............................... 12 36 83 12 N.

Star cluster......................................;.............................. 13 7 18 48 N.
Bifid nebula.................................................................... 13 18 42 23 S.
Cluster around u Centauri....................7^.................. 13 20 46 41 S.
Spiral or ring nebula...................................................... 13 25 47 49 N.
Spiral nebula................................................................... 13 30 29 16 S.

it it 13 32 17 16 S.
Cluster.............................................................................. 13 37 28 59 N.
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Object. R. A. 1880. Dec. 1880.

Cluster........................
H. M.

15 12
O •
2 33 N.

« 15 38 37 23 S.
Resolvable nebula............ 16 10 2SM1 S.
Great Cluster of Hercules.............. 16 37 36 42 N.
Cluster..................................... 16 41 1 44 S.

« 16 61 3 64 S
•i 16 62 44 29 S.

29 66 S.
38 21 S.

« 16 64
Small annular nebula.......................... 17 14

44 « 44 17 22 ( 23 39 S.
Cluster.......... ..................... 17 31 3 10 S.

23 2 S.Trifid nebula................... 17 65
Nebulous cluster........................ 17 67 24 21 S.
Hooked nebula................................ 18 14 16 13 S.
Cluster.......................... 18 29 24 0 S.

32 68 N.Annular nebula of Lyra........... •........ 18 49
Variable nebula ........................................ 19 6 0 60 N.
Dumb-bell nebula.......................................... 19 64 22 24 N.
Small annular nebula.................................. 20 11 80 12 N.
Planetary nebula............................................. 20 17 ' 19 44 N.
Nebula around k Cygni........................................... 20 40 30 17 N.
Planetary nebula................................ 20 68 11 60 S.
Cluster................................ 21 27

21 34
23 20

1 22 S.
23 43 S.
41 63 N.

44
Blue planetary nebula......................................

V?

To facilitate the finding of the above nebulae and clusters, their posi­
tions aie marked ou the star-maps with small circles.

f

(

\

;
V

f
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IV.

PERIODIC COMETS SEEN AT MORE THAN ONE RETURN.

Last Return to Peri­
helion Observed.

Least Distance
from Sun.

Greatest Dis­
tance from Inclination. Longitude of Node. Distance from Node

to Perihelion.
Periodic Time.

Encke’s........................................... 1875, April 13 0.342 4.10
O '
13 5

o '
334 30

o '
183 30

Years.

3.3035

Biela’s............................................. 1852, Sept. 23 0.860 6.19 12 33 245 52 223 13 6.620

__Fayela...............................................
1

Bronsen’s........................................

1873, July 18 1.686 5.92 11 22 209 42 200 15 7413

1873, Oct. 10 0.621 5.66 29 49 101 41 13 57 5.561

D’Arrest’s....................................... 1857, Nov. 28 1.17 6.72 13 66 148 28 174 32 6.39

Winnecke’s.................................... 1876, March 12 0.78 5.50 11 17 111 33 > 165 10 6.55

Tuttle’s............................................ 1871, Dec. 2 1.03 10.51 54 17 269 17 206 47 13.78

Tempel’s.........................................
\

1873, May 9 1.771 4.81 9 46 78 43 159 18 6.96

Halley’s........................................... 1835, Nov. 15 0.586 35.3 162 15 67 15 112 43 76.00

PERIO
D

IC CO
M

ETS SEEN AT M
O

R
E TH

AN O
N

E RETU
RN

. 
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ELEMENTS OF THE ORBITS OF THE EIGHT MAJOR PLANETS FOR 1850.

nmm-

Venus... (
' 1

Earth.... j

Mars ....
Jupiter.. .
Saturn... * (
Uranus ..
Neptune .

Mean Motion in 
365 * Day*.

Mean Distance from the Sun.
Eccentricity of 

Orbit.
Longitude of Peri­

helion.
Inclination to 

Ecliptic.
Longitude of the 

Node.

Mean Longitude of 
Planet, 1849. 

Declination, 31.0.
Authority.Astronomical

Units.
Millions 
of Miles.

» o >• o # 00 o * o 0 00

5381016.2925 0.3870988 35} .20560478 75 7 13.8 7 0 7.71 46 83 8.6 323 11 23.53 Leverrier.
2106641.3980 0.7233322 66} .00684331 129 27 14.4 3 23 34.83 75 19 62.2 243 67 44.34 Leverrier.
2106641.3040 0.723 .00684311 129 27 42.9 3 23 35.01 76 19 63.1 243 67 43.82 G. W. Hill.
1295977.4260 1.0 92* .01677110 100 21 21.4 99 48 18.66 Levemer.
1295977.4212 1.0 .01677120 100 21 41.0 99 48 17.71
689050.8013 1.5236914 141 .09326113 333 17 53.5 1 51 2.28 48 23 63.0 83 9 16.92 Lererrier.
109250.6197 5.202800 480 .0482519 11 54 58.2 1 18 41.37 98 66 16.9 159 66 12.94 Leverrier.
43996.0508 9.538852 881 .0559428 90 6 66.5 2 29 39.80 112 20 62.9 14 60 28.49 Leverrier.
43996.209 9.5388 .0560470 90 3 59.8 2 29 39.20 112 20 0.0 14 49 43.60 G. W. Hill.
15424.797 19.18338 1771 .0463592 170 38 48.7 0 46 20.92 73 14 37.6 29 12 43.73 Newcomb.
7865.862 30.05437 2775 .0089903 46 9 13.1 1 46 58.75 130 7 18.3 334 80 6.76 Newcomb.

v,____ Mean Angular Semi-
A i ameti*ra

Angular Diameters at Dis-
Diameter in

Density.
Axial Rotation.

Gravity Orbital 
Velocity inat Surface

Time.
Polar. Equatorial. Water = l. Earth = 1. V ®=i. Second.

Sun............ Unity. 960.0
At Diet.

1.00 32 0.00 32 0.00 860,000 1.444 0.2552 25 to 26 days. 27.71
Days.

Mercurv .. . 5TTÜOJ555 (?) 3.34 0 6.68 0 6.68 2,992 6.85 1.21 24h 6“ (?) 0.46 87.97 29.55
V enus........ 8.5k 0 17.10 0 17.10 7,660 4.81 0.850 23b 21m (?) 0.82 224.70 21.61
Earth........ •TtSTuPTiTTi 8.84 0 17.64 0 17.70 7,918 5.66 1.000 23h 56™ 4.09 1.00 365.26 18.38
Mars........... 4.69 0 9.36 0 9.42 4,211 4.17 0.737 24h 37“ 22.7 0.39 686.98 14.99

Jupiter. .. . 18.26 6.20 0 184.2 0 19SV” f 86,000 1.378 0.2435 9h 55™ 20.0 2.64
«P*.

11.86 8.06
Saturn........ ssoUn 8.10 9.54 0 146.3 0 162.8 70,500 0.750 0.132^ 

0.226
10b 14m 1.18 29.46 6.95

Uranus. .. . 520^5 1.84 19.2 0 70.7 0 70.7 31,700 1.28 Unknown. 0.90 84.02 4.20
Neptune... 1.28 30.0 0 77.0 0 77.0 34,500 1.16 0.204 Unknown. 0.89 164.78 3.36

X^

ELEMENTS OF THE SATELLITES OF JUPITER.

APPEND
IX.



ELEMENTS OF THE SATELLITES OF JFITTER.

Satellite. Muf.
(Jupiter = 1.)

Mean Dally Tropical 
Motion. Synodic Period or Interval between Eclipses.

Paris Mean Time of First 
Superior Mean Conjunction in 

1880.

Mean Distance from Jupiter.

In Arc at Dis­
tance = 6.2027*. In Miles.

0 Days. Hrs. Min. Sec. Days. Hrs. Min. Sec.
I.............. .000016877 208.488993385 l 18 28 85.945375= 1.7698605 Jan. 1, 6 16 45.1 ffl.82 260,000

II.............. .000023227 101.374762063 3 13 17 63.735233= 3.5540942 Jan. 2, 17 3 2.7 177.81 414,000
Ill.............. .000088437 50.317646432 7 3 59 35.854197= 7.1668872 Jan. 3, 20 27 5.3 283.63 661,000
IV.............. .000042475 21.571109430 16 18 5 6.928330 = 16.7536524 Jan. 0, 15 6 37.3 498.85 1,162,000

ELEMENTS OF THE SATELLITES OF SATURN.
Mean Dfily Mo- Mean Distance 

from Saturn.
Longitude of 

Peri Sat. Eccentricity. Inclination 
to Ecnprierr

Longitude of

Mimas........... 381.953
" O '

9 9
O •
28 00

O '
168 00

Enceladus . . . 262.721 9 9 28 00 168 00
Tethvs........... 190.69773 42.70 9 9 28 10 167 88
Dione............ 131.584930 64.60 V 9 28 10 167 38
Rhea............. 79.690216 76.12 9 9 28 11 166 34
Titan............. 22.577033 176.75 257 16 .0286 27 34 167 66
HvpCrion.... 16.914 214.22 40 00 .125 28 00 168 00
Japetus......... U.A38036 514.64 351 25 .0282 18 44 142 63

!

ELEMENTS OF THE SATELLITE OF 
NEPTUNE.

Mean daily motion.................... 61°.25679
Periodic time............................. S'*.87690
Distance (log. A = 1.47814) .. . 16".275
Inclination of orbit................... 145° r
Longitude of node (1850)........ 184° 80'
Increase in 100 years............... 1° 24'

ELEMENTS OF THE SATELLITES OF URANUS.
---------- —*—--------- --------

Periodic Times. Mean Dist. 
log. a = 1.28310.

Inclination of 
Orbits 850).

Motion in 100 
Years.

Longitude of Motion in 100 
Years.

Ariel......................................
Umbriel.................................
Titania...................................
Oberon.................................

—k------------------------------------

Days.
2.520383
4.144181
8.705897

13.463269

13.78
19.20,
31.48
42.10

'

- 97° 5V — O'. 8
1

165° 29' + 1° 24'

t

h •
*

SATELLITES O
F JU

PITER) SATU
RN

, N
EPTU

N
E, U

RAN
U

S. 
521)
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VI.

ELEMENTS OF TIIE SMALL PLANETS.

COMPILED BY D. P. TODD.

Sign and Name.
O £
i| Diicoverer.

ii
i|

- £ 
l 3 
*£ D

ai
ly

M
ot

io
n.

Pe
rio

di
c

Ti
m

e.

;
' :

Ii

it

|i

,5 ° In
cl

in
at

io
n. §|

Ss

n Yrs. o O O
(1) Ceres............. 1801 Piazzi............... 2.99 2.56 770.2 4.61 0.077 150.0 80.8 10.6 2.769
(9) Pallas........... 1802 Olbers...........J 3.43 2.11 769.9 4.62 0.238 122.0 172.8 34.7 2.771
(3) Juno............. 1804 Harding........... 3.36 1.98 814.1 4.36 0.267 64.9 170.9 13.0 2.668
(4) Vesta............ 1807 Olbers............... 2.67 2.15 977.8 3.63 0.089 250.9 103.6 7.1 2.361
(6) Astrtea......... 1846 Hencke............. 3.06 2.10 866.9 4.14 0.186 134.9 141.5 6.3 2.679

(6) Hebe............. 1847 llcucke............. 2.92 1.93 939.9 3.78 0.203 15.2 138.7 14.8 2.424
(T) Iris............... 1847 Hind................. 2.94 1.83 962.6 3.09 0.231 41.4 269.8 6.6 2.386
(9) Flora............. 1847 Hind................. 2.66 1.86 1086.3 3.27 0.166 32.9 110.3 6.9 2.201
(9) Metis............. 1848 Graham........... 2.68 2.09 962.3 3.69 0.123 71.1 68.6 6.6 2.387

(10) Hvcreia......... 1849 Gasparis........... 3.49 2.80 636.4 5.68 0.109 238.3 285.5 3.8 3.144

(11) Parthenope . I860 Gasparis........... 2.70 2.21 924.0 3.84 0.100 317.9 125.2- 4.6 2.462
(12) Victoria........ 1860 Hind................. 2.84 1.8*2 994.9 3.67 0.219 301.7 236.0 8.4 2.384
(13) Egeria......... I860 Gasparis........... 2.80 2.36 857.9 4.14 0.087 120. if* 43.2 16.5 2.677
(14) Irene............. 1851 Hind................ 3.01 2.17 851.0 4.17 0.163 180.3 86.8 9.1 2.591
(15) Eunomia.... 1861 Gasparis........... PT 2.18 826.4 4.30 0.187 27.9 293.9 11.7 2.644

(id)1 Psyche......... 1862 3^33 2.52 710.8 4.99 0.139 15.1 150.6 3.1 2.921
(17) Thetis........... 1862 Luther. .. 2.79 2.15 912.4 3.89 0.129 261.3 126.4 5.6 2.473
(IS) Melpomeue.. 1852 Hind................. 2.80 1.80 1020.1 3.48 0.218 16.1 150.1 10.2 2.290
(19) Fortana........ 1852 Hind................. 2.83 2.06 930.1 3.82 0.159 31.1 211.6 1.5 2.442
(20) Massalia .... 1862 Gasparis.......... 2.76 2.06 948.9 3.74 0.143 99.1 206.6 0.7 2.409

(21) Lutetia.......... 1852 Goldschmidt... 2.83 2.04 933.6 3.80 0.162 327.1 80.6 3.1 2.435
(22) Calliope........ 1852 Hind............... 3.20 2.62 716.2 4.96 0.101 69.9 66.6 13.7 2.909
(28) Thalia............ 1862 Hind.............. 3.24 2.02 832.4 4.27 0.231 123.8 67.7 10.2 2.629
(24) Themis......... 1863 Gasparis........... 3.62 2.75 639.0 5.56 0.124 144.1 36.8 0.8 8.136
(25) Phocæa......... 1863 Chacornac....... 3.01 1.79 954.2 3.72 0.255 302.8 214.2 21.6 2.400

(26) Proserpine.. 1863 Luther............... 2.89 2.42 819.7 4.33 0.087 236.4 45.9 3.6 2.666
(27) Euterpe........ 18*3 Hind................. 2.76 1.94 986.7 3.00 0.174 88.0 93.9 1 6 2.347
(28) Bellona........ 1864 Luther............... 3.20 2.36 766.6 4.63 0.163 122.4 144.7 9,4 2.777
(29) Amphltrite.. 1864 Marth................ 2.71 2.34 869.0 4.09 0.074 66.4 356.7 6.1 2.526
(SO) Urania.......... 1864 Hind................. 2.66 2.06 975.4 3.64 0.127 32.1 308.1 2.1 2.365
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Sign and Name.
o £
;§
C5

Diwovercr.
!|
S5
o 5

„ 81 S

* 5 D
ai

ly
M

ot
io

n. 1 § 
iM •C

I
|i

ji
||
t»z | - 8|l

I
v // Y re. o

(31) Euphroeyne. 1864 Ferguson.......... 3.86 2.46 635.3 5.69 0.223 93.4 31.6
V.6

3.148
(32) Pomona........ 1864 Goldschmidt... 2.80 2.37 862.6 4.16 0.083 193.4 220.7 6.6 2687
(33) Polyhymnia. 1864 ChacornaCk.... 3.83 1.89 733.3 4.84 0.840 342.4 9.2 1.9 2.861
(34) Circe.............. 1866 Chacoruac.,... 2.97 2.40 806.8 4.41 0.107 148.7 184.8 6.4 2.686
(36) Leucothea... 1866 Luther........!.. 3.66 2.32 686.0 (618 0.224 202.4 366.^ 8.2 2.994

(36) Atalnnta .... 1865 Goldschmidt .. 3.67 1.92 780.0 4.66 0.302 42.9 369.4 18.7 2746
(37) Fidcs.............. 1865 Lu,w*!.............. 3.11 2.17 826.4 4.30 0.177 66.6 8.3 3.1 2.642
(38) Leda.............. 1866 Chacoruac........ 3.16 2.32 782.1 4.64 0.184 101.2 296.4 7.0 2.740
(39) Lsetitia.......... 1866 Chacoruac........ 3.08 2.46 769.8 4.61 0.111 3.2 167.4 10.4 2770
(40) Harmonia... 1866 Goldschmidt.. 2.37 2.16 1039.3 3.42 0.047 0.9 93.6 4.3 2.267

(41) Daphne........ 1866 Goldschmidt... 3.51 2.02 773.3 4.59 0.270 220.0 179.2 16.0 2.761
(42) Isis................. 1866 Pogaoft............. 2.99 1.89 930.9 3.81 0.226 318.0 84.6 8.6 2440
(43) Ariadne........ 1867 ■*PogHO|l_______ 2.67 1.83 1086.0 3.27 0.107 278.0 264.9 3.6 2.203
(44) Nysa.............. 1867 Goldschmidt... 2.79 2.06 940.6 3.78 0.161 112.2 181.1 3.7 2.423
(48) Eugeni^.... 1867 Goldschmidt... 2.94 2.60 791.0 4.49 0.082 229.0 148.2 6.6 2.720

(46) Hestia............ 1867 Pogson.............. 2.94 2.11 SS4.0 4.02 0.165 364.2 181.6 2.3 2.626
(47) Aglaia............ 1*67 Luther............... 3.26 2.60 726.9 4.89 0.130 312.8 4.3 6.0 2880
(48) Doris.............. 1867 Goldschmidt... 3.33 2.89 646.4 6.49 0.071 70.3 186.2 6.6 8.112
(49) Pules.............. 1867 Goldschmidt... 8.81 2.36 656.3 5.42 0.236 31.6 290.7 3.1 3.084
(60) Virginia........ 1867 Ferguson.......... 3.41 1.90 821.6 4.32 0.286 10.1 173.8 2.8 2662

(61) Ncmansa..;. 1868 Lanrent............ 2.62 2.21 97.8.4 3.61 0.067 176.2 176.9 10.0 2.866
(62) Enropa.......... 1868 Goldschmidt... 3.36 2.70 661.2 6.45 0.109 107.1 129.7 7.4, 3.026
(63) Calypso........ 7868 Luther................ 3.16 2.08 836.6 4.26 0.204 93.0 144.0 6.1 2.620
(64) Alexandra... 1868 Goldschmidt.. 8.86 2.17 796.6 4.46 0.199 294.3 313.8 11.8 2.709
(65) Pandora..... 1868 Searle................ 3.16 2.37 774.0 469 0.142 12.1 10.9 , 7.2 2.760

(66) Melcte.......... 1867 Goldschmidt... 3.21 1.98 848.1 4.19 0.230 294.6 194.1 6.0 2.696
(67) Mnemosyne. 1869 Luther.............. 3.60 2.81 633.0 6.61 0.109 64.1 200.2 16.2 3.166
(68) Concordia.. 1860 Luther .............. 2.81 2.69 799.6 4.44 0.042 1.89.2 161.4 6.0 2700
(69) Elpis.............. 7*60 Chacomac........ 3.03 2.40 794.0 4.47 0.117 18.4 170.4 8.6 2.713
(60) Echo.............. 1860 Ferguson.......... 2.83 1.96 968.3 3.70 0.184 98.6 192.1 3.6 2.393

(61) DannC............ 1860 Goldschmidt... 3.47 2.60 687.6 6.16 0.102 344.1 334.2 18.2 2.987
(62) Erato............ 1860 Foe rs ter........... 3.67 2.69 640.9 6.64 0.173 38.6 126.7 2.2 3.130
(63) Ausonia........ 1861 Gas pads........... 2.69 2.10 966.6 3.72 0.124 270.4 338.0 6.8 2.398
(64) Angelina.... 1.861 Tempel.............. 3.02 2.34 808.3 4.39 0.128 123.7 311.3 1.3 2681
(06) Cybele.......... 1S01 Tempel.............. a so 960 S 1 NR S

(66) Maia.............. 1S61 Tuttle................ a oo s a a 1
(67) Asia............... 1S61 Pogson............. 2 S7 n>7 911 5 3 77 oi oc 1
(68) IvCto............... 1801 Luther............... a. ao 2 t)fi g 1 01 0" W 9 ? 7«1
(69) Hesperia... 1861 Schiaparelli.... 3.49 2.47 689.9 6.16 0.170 108.6 187.2 8.6 2980
(70) Panopœa.... 1861 Goldschmidt... 3.09 2.14 839.6 4.23 0.183 299.8 48.3 11.6 2.614

(71) Niobe........... 1861 Luther.............. a 2a 9 9>S 77f> 4 n 173 991 3 31 fi R 93 a 9 7R6
(72) Feronia........ 1861 Peters................ 2.64 1.99 1040.1 3.41 0.120 308.0 207.8 64 2.266
(73) Clytia............ 1802 Tuttle............... 2.78 SIN 4 4 RN 0 049 7.9 9.4 2.066
(74) Galatea.......... 1802 Tempel............ 3.44 n 2HS s a 197.9 4.0 2.7SO
(75) Eurydice.... 1862 Peters................ 3.49 1.86 812.3 4.37 u.aoe 33.5.6 359.9 6.0 2.672

)
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Sign end Name.
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(76) Freia............ 1862 D* Arrest.......... 4.00 2.82 563.7 6.30 0.174 92.8 212.2 2.0 3 409
(77) Frlgga........ 1862 Peters................ 3.03 2.31 812.2 4.37 0.134 60.4 2.0 2.6 2 672
(78) Diana.......... 1863 Luther.............. 3.16 _2.08 836.3 4.25 0.205 121.3 334.1 8.6 2 623
(79) Eurynome.. 1863 Watson............ 2.92 1.97 928.9 3.82 0.194 44.4 206.7 4.0 2.444
(80) Sappho........ 1864 Pogson............ 2.76 1.84 1019.8 3.48 0.2(H) .355.3 21S.7 8.6 2.296

(81) Terpsichore 1864 Tempel............. 3.46 2.25 736.2 4.82 0.211 46.7 2.7 7.9 2.863
(92) Alcmene ... 1864 Luther ............. 3.38 2.15 771.4 4.60 0.221 132.4 27.0 2.9 2.766
(83) Beatrix..... 1866 Gasparis............ 2 64 2.22 936.7 3.79 0.086 191.8 27.6 6.(1 2.430
(84) Clio.............. 1866 Luther............... 2,92 1.80 976.9 3.63 0.236 339.3 327.6 9.4 2.363
(86) Io.................. 1866 Peters............... 3.16 2 15 820.7 4.33 0.191 322.6 203.9 11.9 2 654

(86) Seniele.. 1866 Tietjen.............. 3 76 2 46 646.3 5.49 0.210 29.7 88.1 4J» 3 112
(87) Sylvia.......... 1866 Pogson............. 3 76 3 21 546.0 6.50 0.079 338.4 76.1 10 9 3 482
(8§) Thisiie.. 1866 Peters................ 3.21 2 32 770.2 4.61 0.160 309.3 277.6 6 2 2 769
(8»)-J alia.......... 1866 Stephan............ 3 01 2.09 870.8 4.08 0.180 363.4 311.7 16.2 2.551
(90) Autiope.... I860 Luther.............. 3.68 2.61 036.2 6.68 0.169 301.1 71.4' \2.3 8.146

(91) Ægina........ 1866 Stephan............ 2 87 2 31 851.8 4.17 0.108 80.3 11.1 2.1 2 589
(92) tlndiua........ 1867 Peters............... 3 51 2.86 623.7 6.69 0.102 330.8 102.9 9.9 3.187
(93) Minerva.... 1867 Watson............. 3.14 2.37 776.6 4.67 0.140 274.7 6.1 8.6 2.764
(^4) Aurora........ 1867 Watson............. 3 44 2.89 630.7 6.63 0.086 46.0 4.6 8.1 3.163

Are th usa... 1867 Luther............... 3.52 2.63 667.7 6.40 0.144 Sl.ÿ "244.3 12.9 3.076

(96) Ægle.......... 1868 Coggia.............. 3 48 i fit 666.2 6.38 0.140 163.2 322.8 16.1 3.050
1868 Tempel............. 3 36 1.98 814.2 4.36 0.266 66.6 100.7 11 8 2 668
1868 Peters............... 2 18 804.6 4.41 0.189 147.6 354.4 15J) 2 689

(99) Dike.......... 1868 Borelly............. 3 46 2.13 758.7 4.68 0.238 240.6 41.7 13 9 2 797
(100) Ilejtftte....... 1868 ^ Wa|son............. 3.60 2.68 662.5 6.44 0.164 307.7 128.2 6.4 3.092

(101) Helena........ 1868 Watsol^...i.... 2.94 2.23 864.2 4.16 0.138 327.4 343.7 10.2 2.684
(102) Miriam........ 1868 Peters. 3.47 1.86 817.0 4.36 0.303 364.0 212.0 6.1 2.662
(103) liera............ 1868 Watson............. 9 48 799 1 4 44 0.080 321.0 136.3 5 4 2 701
(104) Clymeue ... 1868 Watson....... L.. 3.70 2.60 636.0 6.69 0.174 68.2 44.0 2.9 3.149
ÜQ&X Artemis.... 1868 Watson........\.. 2.79 1.90 970.1 3.66 0.176 242.8 188.0 21.5 2.374

À106) Dione.......... 1868 Watson..........X 9 50 631 6 6.62 0.181 27.0 63 4 4 6 3 160
"fl07) Camilla .... 1868 Pogson.. j........' 4.00 3.12 ■*528.2 6.72 0.123 112.8 176.7 9.8 3.660
(108) Hecuba........ 1869 LutJi^r. i.l.... 3.64 2.88 616.4 5.76 0.103 173.6 352.4 4.4 3.212
(109) Félicitas ... 1869 Peters...Tv,... 3.60 1.89 802.0 4.43 0.300 66.0 4.9 8.0 2.696
(110) Lydia.......... 1870 Borelly........ 2.94 2.52 786.4 4.52 0.077 336.8 67.2 6.0 2.733

(Ill) Ate............... 1870
1

Peters.............. 2 86 9 39 849.9 4 IS 0.105 108.7 306.2 4/j 2 593
(112) Iphigenia .. 1870 Peters.............. 2.74 2.12 934.7 3.80 0.128 338.2 324.0 2.6 2.433
(113) Amalthea .. 1871 Luther............. 2.68 2.17 968.8 3.66 0.087 198.7 123.2 6.0 2.376
(114) Cassandra.. 1871 Peters.......V. 3.06 2.30 810.6 4.38 0.140 163.1 161.4 4.9 2.670
(116) Thyra.......... 1871 Wiuson............. 2 84 1.92 966.9 3.67 0.194 43.0 309.1 11.0 2.379

(116) Sirona......... 1871 3 16 2 37 770.9 4.60 0.143 152.8 64 4 3 6 2 767
t*17) Lomia.......... 1871

Borc^>
3.06 2 92 686.0 5.18 0.023 48.8 349 6 1ft 0 2 991

(118) Peitho.......... 1872 Luther............ 2.83 2 05 931.9 3.81 0.161 77.6 47.5 7.8 2 438
(119) Althaea........ 1872 Watson........... 2.70 2.36 855 0 4.16 0.083 12 4 204 0 5.8 2 ftftO
(120) Lachesis.... 1872 Borelly............. 3.27 2.97 643.6 5.52 0.047 214.0 342.9 7.0 3.121

*
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(121) Hennloue.. 1872 Watson. 3.88 3.03 662.6 6.43 0.122 1.3 77.0 7.6 8.466
(122) Gerda........ 1872 Peters............. 3.34 a in 614 1 5.78 0 037 1.6
(123) Bruuhilda.. 1872 Peters............. 3.00 2.38 803.4 4.42 0.115 72.9

1
308.5 ' 6.6 2.092

(124) Alceste...... 1872 Peters............. 2.84 K3? 0 4 27 0 078
(126) Liberatrix.. 1872 Prosper Henry. 4.09 1.98 671.0 6.20 0.347 251.3 171.3 6.1 3.036

(126) Valeda...... 1872 Paul Henry.... 2.70 2.18 931.0 3.81 0.106 847.8 23.1 2.9 2.440
(127) Jonanna... 1872 Prosper Henry. 2.92 2.69 776.9 4.68 0.066 122.6 81.8 8.3 2.766
(128) Naneeis.... 1872 Watson........... 3.10 2.40 777.6 4.67 0.126 16.6 70.6 6.3 2.761
(129) Antigone... ,1873 Peters............. 3.47 2.28 727.4 4.88 0.207 241.0 138.0 12.2 2.870
(130) Klemra... V 1873 Peters............. £77 2.47 643.9 6.61 0.208 20.6 146.0 22.9 3.120

(131) Vala........... 1873 Peters............. 2.62 2.2 2 942.8 3.77 0 082 258 6 65 3 4 6 2 419
(132) Æthra........ 1873 Watson........... 3.59 1.61 845 1 4.20 0.380
(133) Cyreue...... 1873 Watson........... 3.48 2.64 662 2 6,36 0.137 248 3 321 « 7 2 ft OAÿ
(134) Sophrosyue. 1873 Luther........... 2.37 2.27 864.6 4.12 0.117 60.9 346.6 11.6 2.667
(136) llertha....... 15*74 Peters............. 2.93 1.93 937.1 8.79 0.205 319 8 2 429

(13fi) An stria...... 1874 Palisa............. 2.48 2.09 1025 9 3.40 0.086 316 R IRA 2 9 6 2 287
(137) Melibœa.... 1874 l’alisa............. 3.78 2.48 639.7 6.66 0.208 810.3 204.3 13.8 3.133

1874 Perrot in.......... 2.83 2.06 928 R 3.82 0.158 311 4 54 9 3 2 2 444
(139) Juewa........ 1874 Watson.. .^.... 2iNi 2.67 761.6 4.72 0.061 116.6 368.6 8.3 2.814
(UÜ) Siwa .. 1874 Palisa...... 3.32 2.14 786 9 4 62 0.216 800 6 107 0 ft Ÿ 2.732

(141) Lumen... 1875 Paul Henry.... 3.31 2.10 795.6 >46 0.223 22.6 319.1 11.6 2.709
(142) Pol an a....... 1876 Palisa...... 2.64 2.14 962.jJ 3 69 0.105 227 4 999 6 9 a 2.387
(143) Adria........ 1876 Palisa............. 2.93 2.57 4.57 o.obo 223 3 11 5 2.752
(144) Vibilia...... 1876 Peters............. 3.27 2.03 4 32 0.833 8 S 2 650
(146) Adeona...... 1875 Peters............. 3.27 2.12 SO/5 4 42 0.213 118.1 77 7 14 4 2J>94

(14fi) T-ii rin a .... 1876 Borelly........... 2.89 2.53 790 3 4 46 0.0C7 237 7 12 7
>

2rfHÿ
(147) Protogeneia 1876 Scbulhof........ 3.22 3.03 642.2 6.63 0.030 84.7 262.6 V 3.126
(148) Gallia........ 1875 Prosper Henry. 3.28 2.26 769.8 4.61 0.185 36.0 146.1 25.3 2.770'
(149) Medusa...... 1875 Perrotin.......... 2.39 1.88 1139.2 3.12 0.119 100.1 1.1 2.132

1875 Watson........... 3.38 2.59 085.2 5. IS 0.132 357.5 207 5 2.2 2.981

(161) Abnndantia. 1876 Palisa............. 2.84 2.33 864.2 4.16 0.100 216.9 40.0 7.9 2.684
(162) Atnla.......... 1876 Paul lleury.... 3.7U 2.87 640.1 5 55 0.082 80.0 41.5 12.2 3.132
(153tili1dn.......... 1875 Palisa............. 4.CU 3.31 451.9 7.S6 0.163 285.0 228.3 ?8 3.954
(154) l^iha........ 1875 Prosper Henry. 3.54 2.90 013.8 5.78 0.100 168.7 37.6 20.8 >3.221
(165) Scylla........ 1875 Palisa.............

(156) Xantippe... 1875 Palisa............. 3.84 2.24 y o.2 5.30 0.264 166.9 246.2 7.6 3.0:17
(157) Dejauira ... 1876 Borelly............ 3.16 2.02 *53.4 4.16 0.220 100.2 62.4 11.8 2.686
(158) Koronis.... 1876 Kuorre............ 3.86 2.12 686.2 5.17 0.292 366.2 282.8 1.4 2.990
(159) Æmilia...... 1876 Paul Henry.... 3.49 2.76 642.2 6.63 0.116 100.7 135.1 6.1 3.126

1870 Peters............. 2.90 8.67 783.6 4.53 0.0G1 56.8 9.8 8.8 2.737

(161) Attior 1S76 Watson.......... 2.69
4

2.00 908.8 3.60 0.133 312.9 18.5 9.2 2.376
(162) Laurentia .. 1876 Prosper Henry. 3*1 2.62 673.1 6.28 0.169 143.0 38.2 6.3 3.029
(163) Krigone.... 1876 Perrotin.......... 2.71 2.00 982.1 3.62 0.149 93.3 158.8 4.7 2.364
(1M) Eva........... 1876 Paul Henry.... 3.37 1.73 870.1 4.08 0.321 2,8 77.4 24.8 2.563
<166) Lorelcy....... 1870 Peters............. 3.30 2.90 641.2^5.54 0.073 81)4.0 11.2 8.129
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(166) Rhodope... 1876 Peters............. 3.37 2.07 791.0 4.49 0.239 129.2 11.7 2.720
(167) Urda.......... 1876 Peters............. 4 22 2 22 ft 78 0 HI9 32.7 170 1 LI 3.218
(168) Sibylla...... 1876 Watson............ 3 fifl 3.15 571 5 fi 91 n 067 200 f, 4.0 3 378
(169) Zelia.......... 1876 Prosper Henry. 2.67 2.06 979.9 3.62 0.131 364.6 6.6 2.368
(170) 1877 Perrotin.......... 2.72 2.38 870.8 4.08 0.066 301.3 14.3 2.661

(171) 1877 Borelly............ 3.62 2.76 636.8 5.68 0.121 101.9 2.6 3.143
(172) 1877 Borelly........... 2.65 2.11 966.9 3.68 0.113 331.8 10.0 2.381

Z

r

REMARKS ON THE PRECEDING ELEMENTS OF THE PLANETS.

Masses.—Tho masses of many of the planets are still very uncertain, 
because exact observations Lave not yet been made long enough to per­
mit of their satisfactory determination. Tho mass of Mercury may be 
estimated as uncertain by J of its entire amount ; that of Mars by ^ ; 
those of. Venus, the earth, Uranus, and Neptune by ; while those of 
Jupiter and Saturn are probably correct to

Tho value of tho earth’s m\ss which we have given does not include 
that of tho moon. Tho mass m «the hffter is estimated at that of
the earth.

The masses of Jupiter, Saturn, Uranus, and Neptune which wo have 
cited are all derived from observations of tho satellites of these planets. 
The masses derived from the perturbations of the planets do not differ 
from them by amours exceeding the uncertainty of the determinations, 

lie most noteworthy deviation is in the case of Saturn, of which Le- 
jjrricr has found tho mass to be a result entirely incompatible

with the obsorvations-of the satellites. , * f »
Diameters.—These are aly uncertainiiU many cays, especially inZhoso 

of the qj/tit planets, Uranus and Nepdine. The densities which wo have 
assigned to these last-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 tho sun, but diminish in precision as wo 
gi^utward, those of Sjeptuuo 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 Jahrbueh, which 
gives Annually the latest, elements k^owu. The elements of the twenty 
or thirty last ones are very uncertain.

<# V-
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VII.

DETERMINATIONS OF STELLAR PARALLAX.

The following is a list of the stars the parallaxes of which are known 
to be investigated, with the results obtained by the different investiga­
tors. The years are generally those in which the observations are sup­
posed to bavé been made, but in the case of one or two of the earlier 
determinations they may be those of the publication of results. In the 
references the following abbreviations are used :

rublicationen der Astronomischen Gmlhchaft.
Astronomische Nachrichten. ^
Monatsbericht (of the Berlin Academy of Sciences).
Comptes Rendus (of the French Academy of Sciences). 
Astronomical Observation, etc., at Dunsinsk, by Francis Briinnow. 

2 Parts. Dublin, 1870 and 1874.
Mel. Mélanges Mathématiques et Astronomiques, Académie de St. réters- 

bourg.
M. N. Monthly Notices of the Royal Astronomical Society.
M. R. A. S. Memoirs of the Royal Astronomical Society.
M. P. Mémoires dé^TAcadémie de Sciences de St. Pétersbourg. 

i P. M. Recueil des Mémoires des Astronomes de Poulkowa, publié par IF.
Struve. St. Pétersbourg, 1853, vol. i.

R. O. Radcliffe Observations, Oxford.

Star’s Name.

--------------------------------t--------------------
Astronomer, and Date. Parallax. Probable Reference.

Groombridge 1 ( Anwere, from heltometer measures, (
( 1863 ’66........... N............................. )
Lindenau, from R. A.’s, 1780-1816.......

0.292 ±.036 n. M., 1867.
No. 34......... )

Pole Star......... 0.144 P. M.,p.6S.
W. Struve, Dorpat, 1818-'21..................
Struve and Prensg, from U. A .’s, 1822-’38

0.078
0.172

Lundahl, from Dorpat declinations... 0.147 ±.030
Peters, from declinations, 1842-'44.... 0.067 P. M.,p. 121.
Lindhagen ................................................ 0.02ft ±.018 P.M., p.264.

Cflpella............. 0.040 ±.20 P. M., p. 136.
Mel., II., p. 400.Struve, with Pulkowa equal., 1886.... 9.306 ± .043

Sirius................. Henderson, 1833..................................... ^ 0.34 P. M.,p. 64.

\

C

J
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WT"\h

Castor...............

< Ursse Msj.......
Lalaude No.)

21185............j
Lalande No. ) 

21258........... j

Qroombridge 1 
No. 1830... |

Star’s Name.

Oeltzen Arg. | 
N., No. 17415)

li Centauri........
a Bootis.......

a Centauri........

i Ophiuchi.

Astronomer, and Date. Parallax. Probable

Maclear, 1837............................
I Henderson, from hie own and Mac- )
\ lear's observations............
Gyldén, from Maclear’s obe., 1836-’37.
Abbe, from Cape obe., 1866-’63........
j Johnson, with Oxford heliometer,
( 1864-’65...............................................
Peters, from declinations, 1842 ____
Winneckç, with heliometer, 1357-'68 V

Anwers, 1860-’62....................................

Krueger, 1862 (?).................  ...............

Peters, from declinations, 1842 ..........

Faye, at the Paris Observatory..........
j Wichman, from Schltiter’s observa- ) 
( lions, 1842-'43....................................j
Wichmanu, from his own obs., 18511 -' 

<« t
Struve, 1847-'49.........................

4, ”
'37. M93

0.273

0.085
0.089
0.034

0.913

0.976
0.919
0.880
0.169

±.087
±.102

±.013

±.018
±.023
±..029

Johnson, with heliometer, 1854-’65.... 0.033 ±.028

Au were, from Johnson's obs................. 0.023 ±.033
Brünnow, 1870-71.................................... 0.09 ±.01

Krueger, 1862 (?)...................................... 0.247 ±.021

Moesta, from declinations, 1860-’64 ... 0.213 ±.069
Peters, from declinations, 1842............ 0.127 ± .073

Johnson, Oxford heliometer, 1845-'66 . 0.138 ±.052

j Henderson, from his meridian obs.
( at the Cape of Good Hope, 1832-’33. 
a* Centauri, from right ascensions .. 
a1 Centauri, from direct decllnatîoûe 
ul Centauri, from reflected decs. . 
urCentauri, from right ascensions ,y 
ua Centauri, from direct declinations 
u8 Centauri, from reflected decs. . r,.
Mean of all for both stars...................
Peters, from the same obs., flnds ....
J Henderson, from Maclear’s observa- j
! tions, 1839-'40..................................
Peters, from the same observations .
Maclear, from decs., 1842- 44 and 1848 
Moesta, from declinations, 1860-'64 
Krueger^ lS58-’69...................

± .064 
±.034 
±.068 
±.010

Reference.

M.R.A.8.,xi.,24S.

Mel., III., 695. 
M.N.,xxvtii., p.2.

R.O., xvi.,p. (xi). 

P. M., p. 136. 

2LO., No. xi.

A ™N., No. 1411. 

M. N., xxiii., 173. 

P. M., p. 136.

C. It., xxiii.

A. N.,vol.36, p.29.

| It., p. 33.

P. M .,p. 291. 
j R. O., xvi., p. 
I (xxii).
B. M., 1874.
D. O., II., p. 23.

M. N., xxiii., 173.

A. N., 1688.
P. Si., p. 186.
j It. O., xvi., p. 
( (xxiii).

M. R. A. S., xi. 
> p. 67-68.

)
P. M„ p. 62.
I M. R. A. S., xi 1-, 
| p. 370.
P. M., p. 63.
M. R.A.8., xx.,98. 
A. N., 10S8.
A. N., 1212.

* This result is probably erroneous.
t 1 liese results of M ichmann are parallaxes relative to the mean of certain stars of com­

parison. He concluded that one of the latter had \ large parallax which made the paral­
lax of 1330 Ur. 0",72 ; but this view was afterwards proved wrong.

’ m
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Astronomer, and Date. sfarallsz. Probable
Error. Reference.

Krueger, 1868-’62.................................. 0.162 ±.007 A. N., 1403.
Airy, Troughton's circle, 1836.............. 0.224 1 1 M. R A. S., x.,
Airy, Jones's circle, 1836...................... -0.102 f I p. 269-270.
Struve, 1831-tO..................................... 0.262 P. M., p. 68.
Peters, from declinations, 1842 .......... 0.103 ±.063 P. M., p. 130.
Struve, 1861 '63..................................... 0.147 ±.009 M. P.,vii.,vol.L
Johuflou, 1864-’66....................*............ 0.154 d: .040 

ir.010BrQnnow, 1868-’69....................... 0.212 D. O., Part I.
Brüunow, 1870 ....... yC......................... 0.188 ±.033 X). O., Part IL
Peters, from declinations, 1842............ -0.082 ±.043 PM.,p. 130.
( Bessel, with Kô/ligsberg heliome-1
1 ter, 1838......./...............................j o.'Su ....

Bessel, from subsequent obs., 1840.... Ç.S48 ....
Peters, from declinations, 1842 .. .TTtT 0.349 ±.080 P. M., p. 136.
( Johnson, with Oxford heliometer, 1 0.392 R 0., vol. xiv.| 1862-’53..........................................|
Auwers, from Johnson's obs.............
Struve, lS62-'63....................................

0.42
0.600 ±.028 M. P., VIL, I., 46.

Auwers, from Konlgsberg heliometer 0.664 ±.016 A. N., 1411—'16.

Star’s Name.

p Ophiuchl. 
o Lyiæ.......

a Cygnl.. 

61 Cygnl.

V

l
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VIII.

SYNOPSIS OF PAPERS ON THE SOLAR PARALLAX, 1854-’77.

The following is believed to bo a nearly complete list of the determi- ( 
nations of the solar parallax which have appeared since the discovery pf 
the error of the old parallax in 1854. No papers have been included ex­
cept those which relate immediately to the determination in question.

1. Hansen, 1854—M.N. R. A. S., xv., p. 9.
Statement that lie finds the coefficient of the parallactic equation o

m<mu to bo 125".705—a value greater than that djeduced from the solar 
parallax as given by the transits of Venus. /

2. Le verrier, 1858—Annales de l'Observatoire de Paris, iv., p. 101.
Discussion of solar parallax from lunar equation of the earth, giving 

8".95. (In this paper Mr. Stouo lias found two small numerical errors :
correcting them, there results 8".85< There is also a doubt about the 
theory, which might allow the result 8".78.)

3. FOUCAULT, 1802—Comptes Rendus, lv., p. 501. \
Experimental determination of the velocity of light', leading to the value 

of the solar parallax, 8".86.

4. Hall, 1863—Washington Observations for 1863, p. lx.
Solar parallax, deduced from observations of Mars with equatorial iu-Solar parafl

struments, in 1862 : result, 8".8415. \

5. Ferguson, 1863—Washington Observations for 1863, p. lxv.
Solar parallax, deduced from observations with meridian instruments at 

Washington, Albany, and Santiago. Results various and discordant, ow­
ing to incompleteness of the work.

6. Stone, 1863—M. N. R. A. S., xxiii., p. 183 ; Mem. R. A. S., xixiii., p. 97.

Discussion of fifty-eight corresponding observations of Mars (twenty-one 
pairs) at Greenwich, Cape, and Williamstowu, leading to 8' .943.

,
V
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8. Hansen, 1863—M. N. R. A. 8., xxiv., p. 8.
A more accurate computation from the same data gives 8".9159.
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7. Hansen, 186#-Af. N. R. A. S., xxiii., p. 243.
Deduction of the value 8".97 from the parallactic inequality of the moon.

/

¥

9. Winnecke, 1863—Astr. Nachr., lix., col. 261.
Comparison of twenty-six corresponding observations (thirteen pairs) at 

Pulkowa and the Capo of Good Hope. Parallax, 8 .964.

10. Powalky, 1864—Doctoral Dissertation, translated in Connaissance des
Temps, 180R.

Discussion of the transy of Venus, 1789. Result, 8".832, or 8".86 when 
the longitude of Chappe’s station is left arbitrary.

11. Sto.}îe, 1867—M. N.R. A. S., xxvii., p. 239.
Attx^ion directed to a slight lack of precision in Hansen’s first paper 

(No. 7). Deduction also from its data of the result 8".916—agreeing with 
that from Hansen’s second paper.

12. Stone, 1867—M. N. R. A. S., xxvii., p. 241..
Correction of one of the numerical errors in Lcvcrrier’s determination.

Result, 8".91.

13. Stone, 1867—M. N. R. A. S., xxvii., p. 271.
Determination of the parallactic inequality of the moon from 2075 ob­

servations at Greenwich. Inequality, 125 ".36. Solar parallax, 8".85.

14. Newcomb, 1867—Washington Observations, 1865, Appendix II. 
Discussion of the principal method} employed in determining the solar 

parallax, and of all the meridian observations of Mars during the opposi­
tion of 1802. Result, 8".848.

15. Stone, 1867N. R. A. S., xxviii., p. 21.
Comparison of Newcomb’s and Lcvcrrier’s determinations of the solar 

paralla^s, leading to the detection of another small error in the latter.

16. Stone, 1868—M. N. R. A. S.} xx/friii., p. 2*5.’
V y X

«discussion of the observations) of the transit-of Venus, r769. Only 
observations of ingress and egress antho same station arc used, and certain 
alterations are made in the ujj.ual interpretation of the observations by 
Cliappc in California, and Captain Cook and bis companions at Otaheite. 
The result of these altcrntiims is that the parallax is increased to 8".91.



540 APPENDIX.

17. Newcomb, 1868—M. N. R. A. S., xxix., p. 6.
Criticism of Mr. Stone’s interpretation of Cliappe’s observation of egress 

in 1769.

18. Stone, 1868—if. N. R. A. Â, xxix., p. 8.
Reply to the preceding paper.

19. Faye, 1869—Comptes Rendus, lxviii., p. 42.
Examination of the observations and interpretations iu Mr. Stone’s

paper, concluding that all that we can decide from these observations is 
that the solar parallax is between 8".7 and 8".9.

20. Stone, 1869—M. N. R. A. S., xxix., p. 236.
Reply to Faye, criticism of Powalky’s paper, and further discussions hav­

ing for their object to show that the results of his paper agree with the 
scattered observations of ingress and egress iu Europe and America.

21. Anonymous, 1869—Fierteljahrsschrift der Astr. Gesel., iv., p. 190. 
General review of recent papers on the solar parallax, dealing more 

especially with the work of Stone and Port alky.

22. Powalk^J870—Astr. Nachr., lxxvi., col. 161.
From a second discussnm of the transit of Venus, 1769, he deduces 

8" .7869.

23. Powalky, 1871—Astr. Nachr., lxxix., col. 2Ï1.
From the mass of the earth as given by the motion of the node of Venus, 

8".77. But the adopted mass of Venus enters into the result in such a way 
as to make it decidedly uncertain.

24. I.f.verrier, 1872 — Comptes Rendus, lxxv., p. 165.

Determination of the solar parallax from the mass of the earth as derived 
from the motions of the planets, and the diminution of the obliquity of the 
ecliptic. Result, 8".86. (The distinguished author of this paper does not 
distinctly state in what w ay he has allowed for the fact that it is the com­
bined mass of the earth and moon which is derived from the perturbations 
of the planets, while it is the mass of the earth alone which enters into the 
formula for the solar parallax. His presentation of the formula) seems to 
need a slight correction, which will diminish the parallax to 8".83.)

25. Cornu, 1874-76—Annales de VObservatoire de Paris, xiii. ,
Redeterminatibn of the velocity of 4ù»ht„lcading to the paiallax 8".794,

if Struve’s constant of aberration (2U *45 ) is used.
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26. Galle, 1875—Breslau, Maruschke <$■ Berendt.
“ Ueber eine Bestimmuug «1er Soimen Parallaxe ans correspondircnden

Beobachtungen dqs Planeteu Flora, irn October uud November 1873.” Dis­
cussion of observations made at nine northern observatories, and the Cape, 
Cordoba, and Melbourne, in the southern hemisphere. Result, 8 ".873.

27. Pvisevx, 1875—Comptes Rendus, lxxx.,p. 933.
Computation of four contact observations of the transit of Venue in 1874,

made at Peking and St. Paul’s Island. Result, 8".879.

28. Lindsay and Gill, 1877—M. N. R. A. S., xxxvii., p. 308. 
Reduction of observations of Juno with a heliometer at Mauritius, in 

1874. The result is 8".765; or 8".815 when a discordant observation is 
rejected. • v

t
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IX.
LIST OF ASTRONOMICAL WORKS, MOST OF WHICH HAVE BEEN CON 

SULTED AS AUTHORITIES IN THE PREPARATION OF THE PRESENT 
WORK.

i <#ÎTaIcvThe following comprises 7^1. 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 nour­
ished, are given. The list is presented for the benefit of those teachers 
and students who wish to be acquainted with those authorities, and can­
not refer to such wTorks as the Bibliographie Astronomique of Lalaude, or 
the Pnlkowa Catalogus Librorum. ÿ

2. Modern telescopic researches upon the physical aspects of the planets 
which have been employed iu the preparation of Part III. of the present 
work.

3. Recent works on special departments of astronomy, which may bo 
useful to those who wish to pursue special subjects with greater fulness 
than that with which they are treated iu elementary works.

In the first two classes the selection is, for the most part, limited to 
works w hich liavç been consulted as authorities in the preparation of this 
treatise. Iu the ^ase of HeveliuA, however, some writings are added 
which I have not used, nor even seen, with the object of making the list 
of his larger works complete. Writings which have appeared in period­
icals and the transactions of learned societies arc necessarily omitted from 
the list, owing to their great-*umber.

The prices given for some of the older books are those for which they 
arc commonly sold by antiquarian dealers in Germany.

b.c. 250. Aristarchus : Ik Magnitudinibus ct Distantiis Solis et Lunai. Pisa, 
1572. $1.

A.D. 150. Ptolemy, ClaVdk: MF.PAAHï' STNTÂEEUS HI ha. IF, common­
ly called The Almagest.

The most recent edition is by the Abbé Halma, in Greek, with French 
Mon.translati 

IS to 810.
Two vols., 4to. Paris, 1813—’ 10. Commonly sells lor

1543. I

1597. rj

880. .

1596- ) K 
1630. S 
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1590- ) G 
1636. S
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1603. B
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1630. Hi
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1611. Fa 

1655. Bo

1647-
1690
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1543.

1597.
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Albategnius : De Scientia Stcllarum Liber. Bonn, 1645. 

CorKityicus : De Revolution ibun Orbium Ceslestium.
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The fy-st edition of the great work of Copernicus is rare. The second 
(Basel, 1566) sells for $4. Two fine editions have been published in 
Germany in recent times. Price $7 to $10.

Tycho Brahe : Antronomiœ Instaurâtes Mechanica. Noriberg, 
1602. $3. »

Contains desoription of Tycho’s instruments and methods of observing.

------------ Astronomies Instaurâtes Trogymnasmata.

------------ De Mundi Æthcrei Recentiontms Thesnomcnis. Frank­
fort, 1610.

These two volumes generally go under the title of the former. A later 
edition (1648) was issued under the misleading title Opera Omnia. The 
selling price is $6 for the two.

Kepler, Johannes : Opera Omnia. Edidit Dr. Ch. Friscli. 8 
vols., 8vo. Frankfort, 1858-71.

A recent and complete edition of Kepler’s voluminous writing*. Price 
from $25 to $30. Generally cheaper at second-hand.

1596- i 
1630. 1 
/

1590-
1636.

13 vols., 8vo. Milan, 1811. PriceGalileo Galilei : Opere. 
about $10.

A much better edition, published in 4to, about 1845, is more expensive. 
Galileo wrote almost entirely in Italian.

1603. Bayer, Johannes : Uranometria.
Bayer’s celebrated star-charts, in which the stars were first named with 

Greek letters. Three or more editions were published, the second be­
ing in 1648, the third in 1661. $2 50.

Ricciolus : Almagentum Novum. 2 vols, in one, folio. Bonn, 1651.

------------- Astronomia Reformata. Folio. Bonn, 1665.
Two ambitious works, remarkable rather for their voluminousness than 

for their value. The author being an ecclesiastic, had to profess a dis­
belief in the Copcrnican system.

1630. BullialdusI: Astronomia Philolaica. Folio. Paris, 1645.
The last three works grc cited as probably tile most voluminous eom- 

pendiums of astronomy of the seventeenth century. They can all be 
purchased for $3 or $4 each. !r

1611.

1655.

1647-
1690.

Fabritii, J. : De Maculis in Sole Obserraiis.

B< (RELU : De Fero Telescopii In rentorc. fhyav, 1655. $1

[ is)

lïngne, '

/

!

< t

The earliest great work on the geography of the moon and the aspects 
of the planets. Profusely illustrated. $4 to $5.

<

/
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HevklîUS, J. : Mcrcurius in Sole Fisus. Folio, $1.
Contains also Horrox’s obscrvatidh of the transit of Vffnus in 1631).

V,
sji ctiu

Cometographia. Folip, 1668.
The first great modern treatise on the subject of comets.
------------ Machina Cœlestis, Pars Prior. Folio, 1673.
Contains descriptions of his instruments, and a disquisition on the prac­

tical astronomy of his time.
------------ Machina Cœlestis, rars Posterior. Folio, 1679.
A very rare book, almost the entire edition having been destroyed by- 

fire. A copy was sold for $50 in 1873.
i ------------ Annus Climactericus. Dautzic, 1685.
I ------------ Prodromus Astronomies. Dautzic, 1690.

*

Firmamenlum Sobiescianum. Dautzic, 1690.
These works comprise star-catalogues, star-maps, etc. $3 50. 

1659. Huyghexs : Systcma Saturnium. Hague, 1659.
Horologium Oscillatorium. Paris, 1673.

The latter work contains the theory of the pendulum clock. These two 
and most of the other important works of Huyghens were published 
in Leiden in 1751, under the title of Opera Meehanica, Geometrica, A<s- 
tronomica ct Miscellanea, nominally in four volumes, but the paging is 
continuous throughout the series, the total number of pages being 
776. Leiden, 1751. $5.

1687. Newton, Isaac: Philosophiœ Naturalis Principia Mathematica. 4to. 
London, 1687.

A number of editions of Newton’s Principia have appeared. One of the 
most common is that of Le Seur and Jaequicf, 8 vols, in 4. Geneva,
1739. It is accompanied by an extended commentary. Sells for about 
$4. A venjf fine edition was issued in 1871, by Sir William Thomson, in 
Glasgow^ There is also an English translation by Motte, which has 
gone though several editions in England and one in America.

Brewster, Sir D. : Memoirs of the Life, Writings, and Discoveries 
of Sir Isaac Newton. 2 vols., 8vo. Edinburgh, 1855.

1720. Flamsteed, J. : Historia Cœlestis Britannica. 3 vols., folio. Lon­
don, 1725. $10.

Contains Flamsteed's observations and star-catalogue.

1728. Blanchini, F. : Hespcri et Phosphori nova Phœnomena sire Observa
tioncs circa Planctam Veneris. Folio. Rome, 1728.

1740. Cassini : Élémens (VAstronomic. 4to. Paris, 1740. $1.

Weidler, Jo. : JUstoria Astronomies. Small 4to. Wittembcrg,
A1741. $2.

Bf.rnouïlli, John: Opera Omnia. 4 vols., 4to. Lausanne, 1742.

1741.
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Le Monnibr : La Théorie des Comètes. 1 vol., 8vo. Paris, 1743.
• $1.

1760. Kant, Immanuel : Schriften zur l'hysischen Géographie. 8vo. 
Leipzig, 1839.

1780. Pingre: Cométographie ; ou Traité Historique et Théorique des Co­
mètes. 2 vols., 4to. Paris, 1783.

The most complete historical and general treatise on comets which lias 
appeared.

1780- ) Bailly : Histoire de VAstronomie Ancienne depuis son Origine jusqu'à 
1700. S V Établissement de T École d’Alexandrie. 1 vol., 4to. Paris, 1781. $10.

------------ Histoire de l’Astronomie Moderne depuis la Fondation de
l’École (TAlexandrie, jusqu’à l’Époque de MDCCXXX. 3 vols., 4to. 
Paris, 1779. $6.

Paris, 1787.
Traité de VAstronomie In

d^nne et
Orientale. 1 vol., 4to.

These histories by Bailly arc considered very unsound, the author hav­
ing a greatly exaggerated opinion of the knowledge of the ancients.

1800. Lalande, J. De: Bibliographie Astronomique; avec l’Histoire de 
l’Astronomie depuis 1781 jusqu’à 1802. 4to. Paris, 1803. $3.

1817. Laplace, P. S. : Traité de Mécanique Céleste. 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 Système du Monde. 1 vol., 4to. $2.
The latter work gives a very clear popular exposition of the laws of the 

celestial motions. \
DelamhuhI Histoire de VAstronomie Ancienne. 2 vols., 4to. Paris,' 

1817. $4> '

--------- — Histoire, de l’Astronomie du MoyenHAgc. 1 vol., 4to. Paris,
1819. $3. -y

------------ Histoire de VAstronomie Moderne. 2 vols., 4to. JTaris,
1821. $5.

Histoire de V Astronomie au dix - huitième Siècle. 1 vol., 4to. Paris, 
1827. $3.

These histories by Delambrc consist principally of abstracts of the writ­
ings of all eminent astronomers, accompanied by a running comment 
tary, but without any attempt at logical arrangement Each work is 

xtaken up and passed through in regular order, nut it is only in the in­
troductory essays that general views of the progress of the science arc 
fo\iid.

30r X
i7
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Encke, J. F. : Die Entfernung der Sonne row der Erde aua dem Ve- 
nusdurchgange von 1761 hergeleitet. l2mo. Gotha, 1822.

------------ Der Venusdurehgatig von 1769. 12mo. Gotha, 1824.
These two little books contain Enckc’s researches on the solar parallax 

leading to the result 8".5776, and the distance of the sun 95,300,000 
miles. *

Ideler, Dr. Ludwig : Uandbuch der Math (mat indien und Technischen 
Chronologie. 2 vols., 8vo. Berlin, 1825.

An exhaustive and commendable work on the measures offline adopted 
in various countries, especially in ancient times.

Whewell, Wm. : History offhe Inductive Sciences. London.

Herschel, Sir John : Results of Astronomical Observations made 
during the Years 1834, ’5, ’6, ’7, ’8, at the Cape of .Good Hope. 1 
vol., 4to. London, 1847.

Struve, F. G. W. : Études <T Astronomie Stellaire. St. Petersburg, 
1847.

Grant, Robert: History of Physical Astronomy, from the Earliest 
Ages to the Middle of the Nineteenth Century. 8vo. Loudon, 1852.

Biot, J. B. : Études sur l’Astronomie Indienne et Chinoise. 
Paris, 1862.

8vo.

Lovering, Joseph : On the Periodicity of the Aurora. Memoirs 
of the American Academy of Arts and Sciences. Boston, 1859 
and 1865. —^

Olbers, W., and Galle, J. GA^Di'c teiehtsle und bequemste Methode 
die Bahn eines Cometen eu berechJtuu. 8vo. Leipzig, 1864.

This work contains a table of all orbits of comets computed, brought up 
to the end of 1863.

ZOLLNER, Dr. J. C. F. : Ucber die Natur der Kometen. 8vo. Leipzig, 
1872.

_ /t\
Dünring, Dr. E. : Kntische Geschichte der Principien der Mechanik. 

8vo. Berlin, 1873.

Todiiunter, I. : History of the Mathematical Theories of Attraction 
and the Figure of the Earth, from the Time of Newton to that of La 
Place. 2 vols., 8vo. London, 1873.

«
#

IT.—WORKS ON THE PHYSICAL ASPECTS OF TÏIE PLANETS?-J

Scitroeter, J. H. : Bcitrtigc eu den Neuesten Astronomisc)icn Mnt- 
deckungen. Hcrausgegeben von Bode. 3 Vols., 8vo. Berlin, 1788-
1800. r>. ^ f -

/
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SCHROfcTER, J. H. Selenotopogtraphischg Fragmente zur genauern 
Menntnins der Mondjtiivhe. 4to. Lilienthal, 1791. $3.

------------ Aphroditographische Fragmente zur genauern Kenntnm des
rianeten Venus. 4to. Helmstedt, 1796? $6.

Schroeter’s style was intolerably prolix and diffuse, so that a clear idea 
of the results he really attained involves no small labor. ^

Beer, W., and Mauler, J. II. : Physische Iieobachtungen des Mars 
bei seiner Opposition im September 1830'. 12uio. Berlin, 1830.

------------ Der Mond nach seinen kosmisehen und indiriduellen Ver-
haltnissen,oder Allgemeiny vergleichende Selenographie. 4to. Berlin, 
1837. $7.

This volume is accompanied by a large map of the moon, and is the 
most complete and celebrated work on selenography which has yet 
appeared. ' '

Beer, W., and Mauler, J. H. ; Beitragc zur phymsrhen Kentotnyis 
der himmlisehen Korper im Sonnensysteme. k4to. Weimar, 1841.

Züllner : Fhotometrische Untersuchungen » sondererf Riicksieht
auf die physisehs Beschaffenheit der Himmefskbrper. 8vo. Leip­
zig, 1865. \ |

Engelmann : Ueber die llelligkcitsrerhaltnisse der Jupitfrstrabanten.
8vo. Leipzig, 1871.

Vogel, H. C., and Louse : Beobaehtungen angestellt aJuf_ der Stei n - 
ivartc des Kammerherrn von Biilow zu Bothkamp. 3 pts., 4to. Leip­
zig, 1872-75. ,/

III.-UECENT TKEATISES ON SPECIAL SUBJECTS. *

The Sun. >

Proctor, R. A. : The Sun : Ruler, Fire, Light, and Life of the Plan­
etary System. 8vo. London, 1871.

Lockyer, J. N. : Contributions to Solar Physics. 8vo, Loudon, 1874.

Secciii, A. : Le Soleil. 2 vols., 8vo, with Atlas. Palis, 1875-77.
The latter is the most complete and beautifully illustrated treatise on 

the sun which has yet appeared.

Nasmyt Carpenter : -The Moon. Loiuffn; 1874.r
,ains vew beautiful illustrations of lunar scenery.

1 PnocTflfi, R. A. : The Moon: Her Motions, Aspects, Scenery, and
Physical Condition. Svo. London, 1873.

This work is illustrated with several of Mr. Ruthcrftird’s photographs.
;

z
J



Ne1.4on, Edmljn»i The Moon, and the Condition and Configurations 
of iti Surface. Illustrated. 8vo. Loudeti' 1876.

Principally (jtivotcd to selenography..

' ( • \ Transits of Venus. /y> *
Forbes, George* Transits of Fenus. London, 1874.

ProAor, R. A. : Transits of Fenus. A Popular Account of Past 
and Coming-Transits. 8vo. London, 1875.

titeoreTict^l AND PRACTICAL ASTRONOMY.

Loomis, Elias : An Introduction to Practical AstrefUomyylcUh a Col­
lection of Astronomical Tables. 8vo> New York, 1855.

Contains mqch information for the amateur astronomer.
Sawitch : Abriss der Practischen Astronomic\ 2 vois., 8vo. Ham­

burg, 1850.

RrÜnnow, 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. .
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GLOSSARY OF TECHNICAL TERMS OP 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 frequency meet with. The words in parenthe­
ses which sometimes follow a term express its literal signification.

Aberration (a tcandering-away). Generally applied to a real or, apparent 
deviation of the course of a ray of light. Especially (1) an apparent 
displacement of a star, owing to the progression motion of light com­
bined with that of the earth in its orbit, p. 211 ; (2) the defects of action of 
a lens in not bringing all rays to the same focus. The spherical aberration 
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. 

Achromatic (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-luminoqs body. When the albedo of a body is said to be 0.6, it 
means that it reflects of the incident light.

Alidade. A movable frame carrying the microscopes or verniers of a grad­
uated circle. Not generally used in instruments of recent construction. 

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, or"tEi perihelion, and the other to the planet, and the an­
gle between thcscMines Will be the anomaly of the planet.

Anomalistic. Pertawûug to the anomaly. The anomalistic year is the 
period between t^o^onsecutive returns of the earth to its perihelion. 
It is about 4' 15" longer than the sidereal year.
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Ansae (handles). The apparent ends of the rings of Saturn, which 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 farthest from 
the sun.

Apogee. The point of an orbit1'in which the planet is farthest from the 
* earth. In the ancient astronomy the planets were said to he in apogee 

when beyond the sun, and therefore at their greatest distance from the 
earth ; but the term is now applied only to the most distant point of 
the moon’s orbit.

Apsis (pL Apsides). The two points of an orbit which are nearest to, and 
farthest from, the centre of motion, called, respectively, the lower and 
higher apsis. The line of apsides is that whiqh joins these two pptnts, 
and so forms the major axis of an elliptic orbit. The term isfnow near­
ly superseded by the more special terms aphelion, perihelion, perigee, etc. 
See Elements. 0

Armillary Sphere. A combination of c ire tew, used before the invention of 
the telescope for determining the relative directions or apparent posi-

. tions of the heavenly bodies on the celestial sphere. It is now entirely 
out of use. See p. 105. ^

Astrôlabe. A simple form of arm illary sphere used by the ancient as­
tronomers.

Azimuth. The angular distance of a point of the horizon from the north 
or south. The azimuth of a horizontal line is its deviation from the 
true north and south direction. The azimuth of the east and west 
points is 90°.

Binary System. A double star, in which the two components are found
, to revolve round each other.
Binocular (tiro-eyed). Applied to a telescope or microsco^Jiu which both 

eyesxan be used at once, as an opera-glass.
Black Drop. A distortion of Mercury or Venus at the time of inf&tnal 

contact with the limb of the sun. Sec p. 179.
Centesimal. Reckoning by hundreds. Applied to those denominational 

systems in wTiioli each unit is one hundred times that next below it. 
The centesimal division of the angle is one in which the quadrant is 
divided into Î00 degrees or grades, the grade into 100 minutes, and the 
minute into 10(fseconds.

Chronograph (time-mark). An instrument for measuring time by mark­
ing on a Tnoving paper (see p. 155). Time is then represented by 
space passed over.

Circle, Great A circle which divides the sphere into two equaf hemi­
spheres, as the equator and the ecliptic.
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Colurea The four principal meridians of the celestial sphere, all of which 
pass from the pole, and one of which passes through each equinox, and 
one through each solstice. They mark the circles of 0h, 66,12b, and 18*1 

. of right ascension, respectively.
Conjunction (a joining). The nearest apparent approach of two heavenly 

bodies which seem to pass each other in their course. They are com­
monly considered as in conjunction when they have the same longitude. 
The term is applied especially in the case of a planet and the sun. The 
nearest approach is called superior conjunctiou 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 be in inferior conjunction.

Cosmical. Relating to creation at large, in contradistinction to terres­
trial, which relates to the earth. By a cosmical phenomenon is meant 
one which has its origin outside the earth aud its atmosphere.

Culmination. The passage of a heavenly body over the meridian of a 
place. This passage may be considered as occurring twice in a day, 
once above the pole, and again below it, twelve hours later. The for­
mer is called the upper, the latter the. lower, culmination. The upper 
culmination of the sun occurs at noon, the lower at midnight.

Cusps (points). The pointed euds of the seeming horns of the moon or 
of a planet wheu it presents the appearance of a crescent.

Cycle (circle). A period of time at the eud of which any aspect or rela­
tion of the heavenly bodies recurs, as the MetonitTCycle.

Declination. The angular distance of a heavenly body from the equator. 
Whffifnorth of the equator, it is said to be in north declination ; other­
wise, in south declination.

Deferent In the ancient astronomy the mean orbit of a planet which 
was supposed to carry the epicycle. It is represented by the dotted 
circles in Figs. 10 and 11, pp. 38 and 39.

Dichotomy (a cutting in two). "* The aspect of'a planet when half illumi­
nated, as the moon at first and last quarter.

Digit The twelfth part of the diameter of the sun or moon, formerly 
used to express the magnitude of eclipses. Sec p. 28.

Dip of the Horizon. At sea, the depression of the apparent horizon be­
low the true level, owing ,tto the height of the observer’s eye above the 
water.

Direct Motion. A motion from west to east among the stars, like that 
of the planets in general. 4

Eccentric. In the ancient astronomy, a circle of which the centre was 
displaced from the centre of motion. See p. 42, Fig. 13.

Eccentricity. See ElemmÊt.
Ecliptic. The apparent path of the sun among the stars, described in 

Patt I., Chap. I., $ 3. Sec p. 13.
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Egress (a going forth). The end of the apparent transit of one body over 
another, when the former seems to leave the latter.

Elements. In general, the data for predicting an astronomical phenome­
non. Especiallyfthe 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 C8 between the centre
and focus of the ellipse to the mean distance. •

These two elements determine the size and form of the elliptic orbit 
of the planet.

Fio. 112—Diagram illustrating elliptic elements of a planet

3. The longitude of the ascending node, which gives the direction of * 
the line in which the plana of the orbit intersects that of the ecliptic, or 
the angle which this line makes with the vernal equinox.

4. The inclination of the plane of the orbit to that of the ecliptic.
5. The longitude of the perihelion, P,'for which is taken the longitude 

of the node, plus the angular distance from the node to the perihelion, 
as seen from the sun.

These three quantities determine the position of the orbit in spaeq.
6. The mean longitude of the planet a(j some given epoch, or the time 

at which it passed the perihelion, P. /
To these six the time of revolution, or mean angular motion ity a day 

or year, is usually added ; but as this can always be determine^ from 
the mean distance, aud vice versa, by Kepler's third law, the two are not 
regarded as independent elements.

The quantities we have described are usually represented by algebraic 
symbols, as follows : «

o, the mean distance. s> or n, the longitude of the perihelion.
e, the eccentricity. «, the mean longitude at some epoch.
« or n, the longitude of the node, 
i or ip, the inclination.

n, the mean motion.
<«, the distance from u5dc to perihelion. \

y
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Ellipticity. Deviation from a truly circular dr spherical form, so as to 
become an ellipse or spheroid. An orhit is said to he more elliptic the 
more it deviates from a circle.

Elongation. The apparent angular distance of a body from its centre of 
motion, as of Mercury or-Venus from the sun, or of a satellite from its i. 
primary.

Emersion (a coming out). The reappearance of an object after being 
eclipsed or otherwise hidden from view.

Ephemeris. A table giving the position of a heavenly body from day to 
day, in order that observers may know where to look for it. Applied 
also to an astronomical almanac giving a collection of such tables.

Epicycle. In the ancient astronomy, a small circle the centre of which 
moves round on the circumference of a larger one, especially the circle 
in which the three outer planets seemed to perform an annual revolu­
tion in consequence of the revolution of the earth around the sun.

Equation of the Centre. The angular distance by which a planet mov­
ing in an ellipse is ahead of or behind the mean position whieh it 
would occupy if it moved uniformly. It arises from the eccentricity of 
the ellipse, vanishes at perihelion and aphelion, and attains its greatest 
value nearly half-way between those points.

Equation of Time. See p. 164. ^
Equator. The great circle half-way between the two poles in the earth 

or heavens. The celestial equator is the line EF in Fig. 3, p. 12. Syj 
also pp. 62, and 146,147.

Equatoreal A telescope mounted so as to follow a star iu its-epparent 
diurnal course, as described on p. 119.

Equinox. Either of the £syo ponjts in which the sun, in its apparent an­
nual course among the',stars, crosses tjre equator. So called because the 
days and nights are, when the sun is at those points, equal.

Evection. An inequality in virtue of which the moon oscillates about 
1J° on each side of her mean position iu a period of 31 days 19 hours.

Eye-piece, of a telescope. The small glasses nearest to the eye) which 
magnify the image. See pp. 110 and 118.

Faculæ (mall torches). Groups of small shining spots on the surface of 
the sun which are brighter than other parts of the photosphere. They 
are generally seen in the neighborhood of the dark spots, and are sup­
posed to he elevated portions of the photosphere.

Filar (made of thread). Applied to micrometers made of spider lines.
Focus (a fireplace). A point in w hich converging rays all meet. The 

focus of a telescope is the point at which the image is formed. See p. 109.
Geocentric. Referred to the centre of the earth. The geocentric posi­

tion of a heavenly body is its position as seen or measured from the 
earth’s centre.
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Geodesy. The art or science of measuring the earth without reference 
to the heavenly bodies.

Gnomon. In the old astronomy, the style of a sundial or any object the 
shadow of which is measured in order to learn'the position of the sun.

Golden Number. The number of the year in the Metonic 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 suriset as they could be observed.

Heliocentric. Referred to the sun as a centre. Applied to the positions 
of the heaveuly bodies as seen from the sun’s centre.

Heliometer. An instrument iu which the object-glass is sawed intq_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, but by sliding one part on the other 
they may be separated as far as is desired for the purposes of measure­
ment. It is much used in Germany for measuring distances too great 
for the application of a filar micrometer.

Heliostat. An instrument in which a mirror is moved by clock-work in 
such a way as to reflect the rays of the sun in a fixed direction, notwith­
standing the diutnal motion.

Heliotrope. An instrument invented by Gauss for throwing a ray of sun­
light in 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.

Immersion (a plunging in). The disappearance of a body iu the shadow 
of another, or behind it.

Inclination, of an orbit. See Elements.
Ingress (a going in). The commencement of the transit of one body over 

the face of another.
Latitude. The angular distance of a heavenly body from the ecliptic, as 

declination is distance irom the equator.
Libration (a slow sunnging\as of a balance). The seeming slight oscillations 

of the moon around hcrjaxis, by which we sometimes see a little on one 
side of her, and sometimes on the other.

Longitude. If a perpendicular be dropped from a body to the ecliptic, its 
celestial longitude isithe distance of the foot of the perpendicular from 
the vernal equinox counted towards the east.

duration is 29^ days, or, more exactly, 29.5305879/days.
Mass, of a body. The quantitjsof matter contained iu it, as measured
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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 mass 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 through that place, or, the great circle in which 
this plane intersects the celestial sphere. It passes through the pole, 
the zenith, and the npfrtli 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.

Metonic Cycle. See p. 48.
Micrometer (small measurer). Any instrument for the accurate measure­

ment of very small distances or angles.
Nadir. The point of the celestial sphere directly beneath our feet, or the 

directiou exactly downwards. .
Node. "The point in which an orbit intersects the ecliptic, or other plane 

of reference. See Elements, aud p. 23.
Nutation. A very small.oscillation of the direction of the 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 poles, as iu the case of the earth.

ObliquityVf the Ecliptic. The inclination of the plane of the equator 
to that of the ecliptic, which is equal to half the difference between the 
greatest meridian altitude of the sun, which occurs about June 21st, and 
the least, which occurs about December 21st. At the beginning of 1850 
its value was about 23° 27^', aud it is diminishing at the rate of about 
47" per century.

Occultation (a hiding). The disappearance of a distant body through the 
interposition of a nearer one of greater angular magnitude. Applied 
especially to the case of the moon passing over a star or planet, aud to* 
that of Jupiter hiding one of his satellites.

Opposition. The relation of two bodies in opposite directions. (The 
planets are said to be in opposition when their longitude differs 180° 
from that of the sun, so that they rise at sunset, and set at sunrise.

Orbit. The path described by a planet around the sun, or by a satellite 
around its primary planet.

Parallax. The difference of direction of a heavenly body as seen from
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two points, as the centre of the earth and some point oh its surface. 
See Part II., Chap. III., $ 1.

Parallel» 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° from the north 
pole. See Fig. 45, p. 147. "

Penumbra. A partial shadowing. \ Applied generally in cases where 
light is partially, but not entirely, cat off.

Peri- (near). A general prefix to dénoté the point at which a body revolv­
ing in orbit comes nearest its centre bf motion ; as, perihelion, the point 
nearest the sun; perigee, that nearest the earth; peri- Satyrnium, that 
nearest the planet Saturn, etc.

Perturbation. A disturbance in the regular elliptic or other motion of a 
\ heavenly body, produced by some force additional to that which causes 

its regular motion. The perturbations of the planets are caused by 
their attraction on each other.

Photometer (light-measurer). An instrument for estimating the iuteusity 
of light. The number of kinds of photometers is very great.

Precession of the Equinoxes. A motion of the pole of the eqi&tor 
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 therefore 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. 390.

Refraction (a breaking). The bending of a ray of light by passing through 
f a medium. Astronomical refraction means the refraction of the light of a 

heavenly body caused by the atmosphere, as described on p. 300.
Retrograde (backward). Applied to the motion of a planet from cast to 

west among' the stars. * >
Saros. A period or cycle of 18 years 11 days, in which eclipses recur. 

See p. 30.
Scintillation (a twinkling). The twinkling of the stars.
Secular (relating to the ages). Applied to those changes in the planetary 

orbits which require immense periods for their completion. See p. 95.
Selenography. A description of the surface of the moon, as geography is 

a description of the earth’s surface. We might call it lunar geography 
but for the etymological absurdity.

Sexigesimal. Counting by sixties. Applied to those denominate sys­
tems in which one unit is sixty times the uifct inferior one, as the usual 
subdivision of time and arc.

//
V'
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A rial, the Ram. 
Taurus, the Bull. 
Gemini, the Twi/ie. 
Cancer, theOr^
Leo, the Vp 
Virgo jffie Virgin.

Sextant. The sixth part of a circumference. Also an instrument much 
used in practical astronomy and navigation,for the ready measurement of 
the angular distance of two points, or of the altitude of a heavenlySody. 

Sidereal. Relating to the stars. Sidereal time is time measured by the 
diurnal revolution o[ the stars. Each unit of sidereal time is about 
^jtgth part shorteT/dian the usual one. See p. 150.

Signs of the Zodiaé. The twelve equal parts iuto which the ecliptic or 
zodiac was divid id by the ancient astronomers. These signs, begin­
ning at the verna equinox, are :

Libra, the Balance.
Scorpius, the Scarplon.
Sagittarius, the Archer.
Capricomus, the Goat.
Aquarius, the Water-bearer.
Pisces, the Fishes.

BolaticejC\standing-poinls of the sun). Those points of the ecliptic which 
apa'most distant from the equator, and through which the sun passes 

/about June 21st and December 21st. So called because the sun, having, 
(then attained its greatest declination, stops its motion in declination, 

1 atid begins to return towards the equator. , The two solstice#are desig­
nated as tïosG 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 3G5 days correspond­
ed in succession to all the seasons. The equinoctial year being supposed 
to be 365J days, this period would bé 14G1 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 of direct and retrograde motion when th^y appear 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 falls short of that of the earth round the sun, while its synodic 

j period is the time which elapses between two consecutive returns to 
inferior or superior conjunction, or to opposition.

Syzygy. The points of th^moon’s orbit in which it is eitherjlew moon or 
full moon. The line of (the syzygics is that which passes through these 
points, crossing the orbit Of the moon.

Terminator. The bounding jlinc between light mid darkness on the moon 
or a planet. J

Transit (a passing across). /The passage of an object across setnc flfcsd line, 
as the meridian, for example, or between the eye of an bbserveyimd an 
apparently larger object beyond, so that the nearer object appears on 
the face of the more distan^one. Applied especially ^passages ofMer-
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cury and Venus over thèMiçk of the sun, and of the satellites of Jupiter 
over the disk of the planet.--'*

Trepidation. A slow oseillation of the ecliptic, having a period of 7000 
ycarq, j#nagiued hy the Arabian astronomers to account for the discord­
ance in the deteyniuatioyS of the precession of the equinoxes. In con­
sequence of this motion the equinox was supposed to oscillate backward 
audv forward through a space of about twenty degrees. The trepidation 
continued to figere in astronomical tables until the end of the sixteenth 
century, but it iiMOw 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.

Vertical, Angle o£ The small angle by which the real direction of the 
earth’s centre from any point on its surface differs from that which is 
directly downward, as indicated by the plumb-line. It arises from the 
elipticity of the earth, vanishes at the equator aud poles, and attains its 
greatest value of about 12' at the latitude of 45°.

Vortex (a whirlpool) ; pi. Vortices. The theory of vortices is that which 
assumed the heavenly bodies to be carried round in a whirling fluid. 
See p. 72.

Zenith. The point of the celestial sphere which is directly overhead, and 
from which a plumb-line falls. The geocentric zenith is thê 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 elliptic!ty of the earth. See Vertical, 
Angle of.

Zodiac. A belt encircling the heavens on each side of the ecliptic, within 
which the larger planets always remain. Its breadth is generally con­
sidered to bo about sixteen degrees—eight degrees on each sidfe the 
ecliptic. In the older astronomy it was divided up into twelve parts,

' called signs of the zodiac.
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EXPLANATION OF THE STAIÇ MAPS.

These maps show all the stars to the fifth magnitude inclusive be­
tween the north pole and 40° south declination, the middle of each map 
extending to 50° declination. They therefore include all the stars which 
can be readily seen with the naked eye in our latitudes, except the very 
smallest. They are, for the most part, founded on Heis’s Atlas Cœlestis 
and the catalogue accompanying it.

To recognize the constellations on the maps, reference may bo had to 
the descriptions on pp. 418-4*4fi. To find what constellations are on the 
meridian at any hour of any day in the year, it will be necessary to cal­
culate the sidereal time by the precepts on p. 151 : the corresponding hour 
of right ascension is then to be sought around the margin of Map I., and 
at the top and bottom of the other maps. Then, if Map I. be held with 
this hour upwards, it will show the exact position of the northern constel­
lations, while on Maps II.-V. it will show the position of the meridian. 
Each of these four last maps extends about from the zenith to the south 
horizon.

The several dates on the ecliptic show the positions of the sun during 
its apparent annual course as described in part i., chap, i., $ 3, and ex­
plained on pp. 54, 55. The apparent path of the moon in 1877 is marked 
out, in order to illustrate § 6, p. 21.

To illustrate precession, the position of the equator 2000 years ago is 
shown on Map II., where it can be compared with the present position, 
marked 0° ou the sides of Maps II.-V. For the same object the circle 
which the celestial pole seems to describe around the pole of the ecliptic 
in 25,000 years is shown on Map I.

The small circles marked here and there on the maps show the positions 
of the more remarkable nebula) and star clusters, a list of which is given 
in No. III. of the Appendix.
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ADDENDUM II.—THE SATELLITES OF MARS.

While this work is passing through the press, one of the most remark­
able telescopic discoveries of the century has been made by Professor 
Asaph Hall, of the Naval Observatory, Washington. On the night of 
Ailgust 1.1th, 1877, he was searching in the neighborhood of Mars for a pos­
sible satellite, and found a small object about 80 seconds east of the planet. 
Cloudy we; the$,^>revented further observation at that time, but on the 
night of the 16th it w^s again seen, and two hours’ observation showed 
that it ^fallowed the planet in its apparent orbital motion. This showed 
conclusively that it was not a fixed star, aud must therefore be a satellite 
of Mars, unless, by chance, one of the group of small planets between Mais 
and Jupiter happened to occupy this position. Examining an ephemeris, it 
was found that the small planet Europa was calculated to be only 2 or 3 
degrees distant from Mars ; and if the ephemeris were erroneous by this 
amount, the object observed might be this very body. This seemed ex­
tremely improbable, but the possibility of it was sufficient to deter Pro­
fessor Hall from announcing his discovery until the question oofild be set­
tled by another observation. A rough calculation from the observed posi- ■ 
tions of the satellite, and the known mass of Mars, showed that the period of 
revolution would probably no,t be far from 29 hours ; and that if the object 
were a satellite, it would be hidden during most of the following ni^ht, 
but would reappear near its Original position towards morning. Qn the 
other hand, if the object were the small planet Europa, it would, on the 
next evening, be a little south-east of the planet. i

The following night was beautifully clear, and when Mats rose high 
enough to be well seen, the telescope was pointed at it. A su^all star was 
soon seen quite near the computed position of the hypothetical small 
planet, while no satellite was visible. But a few minutes /of observation 
with the micrometer showed that 19ars was passing by this object, and 
that the latter was therefore a fixed star, and not the moving object seen 
on the preceding night. The appearance of the satellite was therefore 
looked for with much confidence, and at four o’clock on the following 
morning it emerged from the rays of the planet as predicted, so that no 
reasonable doubt of its character could remain.

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 abun­
dantly confirmed by observations on the following nights, not only at 
Washington, but at the Cambridge Observatory, by Professor Pickering 
and his assistants, and at Cambridgeport, by Messrs. Alvan Clark & Sous.



566 ADDENDUM II.—THE SATELLITES OF MARS.

The most extraordinary feature of the two satellites is the proximity of 
the inner one to the planet, and the rapidity of its revolution. The shortest 
period hitherto known is that of the inner satellite of Saturn—22 hours 
37 minutes. But the inner satellite of Mars goes round in 7 hours 38 min­
utes. Its distance from the centre of the planet is about 6000 miles, and 
from the surface less than 4000. If there are any astronomers on Mars 
with telescopes and eyes like ours, they can readily find out whether this 
satellite is inhabited, the distance being less than one-sixtieth that of the 
moon from us.

That kind of near approach to simple relationships between the times 
of revolution is found here which we see ity the satellites of Jupiter and 
Saturn. The inner satellite of Mars revolves in very nearly one-fourth the 
period of the outer one, these times being,

Outer satellite........................................... ..........................................30h. 14m.
One-fourth this period......................................................................... Th. 83*m.
Period of inner satellite..................................................................... 7h. 38m.

These satellites may also be put down as by far the smallest heavenly 
bodies yet known. It is hardly possible to make anything like a numeri­
cal 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 esti­
mate can be founded is the amount of light which they give. The writer 
judged the magnitude of the outer one to be between the eleventh and 
twelfth. According to the estimate of Zollner, Mars itself, at this opposi­
tion, is three magnitudes brighter than a first-magnitude star. The differ­
ence of brilliancy between Mars and the outer satellite is, therefore, repre­
sented 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 are of the same light-reflecting power, the diameter 
of the satellite would be from 6 to 10 miles. It may be as small fis 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 outer one, and its diameter prob­
ably lies between 10 and 40 miles. -

The following are the first rough elements of the apparent orbit of the 
outer satellite, supposing it circular. The distance of the inner one is 33".

TIIE,OUTER SATELLITE.

Major semi-axis of apparent orbit seen at distance [9.5930]...........82".5±0".5
Minor semi-axis of apparent orbit seen at distance [9.5930]...........27".7 ± 2".
Major semi-axis of orbit seen at distance unity............................... 32".3
Position angles of apsides of apparent orbit.................................... 70°, 250°+2°
Passage through the west apsis (p=250°), Ang. 19,16\6, W. m. t.
Period of revolution............................................................................. 30h 14™ ±2™
Hourly motion in areocentric longitude............. .............................11°.907
Inclination of true orbit to the ecliptic.............................................  25°.4±2°
Longitude of ascending node.............................................................. 82°.8 + 3°
Position of pole of orbit in celestial sphere............... Long. 352°.S R. A. 316.1

Lat. +64 6 Decl. +53.8
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