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PREFACE.

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 resultg «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. e hopes that the earlier chapters will, for the most
part, be readily understood by any omne 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 yusg of technical terms, a

Glossary has been added, includipg, it {8 believed, all that

are used in the ])i‘('h‘(‘!]t work, as wtv]l as ja number of others
which may be met with elsewherg.

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-
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tions and 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. The subject of the

general structure and probable development of the universe,

which, in strictness; might pe congidered as belonging to the

first part, is, of necessity, treated last of all, because it re-
quires all the light that can be thrown upon it from every
available source. Matter admitting of presentation in-tabular
form has, for the most part, been collected in the Appendix,
where will be found a number of brief articles for the use
of both the general reader and the amateur astronomer.

The aulhor has to acknowledge the honor dorfe Lim by
several eminent astronomers in making his work more com-
plete and interesting by their contributions. Owing to-the
great interest which now attaches to the question of the con-
stitution of the sun, and the rapidity with which our knowl-
edge 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. FatherSecchi, of Rome; M. Faye, of Paris;
Professor Young, of Dartmouth College ; and Professor Lang-
ley, of Allegheny Observatory—have, at the author’s request,
presented brief expositions of their theories, which will be
found in their own language in the chapter on the sun.

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

PART I.—THE SYSTEM OF THE WORLD
HISTORICALLY DEVELOPED.

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.
[n 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 gr(*atﬁfmronomm‘s 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-
versal gravitation was founded by Newton upon the laws of
Kepler, the observations and measnrements of his French con-
temporaries, and the geometry of Apollonins. 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 =oon find ourselves among
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the mediseeval Arabs. The discovery of the true system of
the world by Copernicus was only possible by a careful study
of the laws of apparent motipn ef thé planets as expressed in
the epicycles of Ptolemy and Hipparchus. Indeed, the more
:arefully one studies the great work of Copernicus, the more
surprised he will be to find how completely Ptolemy furnished
himn 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
:aused by the moon entertig 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 systerh of astronomy strongly
marked by the peculiar characterof 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 conntry at a very early age. Some of
these events must be. entirely mythical ; as, for instance, the
despatch of astronomers to the four points of the compass for
the purpose of determining the equinoxes and solstices. 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. DBut, neglecting this 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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which the earth was placed.

INTRODUCTION.

gone so far as to fix the date of this occurrence, which is vari
ously plaged 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. i

In the Ilindoo astronomy we see the peculiarities of the
contemplative Hindoo mind strongly reflected. IHere 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, but' by calculating
back the position of the planets, yet the very fact that they
were able to make this calculation shows that the motions of
the planets must have been observed and recorded during
many generations, either by the Hindoos themselves, or some
other people from whom they acquired their knowledge. As
a matter of fact, we now know from our modern tables that
this conjunction was very far from being exact; but its error
could not be certainly detected by the rude observations of the
times in question.

Among a people so prone as the ancient Greeks to speculate
upon the origin and nature of things, while neglecting the ob-
servation of matural phenomena, we cannot expect to find any-
thing that can be considered a system of astronomy. But there
are some ideas attributed to Pythagoras which are so frequent-
ly alluded to, and so closely connected with the astronomy of
a subsequent age, that we may give them a passing mention.
[le is said to have tanght that the heavenly bodies were sét
in a number of crystalline spheres, in the common centre of
In the outer of these spheres
were set the thousands of fixed stars which stud the firma-
ment, while each of the seven planets had its own sphere. The
transparency of each crystal sphere was perfect, so that the
bodies set in each of the outer spheres were visible throuch
all the inner ones. These spheres all rolled round on each
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other in a daily revolution, thus causing the rising and setting
of the heavenly bodies. This rolling of the spheres on each
other made a celestial music, the “music of the spheres,”
which filled the firmament, but was of too elevated a char-
acter to be heard by the ears of mortals.

It must be admitted that the idea of the stars being set in a
hollow sphere of crystal, forming the vault of the firmament,
was a very natural one. They seemed to revolve around the
arth every day, for generation after generation, without the
slighgest change in their relative positions, If there were no
solid connection between them, it does not seem possible that
a thousand bodies could move around their vast circuit for
such long periods of time without a single one of them vary-
ing its distance from one of the others. It is especially diffi-
cult to conceive how they could all move around the same
axis. DBut 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, althongh the theory served him no pur-
pose whatever. Faint traces of the idea are seen here and
there in Kepler, with whom it vanished from the mind of the
race, as the image of Santa Clans disappears from the mind of
the growing child. '

Pythagoras is also said to have taunght 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. Dut 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. Tt 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-
my the astronomy off{our own time may be considered as com-
ing by direct descent/ Still, were it not for the absence of his-
toric records, we could probably traee 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 wasethe 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 Ilipparchus, the general
theory of the structure of the universe, or “system of the
world,” as it is frequently called, exhibits three great stages of
development, each stage being marked by a system quite dif-
ferent flé)lll 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 earth is ignored, and the appar-

ent motions of the stars and planets around it are all regarded
as real.
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2. The Copernicgn gystcm, in which it is shown that the sun
is really the (:cntn(nf the planetary motions, and that the earth
is itself a planet, both-turning on its axis and revolving round
the sun.

3. The Newtonian system, in which all the celestial motions
are explained by the one law of universal gravitation.

This natural order of develepment shows the order in which
a knowledge of the structure of the universe can be most
clearly presented tg Ahe mind of the general reader. We
shall therefore expfdin 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 evety 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 he will see in their aspects if he contin-

nes his watch through months and years. DBy combining the

apparent motions thus learned, he forms for himself the an-
cient, or Ptolemnaic, system of the world. Having this system
clearly in mind, the passage to that of Copernicus is but a
step. It consists only in showing that certain singular oscilla-
tions which the sun and planets seem to have in common are
really due to a revolution of the earth around the sun, and
that the apparent daily re\'(»lut'{(m of the celestial sphere arises
from a rotation of the ecarth 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. Sueh is the course of thought to
which we first invite the reader.
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THE CELESTIAL SPHERE

CIIAPTER 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 hehds , 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
carth were out of the way, or were perfectly transparent, we
could trace the vault downwards on every side to the point
beneath our feet, and could see sun, moon, and stars in every
direction. The celestial vault above us, with tllq‘ 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 fmm us.
/It matters not how large we suppose this sphere, so ) ng
we always suppose the observer to be in the centre of}it, so
that it shall surround him on all sides at an equal ditance.
But in the langnage and reasoning of exact astronomy it is
always supposed to be infinite, as then the ul»:ox‘\( r may con-
ceive of himself as transported to any other }‘(&lf even to one
of the heavenly bodies themselves, and still be fo

r all practical
purposes, in the centre of the sphere. In tln@-(“N‘ however,

the heavenly bodies are not considered as ﬁq(uh( d to the cir-
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Q
cumference of the infinite sphere, but only as lying on the line
of sight extending from the observer to some point of the
sphere. Their relation to it may be easily understood by the
observer conceiving himself to be luminous, and to throw out
rays in every direction to the infinitely distant sphere. Then
the apparent positions of the various heavenly bodies will be
those in which their shadows strike the sphere. For instance,
the observer standing on the earth and looking at the moon,

Fia. 1.--Section of the imaginary celestiul sphere. The observer at O, looking at the
stars or other bodies, marked p, q, r, 8, t, u, v, will imagine them situated at P, Q, R, S,
T, U, 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 trans
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THE DIURNAL MOTION. )

port himself, he would see the earth and the other planets pro-
jected on this imaginary sphere precisely as we always seem
to see the heavenly bodies so projected.

This is all that is left of the old crystalline spheres of Py-
thagoras by modern astronomy. From being a solid which
held all the stars, the sphere has become entirely immaterial,
a mere conception of the mind, to enable it to define the di-
rections in which the heavenly bodies are seen. DBy examin-
ing the figure it will be clear that all bodies which lie in the
same straight line from the observer will appear on the same
point of the sphere. For instance, bodies at the three points
marked ¢ will all be seen as if they were at 7.

8 2. The Diwurnal Motion.
(3]

If we watch the heavenly bodies for a few hours we shall
always find them in motion, those in the €ast rising upwards,
those in the south moving towards the west, and those in the
west sinking below the horizon. We know that this motion
is only apparent, arising from- the rotation of the earth on its
axis: but as we wish, in this chapter, only to describe things
as they appear, we may speak of the motion as real. A few
days’ watching will show that the whole celestial sphere seems
to revolve, as on an axis, every day. It is to this revolution,
carrying the sun alternately above and below the horizon, that
the alternations of day and night are due. The nature and
cffects 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 whieh, being sitnated lit-
tle more than a degree distant, describes so small a circle that
the unaided eye cannot see any change of place without mak
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ing some exact and careful observation. This is therefore 1
called the pole star. The pole star can neayly always be very - < 1 1
readily found by means of the pointers, tw0 stars of the con- ' 1
stellation Ursa Major, the Great Bear, or, as it is familiarly C ¢
. . » . “
alled, the Dipper. By referring to the figure, the reader will ‘ i
readily find this constellation, by the dotted line from the pole p
and thence the pole star, which is near the centre of the map. o
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"m . . .
“# T'he altitude of the pole is equal to the latitude of the place. 1
In the Middle States the latitude is generally not fap from the
it | forty degrees; the pole is therefore a little nearer to the hori- acal
;‘ . @n than to the zenith. In Maine and Canada it is abont half- : ['."“l
‘ $ way Dbetween these points, while in England and Northern be t|
Europe it is nearer the zenith. : P
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Now, to see the effect of the diurnal motion near the pole,
let us watch any star in the north between the pole and the
horizon. We shall soon see that, instead of moving from ‘east
to west, as we are accustomed to see the heavenly bodies moye,
it really moves towards the east. After passing the north
point, it begins to curve its course upwards, until,in the north-
ast, 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 the upper culminatian,
and that below it the lower one. The course around the pole
is shown by the arrows on Fig.2. We cannot with the naked
eye follow it all the way round, on account of the intervention
of daylight; but by continuing our watch every clear night for
a year, we shonld see it in every point of its course. A star
following the course we have described ncver sets, but may be
seen every clear night. If we inagine 2L“(5il'c1(§‘d -awn round
the pole at such g distance as just to touch the horizon, all the
stars situated within this circle will move in this way ; fhis 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. The possibility of a body rising so
soon after having set does not always occur to those who live
in I‘\“(lmmv latitudes. In July, 1874, Coggia’s comet set in-
the morth-west about nine o’clock in the everiing, and rose
again about three o’clock in the mowing ; and some intvllighm
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

7
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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 aud the line L. When we reach the equator
one-half the course will be above and one-half below the hori-
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FiG. 3.—The celestial sphere and diurnal motion. & is the south horizon, N the north hori-
zon, Z the zenith. The circle LN around the north pole contains the stars thown 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
metion in the west.

zon. South of the equator the circles described by the stars
become smaller once more, and more than half their course is
below the horizon. Near the south hdrizon the stars only show
themselves above the horizon for a sh®rt time, while below it
there is a circle of perpetnal 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 sitnated
in its centre, just as the north pole is in the centre of the other.

[f we travel southward we find that the north pole gradually
sinks tgwards the horizon, while new stars come into view above
the soyth horizon ; consequently the circles of perpetual appari-
tion and of perpetual disappearance both grow smaller.* When
we rgach the earth’s equator the south pole has risen to the
south ‘horizom,-the north pole has sunk to the north hori-
zon ; the celestial gquator 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 lmrim;’ These circles aré all vertical.

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

The laws of the diurnal motion which we have described
may be summed up as follows:

1. The celestial sphere, 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 pole, which is diametrically apposite, and thereforeg
below the horizon.

3. All the fixed stars during this revolution move together,
keeping at the same distance from eaeh 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.

Q

§ 3. Motion of the Sun among the Stars.

The most obvious classification of the heavenly bodies which
we see with the naked eve is that of sun, moon, and stars.

Dut there 1s also this difference among the stars, that while the
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great mass of them preserve the same relative position on the

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

are five which constantly change. their positions 1(]1(1\01\ to
the others. Their names are ’\1( reury, Venus, Mars, .lul»mx
and Paturn. These five, with the sun (md moon, constitute the
sepgn planets, or wandering stars, of the ancients, the motions
é\\'hich are next to be described. Taking out the seven
planets, the remaining heavenly bodies visible to the naked
eye are termed the Fixed Stars, because they have no appar
ent motion, except the regular diurnal revolution described in
the, last: section. DBut if we note the positions of the sun,
moon, and planets among the stars for a number of successive
nwhhx, 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
secking for the apparent diurnal motion, but only certain
much slower motions of the planets u]‘m\(* to the fixed stars,
such as would be seen if the earth did not rotate on its axis,
. 1f we observe, night after night, the exagt hour and minute
at which a star passes any point by its diurnal revolution, we
shall find that passage to occur some four minudes earlier
every evening than it did the evening before. The starry
sphere therefore revolves, not in 24 hours, but in 23 hours
56 minutes. In consequence, if we hote.its pn\lﬁMl at the
same hour night after night, we shall find it to be farther and
farther to tho west. Let us take, for example, the bhifghtest
star in the constellation Leo, represented on Map IIIL, and,
commofily known as Regulus. If we watch it on the 22d n{
March, we shall find that it passes the meridian at ten o’clock
in the evening. On April 22d\it passes at eight o’cloek, and
at ten it is two hours west of the meridian. On the same d: ay
of May it passes at six, before sunset, so that it cannot be seen
on th(- meridian at all. When it firsg becomes visible in the
evening twilight, it will be an hour or more west of the we-
ridian.  InJune it will be three hours west, and by the end of
July it will set during twilight, and will soon be entire 1y Tost
in the rays of the sun. This shows that during the months i in
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MOTION OF THE SUN AMONG THE STARS. 15
\ s
questign the sun has been appre niu-hing the star from the west,
and in August has got so near it that it is no longer visible.

Carryingf forward our cdmputation, we find that on August
21st the star crosses the meridian at noon, and therefore at
nearly the same time with the sun. In Septembgr it crosses
at ten in the morning, while the sun is on the eastern side.
The sun has therefore passed from the west to the east of the
star, and the latter can be seen rising in the morning 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. DBut, while the
sun has risen and set 365 times, the star has risen and set 366
timges, 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 Regulus rise on the morning of
Augud20th, 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 fizure. .
Watching the star all day, we should find m D
fhat at sunset it was north from the sun, £% 71
as from oircle No. 2. The sun would

during the day'have moved nqarly its own

Fia. 4.—Motion of the sun
past the star Regulus
about August 26th of

diameter. Next morning we should have SIS

seen that the sun had gone past the star into position 3, so

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

set it would have advanced to position 4, and, so forth. The
path which /the sun describes among the stars in his annual
revolution is called the ecliptic. It is marked down on Maps

[I, IIL, IV, and V., and the months in whigh the sun passes

through each portion of the ecliptic are :1\.\(» indicated. A

belt of the heavens, extending a féWV ‘]‘l‘.':"“l‘s on cach side of
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16 SYSTEM OF THE WORLD HISTORICALLY DEVELOPED.

the ecliptic, is called the zodiac. The poles of the ecliptic are
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 varigtions 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 itsgdinrnal conrse is above the horizon, and the
other half below. The days and nights are therefore of equal
length, from which the two points in question are called the
/2'//'(/'4;/:.:'«,\’.

The vernal eduinox 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 the ¢ourse of the next
three months, working northward as it does o, until June 20th,
when it is on the left-hand edge of the map, 234° north of the
equator. This point of the ecliptic.is called the summer solstice,
being that in which the sun attains its greatest northern declina-
tion.  When near this solstice, it rises north of east, culmi-
nates at a high altitude (in our latitudes), and sets north of
west.  As explained in deseribing the diurnal motion of an
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MOTION OF THE SUN AMONG THE STARS I

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-
n‘n‘m‘in‘: 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.
[t will be seen that these signs no longer coincide with the
¢onstellations 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 June 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
eqnal length.

During the next six months the sun is passing over the re-
oions represented on Maps 1V. 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 historie 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-
tiong, 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 timé 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 Virgifl, gleaning corn, symbolizes
the harvest.  In Libra, the Balance, the day and night balance

0




e

Vit
e~ ————

S ——

R e ——
e s — e e

—

18 SYSTEM OF THE WORLD HISTORICALLY DEVELOPED.

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 Capricornus, 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 Libra. 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 be 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. Iip-
parchus found this system entirely insnflicient for exact astron-
omy, and therefore divided the ecliptic and zodiac into twelve
equal parts, of 30° each, called signs of the zodiac. 1le gave
to these signs the names of the constellations mos®gearly cor-
responding to them. Commencing at the vernal equinox, the
first arc of 30° was called the sign Atjes, th‘( second the sign
Tanrus, 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
360° 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 360°.
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PRECESSION OF THE EQUINOXES. 19

§ 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. His successors deter-
mined it with greater exactness, and it is now known to be
nearly a degree in seventy years. Careful study of the change
shows that it is due mainly to a motion of the equator, which
again arises from a change in the direction of the pole. The
position of the ecliptic among the stars varies so slowly that the
change can be seen only by the refined observations of modern
times. In the cxlvlumﬁinn 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
[.,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 ¢gry 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 mgtion 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
1s 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 mapy and it will be seen that at the end of that time
it will be near fhe constellation Lyra. Since the equator is
always 90° distant from the pole, there will be a correspond-

g motion to it, and hence to the point of its crossing the
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20 SYSTEM OF THE WORLD HISTORICALLY DEVELOPED.

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

The reader will; of course, understand that the various ce-
lestial movements of which we have spoken in this chapter are
only apparent motions, and are due to the motion of the earth
itself, as will be explained in the chapter on the 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 stars does not accurately correspond to the
return of the same seasons. The latter depend upon the posi-
tion of the sun relative to the equinox, the time when the sun
crosses the equator towards the north always marking the sea-
son of spring (in the northern hemisphere), no matter where
the sun may be among the stars. If the equator did not move,
the sun would always cross it at nearly the same point among
the stars. DBut when, starting from the vernal equinox, it
makes the circuit of the heavens, and returns to it again, the
motion of the equatgr has been such that the sun crosses it
20 minutes before it Yeaches 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
stars, the latter that required for his return to the same equi-
nox, whence it is also called the equinoctial year. The exact
leneths of these 1‘(‘.\1»«‘('“?’0 years are:

Days Days. Hours. Min. Sec.
Sidereal vear..........ooooiiiiiiiiiiiinns 365.25636 = 365 6 9 9
TI\IIII(&I] YEAY o5 socnsimea crrertcrnesereanses 303.24220 365 153 48 46

Since the recurrence of the seasons depends on the tropical
year, the latter is the one to be used in forming the calendar,
and for the purposes of civil life generally. Its true length is
11 minutes 14 seconds less than 3654 days. Some results of
this difference will be shown in explaining the calendar.
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THE MOON.

8 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 thesg phases
during a single revolution will make it clear that the /moon is
a globulay 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 1'1'1»!
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 hdlf may be made to imitate the various appearances of
the moon.

As the sun makes a revolution around the celestial sphere
in a year, 8o 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-

ine night she will be found from 12° to 14° eas x the star,

and will rise, cross the meridian, and set from l§
At the er
of 27 days 8 hours, she will be back in the same positic

an hour later than she did the preceding night.

among the stars in which she was first seen.
rwards
this period, we shall find that the moon, although she hys re-

[f, however, starting from one new moon, we count
turned to the same position among the stars, has not got/back
to new moon again. The reason is that the sun has moved
forwards, in virtue of his apparent annual motion, so far that
it will require more than two days for the moon to overtake
him.  So, although the moon really revolves around the earth
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22 SYSTEM OF THE WORLD HISTORICALLY DEVELOPED.

in 274 days, the average interval between one new moon and
the next is 294 days.

A comparison of the phases of the moon with her direction
will show that the sun is many times more distant than the
moon. In Fig. 5, let £ be 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 illuininated-—the angle at

‘1[ S , ( /\\
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F1a. 5.—Showing the sun to be farther than the moon.

the moon, between the observer and the sun, must be a right
angle. If the sun were mﬁ\z;l‘mut four times as far as the
moon, as in the figure, the. obdsrver, by measuring the anhgle
SEM between the sun and moon, would find it to be 75°; and
the nearer the sun, the smaller he would find it. But dttual
measurement would show it to be so near 90° that the dif-
ference wunk&\ be imperceptible with ordinary instruments.
[Ience, the sun is really at the point where the dotted lime and
the line S continued meet each other, which is many times
the distance ZM to the moon. ‘

This idea was applied by Aristarchus, who flourished in the
third century before Christ, preceding both Iipparchus and
Ptolemy, to determine the distance of the sun, or, more ex-
actly, how nl:my times it exceeded the distance of the moon.
He found, by measurement, that, in the position represented
in the ficure, the distance between the directions of the sun
and moon Wwas 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 l»g’u);: really so
near 90° that Aristarchus could not determine the difference
with certainty. ln;i)rim-ilnlv. the method is quite correct, and
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THE MOON. 9

very ingenious, but it cannot be applied in practice. The one
insuperable difticulty of the method arises from the impossi-
bility of seeing whel 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 meagured.

Watching and mapping down the path of the moon among
the stars, it is found not to be the same with that of the sun,
being inclined to it about 5°. The paths cross each other in
two opposite points of the heavens, called the moon’s nodes.
The path of the mogn in the middle of the year 1877 is
marked on star Maps 11.-V. Referring Yo Map IIL, it will
be seen that the descending node of the moon is in the ¢on-
stellation Leo, very near the star Regulus. Ilere 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 again, crossing to the north of it in the constellation
Aquarius, and continuing on that side till it reaches Regulus
once more.

Such is the moon’s path in Julv, 1877. Dut 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 ]mth 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 pathAvill be de-
scribed in every monthly revolution. The patd will always
cross the ecliptic at the same angle, but the moon will not
always pass over the same stars. In August, 1877, she will
cross the ecliptic a little farther to the right (west), and will
pass a little below Regulus. The change going on from
month to month and from yearto year, in a little less than
ten years the ascending node will be found in Leo; and the
other node, mow 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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N § 6. Eclipses of the Sun and Moon.

The early inhabitants of the world were, no doub
by the occasional recurrence of eclipses many ages
. ! ‘

errified
before
there were astronomers to explain their causes. But the mo-
tions of the sun and moon could not be observed very long
" without the causes being seen. It was evident thas,if the
” moon should ever chance to ‘pass~between the earth and the

sun, she must cut off some or all of his light. If the two bodies
! \ followed the same track in the heavens, there would be an

)

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

new moon, At the first date, the moon passes s6 far to the
north that, as seen from the centre of the carth, there is no
eclipse at all; but in the northern part of Asia the moon
, would be seen to cut oft a small portion of the sun.

While the moon is performing another circunit, the sun has
i E 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 Ilorn. Thus, there are two solar
eclipses while the sun is passing this node, in 1877, but both
are very small. Indeed, every time the fun crosses a node,
f’ the moon is sure to cross his path, either before he reaches
' the node, or before he gets far enongh from it to be out of
' the way. As he crosses both nodes in the mu\-sv of the year,
there must be at least two solar eclipses every year to some

points of the earth’s surface.
The cause of Tunar eclipses might not have been so easy to
cuess as was that of solar ones; but a great number could
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/ eclipse of the sun every new moon; but, owing to the incli-

* September 6th of that year, which are, therefore, the dates of ‘
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ECLIPSES OF THE SUN AND MOON. ‘ 25

|

not have been observed, and their times ef occurrence record
ed, without its being noticed that they always occurred at full
moon, when the! earth was opposite the sun. The idea that
the earth cast a shadow, and that the moon passed into it,
could then hardly fail to suggest itself ; and we find, accord-
ingly; that the earliest observers of the heavens weré' perfectly
acquainted with the tause 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-
peus to be very near the ecliptic, and therefore very near one
of her nodes at the time of full moon, she will fail to strike
the shadow, passing above or below it. Owing to the great
magnitude of the sun, the earth’s shadow is, at the distance of
the moon, much smaller than the earth itself. The result of
this is, that the moon must be decidedly nearer her node to
produce a lunar thanto produce a solar-eclipse. Sometimes
a whole year passes without there being any eclipse of the
MOON. ’ .

The natire of an eclipse will vary with the positjons and
apparent magnitudes of the sun and moon. Let us juppose,
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 be entirely hidden from view. This
is ealled a fotal eclipse of the sun. 1t is evident that such an
eclipse can occur only when the observer is near the line join-
ing the centres of the sun and moon. If, under the same cir-
cumstances, the apparent magnitude of the moon is less than
that of the sun, it is evident that the whole of the latter cannot
% covered, but a ring of light around his edge will still be visi-
ble. This is called an annular e¢lipse. 1f the moon does not
pass centrally over the sun, then it can cover only a portion of
the latter on one side or the other, and the eclipse is said to be
partial.  So with the moon: if the latter is only partially im-
mersed in the earth’s shadow, the cclipse of the moon is called
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partial ; if she is totally immersed in ity so that no direct sun-
light can reach her, the eclipse is said to be total. An an

Fia. 6.—Aunular eclipse of the sun, FiN, 7.—Partial eclipse of the sun.

nular eclipse of the moon is impossible, because the eartl’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 § repre-
sents the sun, £ the earth, and M the moon. Referring to the
first ficure, it will be seen that an observer at either of the
points marked O, or indeed anywhere outside the shaded jfor-
tions, will see the whole of the sun, so that to him there will
be no eclipse at all. Within the ]ij_l]l.tl'\' shated regions, marked
P P, the sun will be partially eclipsed, and more so as the ob-
server is near the centre. This region is called the penumbra.

Fia. 8.—Eclipse of the sun, the shadow of the moon falling on the eartn.

Within the darkest parts between the two letters+/” 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 thwt the diameters of the sun and mogn' 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,

i
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ECLIPSES OF THE SUN AND MOON. 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 shadow is passing
over him. If the reader will study the figure, he will see why
a total. eclipse of the sun is so rare at any one place on the
earth. The shadow, when it reaches the earth, is so near down
to a point that its diameter is not generally morg’than a hap-
dred miles; consequently, each total eclipse is visible only
along a belt which @@y not average more than a hundred
miles across.

In most eclipses, the shadow comes Yo 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. DBut if an observer places himself in a line with
the centre of the shadow, he will sece an annular eclipse, the
sun showing itself on all sides of the moon.

The next fignre shows us the form of the earth’s sliadoy.

<<

It

Fia. 9.—Eclipse of the moon, the latter being in the shadow of the earth.

The earth being much larger than the moon, its shadow ex-
tends far beyond it; and where it reaches the moon, it is al-
ways so much larger than the latter that she thay be wholly
immersed in it, as shown in the figure. Now, suppose the
moon, in her course round the earth, to pass centrally througl
the shadow, and not above or below it, as she commonly does ;
then, when she entered the shaded region, marked 22, which
is called the penumbra, an observer on her sturface would see
a partial eclipse of the sun caused by the intervention of the
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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, go 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 her vis-
- } ible portion continually grows smaller, until, in case of a total
y eclipse, her whole disk is immersed in the shadow. When this

1 occurs, it is found that she is not entirely invisible, but still
N faintly shines with a lurid copper-colored light. This light is
1 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
sarth which the sunlight must graze in order to reach the moon.
t In about half of the lunar eclipses, the moon passes so far
above or below the centre of the shadow that part of ler body
is in 1t, 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

l T 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
1! o< a lunar eclipse, or by the moon in case of a solar eclipse. The

E most ancient astronomers were in the habit of measuring the

1 digits by syrface : when the moon was said to be eclipsed four
1 digits, it meant that one-third of ler surface, and not one-.

|| third her diameter, was eclipsed.

The duration of an (,’(.‘]i]b.\‘(‘ varies between very wide limits,
according to whether it is'nearly central or-the contrary. The
duration of a solar eclipse depends upon the time required for
the moon to pass over the distance from \\']101‘\,&]1(' first comes

t

Snto apparent contact with the suf’s disk, untll she separates

from it again; and this, in the casq of eclipses which are pret-
ty large, may range between two ahd three hours. In a total
eclipse, however, the apparent disk 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 five 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
cclipses may occur.  Roughly speaking, these periods are each
about a month in duration, and we may call them seasons of
eclipses.  For instance, it will be seen on Map V. that the
‘sun passes one node of the moon’s orbit towards the end of
February, 1877. A season of eclipses for that year is there-
fore February and the first half of March. Actually, there is
a total eclipse of tlie 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
ther node 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 ec 11}’\(‘\ is in February and M: u\ln, and the second

Angust and September. -

\\ e have said that the length of each ec IM* scason is Mout
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 same year, both being visible from nearly the same region in Cen-

tral Siberia,
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sun’s passage through the node, while that for lunar eclipses
extends 113 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
arlier each year. We have seen that the sun passed.the 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 I'ebruary season
to August. The reader who wishes to find the middle of the
eclipse seasons for twenty or thirty years can do so by starting
from March 1st and Angust 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 274 days. Since the
node of the orbit is constantly moving back to meet the moon,
s 1t were, she will return to her node in a little I¢ss than this
period—namely; as shown by modern observations, in § 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 6HR5.
19 ¢ ‘“  sun to mdon’s node 5

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 moong_but none so near the node as
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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 an¥ eclipse, either of the moon or of the sun; then let us
count fprwards 6585 days, 7 hours, 42 minutes, and we shall
find andther eclipse ot 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 Februnary 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 sapfe seNes after 10 or
11 days to begin over again; but the yew .\‘(\ri:x\'i]l not gen-
erally be visible at the same places
least, will not occur af{\the same

ith the old ones, or, at
1e of day, since the mid-
dle will be nearly eight hours lafer. Not till the end of three
periods will they recur n(;':u' the 'sgme 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 snccessive recurrence of an eclipse at the end of
the period being 28" farthey back relatively to the node, the
conjunction must, in process 6f time, be so far back from the
node as not to produce an eclipse at all. During nearly every
period it will be found that some eclipse fails, and that some
new one enters in.. A netv eclipse of the moon thus entering
At every successive recur-
rence of its period it will be larger, until, about its thirteenth
recurrence, it will be total. It will e 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
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which it was first seen. There will then be about thirteen par- : 8]
tial eclipses, each smaller than the last, until they fail entirely. w
i The whole interval of time over which the recurrence of a . - A U
1 lunar eclipse thus extends will be about 48 periods, or 8654 : I -
" years. The solar eclipses, occurring farther from the node, ] m
t will last yet longer, namely, from 65 to 70 periods, or over tir

1200 years.

in
As a recent example of the Saros, we may cite some,total b th
‘ eclipses of the sun well known in recent times; for instarge,
1842, July 8th, 1* 8 A. M., total eclipse, observed in Europe; th
1860, July 18th, 9* A M., total eclipse America and Spain ; ca
1878, July 29th, 4* 2 p.m., one visible in Colorado and on the Pacific Coast. 3 his
7
A yet more remarkable series of total eclipses of the sun pr
occurs in the vears 1850, 1868, 1886, etc., the dates being — } m
) #850, Aungust Tth, 4* 4 p.M., in the Pacific Ocean; ; ﬂ'l(
, 1868, August 17th, 12 p ., in India; ) m)\ ; tio
1886, August 29th, 8* a.u., in the Central Atlantic Ocean and Southern Africa; \ an
1904, September 9th, noon, in South America. : wh
it This series is remarkable for the long duration of totality, poi
f amounting to some six minutes. giv
! [t must be understood that the varions numbers we have to
; given in this section are not accurate for all cases, because the 7
! motions both of the sun and moon are subject to certain small g
.’ irregularities which may alter the times of eclipses by an hour : hea
' or more. We have given only mean values, which are, how- cr,
‘ ever, always quite near the truth. - all,
| ¢ of
‘ § 7. The Ptolemaic System. pla
f There is still extant a work which for fourteen centuries ‘:]"-"
: was & sort of astronomical Bible, from which nothing was \ for
taken, and to which nothing material in principle was added. cart
This is the “ Almagest” of Ptolemy, composed about. the mid- Tl“‘
dle of the second century of our era. Nearly all wdRnow of L
the ancient astronomy as a science is derived from it. Frag- 2
.ments of other ancient anthors have come down to us, and fror
{ most of the ancient writers make occasional allusions to astro- ‘ et

nomical phenomena or theories, from which various ideas re- the
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THE PTOLEMAIC SYSTEM.

specting the ancient astronomy have been gleaned; but the
work of P’tolemy is the only complete compendinum 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
casily done on the Ptolemaic system. DBut, 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. Ilis fundamental doctrines are that
the heavens are spherical in formn, and all the heavenly mo-
tions spherical or in circles; that the earth is also/spherical,
and sitnated in the centre of the heavens, or celestial sphere,
where it remains quiescent, and that it is in magnitude only a
point when compared with the sphere of the stars. We shall
give Ptolemy’s views of these propositions, and his attempts
to prove them, in their regular order.

Ist. The’ Ileavenly Bodies move in Circles.—I1lere Ptole-
my refers principally to the diurnal motion, whereby every
heavenly body is apparently carried around the earth, or, rath-
cr, around the pole of the heavens, in a circle every day. Dut
all ghe ancient and medigval 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
carth. 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 east to west P’tolemy proves by the fact that the sun,
moon, and stars do not rise and set at the samme moment to all
the inhabitants of the carth. The times at which cclipses of

1
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the moon are seen in different countries being compared, it is
found that the farther the observer is west, the earlier is the
hour after sunset. As the time is really the same everywhere,
this shows that the sun sets later the farther we go to the west.
Again, if the earth were not 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 dinrnal 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. Finallf, from whatever direction we
approach elevated objects from the sea, we see that their bades
are first hidden from view by the curvature of the water, and
gradually rise into view as we approach them.

3d. The Earth is in the Centre of the Celestial Sphere.—
[f 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 the earth was situated. If it were displaced
towards the east, we should be nearer the heavenly bodies
when they are rising than when they are setting, and they
would appear to move more rapidly in the east than in the
west. The forenoons would therefore be shorter than the af-
ternoons. Towards whatever side of the turning sphere it
might be moved, the heavenly bodies would seem to move
more rapidly on that side than on the other. No such irreg-
ularity being seen, but the diurnal motion taking place with
perfect uniformity, the earth must be in the centre of mo-
tion.

4th. The Earth 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. DBut the uni-
formity of motion just described beingdseen from year to year,
the earth must preserve its position in the centre of the sphere.
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[t 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 moye 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, 18 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 gne, which the spectator carries with
him wherever he goes. His demonstration that the centre of
revolution of the sphere is in the earth is, in a certain sense,
correct ; but what he really proves is that the earth revolves
on its own axis. e 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 itse}f is but a
point in comparison with the celestial spaces, and ® kept fixed
by the forces exerted, upon it on all sides by the universe,
which is infinitely Mrger 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 times wonld admit of.

Ile then sayspthere ate pthers who, admitting this reason-
ing, pretend t]l&?lmthing hinders us from supposing that the
heavens are immovable, and that the earth itself turns round
its own axis once a day from west to east. It is certainly
singular that one who had risen so far above the illusions of
sense as to demonstrate to the world that the earth was round;
that up and down were only felative; and that heavy bodies
fell towards a centre, and not in some unchangeable direction,
should not have seen the correctness of this view.

To refute the doctrine of the earth’s rotation, he proceeds
in a way the opposite of that which he took to refute those
who thought the earth could not xest on nothing. He said of
the latter that they regarded solely, what was around them on
the carth, and did not consider#hat 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 simpli¢ity ; but in view of what passes around us and
in the air, their doctrine is ridiculous. Ile then enters into a
disquisition on the relative motion of light and heavy bodies,
which is extremely obscure; but his conclusion is that if the
earth really rotated with the enormous velocity necessary to
carry it round in a day, the air would be left behind. If they
say that the carthscarries 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 m
their astronomical studies, they could not have failed to estab-
lish the doctrine of the earth’s rotation.

In the Ptolemaic system, all thie celestial motions are repre-
gented by a series of circular motions.  We have already ex-
lained the motions of the sun and moon among the stars, the
rst describing a complete cireuit of the heavens from west to
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<
east in a {'mr. and the second a similar circuit in a month.
Though not entirely uniform, these movements are always for-
ward. Dut it is not so with the five planets— Mercury, Ve-
nus, Mars, Jupiter, ayd Saturn. These move sometimes to the
east and sometimes {tlw west, and are sometimes stationary.*
On the whole, however, the easterly movements predominate ;
and the planets really oscillatge around a certain mean point
itself in regular motiop towards the east. Let us take, for in-
stance, the planet Jupiter. Suppose a certain fictitious Jupi-
ter performing a ¢ircuit of the heavens among the stars every
twelve years with a regular easterly. motion, just as the sun
performs such a circuit every year; then the real Jupiter will
be found to oscillate, like a pendplum, on each side of the fic-
titious planet, but never swinging more than 12%from it. The
time of each double oscillation is about thirteen months—that
is, if on January 1st we find it passing the fictitious planet
towards the West, it will continue its westerly swing about
three months, when it will gradually stop, and return with a
somewhat slower motion to the fictitions planet again, passing
to the east of it the middle of July. The ecasterly swing will
continue till about the end of October, when it will xeturn
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 ]‘lzm(*‘:l]»]w:n‘s 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-
scnted by supposing the real Jupiter/to describe a circular or-
bit around the fictitious Jupiter once in a year. This orbit is
called the epicycle, and thus we have the celebrated epicvelie
theory of the planetary motions laid down in the “ Alinagest.”
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 motiom of the stars entirely out of sight, and consider only the motions of=

the planets réfative to the stars. ¥
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IFig. 10. £ is the earth, around which the fictitions 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', 22', 3 3/, etc., represented by the
light dotted lines. Drawing a line@hrough the successive po-
sitions 1’, 2/, 8, etc., of the real Jupiter, we shall have a series
of loops representing its apparent orbit.
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F1a. 10.—Showing the apparent orbit of a planet, regarding the earth as at rest.

[t will be seen that although it requires only a year for the
arm _carrying the real Jupiter to perform a complete revolu-
tion ‘and return to its primitive direction, \it requires about
thirteen months to form a complete loop, Because, owing to
the motion of the fictitions 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 88, 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 99"
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The planets of which the radius of the epigycle 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 pext figure, taken from Arago. By the radius of the
epicycle we mean the' imaginary revolving arm which, turn-
ing round the fictitious planet, carries the real planet at its
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Fia. 11.—Apparent orbits of Jupiter and Saturn, 1708-1737, ufter 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/, 99, in which cases the sun will be on
the side of the earth opposite the planet; while, whenever the
planet is iry conjugetion with the sun, the arm points from the
ecarth. Tl}

and their palculations of the motions of the planets were all

1s fact was well known to the ancient astronomers
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fuund"yd nﬁm it; but they do not seem to have noticed the
very ihupérthnt corollary from it, that the direction of the
radius'of the epicycle of Mars, Jupiter, and Saturn is always
the same with -tlat 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
“the fictitious centres around which they oscillate are always in
tlte 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 lnminary, Venus oscillating about
45° on each side of the surd, and Mercury from 16° f29°. It
is said that the ancient Bgyptians really did make the sun the
centre of the motion of these two planets; and it is diflicult to
sce how any one could have failed*to do so after learniyg

laws of their oscillation. Yet P’tolemy rejected this sy
placing their orbits between the earth and sun without assig®
ing any good reason for t course.

The arrangement of the planets on the Ptolemaic system is
shown in Fig. 12. The -nearest planet is the moon, of which
the ancieng astronomers actually succeeded in roughly meas
uring tlm%ist:um'. The remaining planets are arranged in
flic same order with their real distance from the sun, except,
that the latter takes the place assigned to the carth in the
modern systenr.  Thus we have the followipg order :

- The Moon, t\ "
.
f\"vrmn'y, \&, J
Venus,

f The Sun,
Manrs,
- Jupiter,
; Saturn.

,,(fﬂ’ltsidc of Saturn was_the sphere of the fixed stars.
/" This order of the planets must have been a matter of opin-
ion rather than of demonstration, it being km'ru-tl_\' judeed
by the ancient astronomers that those whichc¢emed to ove
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'9¥16. 12.—Arrangement of the nrqn planets in the Htolemaic system. The orbits, as

ous planets, the real planets being supposed to describe
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more slm\l\ were the|more distant. | This system made it
quite cert: N that the moon was the ndarest planet, and Mars,
Jupiter, dnd £ Saturn, in their order, the fnost distant ones. DBut
the relative positions of the hun, Metcury, and Venus were
more in doubt, since they all performed a revolution round
the celestial sphere in a year. So, while Ptolemy, as we have
just said, placed Mcu,my and \(nm between the earth and

the sun, Plato placed them beyond the sun, the order being,

Moon, Sun, Mercury, Venus, Mars, Jupiter, Saturn.
Hipparchus and Ptolemy made a series of investigations re-

specting the times of revolution of the planets, and the inequal-

itics of their motions, of which it is worth while to give.a brief
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42 SYSTEM OF THE WORLD HISTORICALLY DEVELOPED.

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 carlier. ‘
Imperfect thongh thei means of observation were, these
observers found that the easterly movements of the planets
among the stars were none of them uniform. This held true
not only of the sun and moon, but of the fictitious planets

e already describpd. Hence they
L{, —Ip invented the oéucntric, and sup-
7 \ posed the motions to be really cir-
/'/ N r _cular and uniform, but in circles
i T\ \ not centred in the earth. In Fig.
’ /// 1 \\ , \ 13, let Z be the earth, and €' the .
| ye [ \ Y ) centre around which the planet (
(\ / N / really revolves. Then, when the
\ / /2 Y planet is passing the point /7,
/ \ \

which is nearest the earth, its an-

rapid than the average, becauge
FiGc. 13.—The eccentric. Shows how . N ‘“1 l L. l' . "l K.
the ancients represented the unequal I genera the angular veloc ]t.\
apparent velocities of the planets of a Ill()\'ill‘_{’ l)(l(]\' 18 oreater the
when their real motion was supposed ‘ ‘ oL . :
uniform, by placing the earth away Dearer the observer is to it, while
from the centre of motion, at E. \\'ll(‘ll ]i{lﬁ'b‘illg “1 It \‘\'i“ seem to lb(‘
moge 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 8presented by the eccentric. Dy comparing the angu-
lar velocities in different points of the orbit, Hipparchus and
Ptolemy were able to determine the supposed distance of the
arth 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 /7 is called the Perigee,

gular motion would seem morg~

T
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and A the Apogee. The distance (£ from the earth to the
centre-of motion is the eccentricity. As there was no way of
determining the absolute dimensions of the orbit, it was neces-
sary to take the ratio of C'Z to the radius of the orbit C'/ or
' E for the eccentricity.* ’

In determining the motions of the moon, Hipparchus and
Ptolemy depended almost entirely on observations of lunar
eclipses. The first of these, it is said, was observed at Babylon
in the first year of Mardocempad, between the 29th and 30th
days of the Egyptian month Thoth. It commenced a little
more than an hour after the moon rose, and was total. The
date, in our reckoning, was B.c. 720, March 19th. The series
of eclipses extended from this date to that of Ptolemy him-
gelf, who lived between cight 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 her motion was not uni-
form, but that, like the sun, she moved faster in some parts of
her orbit than in others. To account for this, they supposed
hgr 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. DBut a long series of observations showed

Compared with the modern theory of the elliptic motion, approximately treat-
1e distance C'E is double the eccentricity of the ellipse.  One-half the appar
ent WNyequality 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 perigee and apogee did not, as in the case of the sun
and planets, remain in the same points ofythe orbit, but moved
forwards at such a rate as to carry them round the heavens in
nine years; that is, supposing Fig. 13 to represent the orbit of
the moon, the centre of the cifcle € 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 the former, that there was yet another inequality in
her motion. This has received the name of the evection. In
consequenoe 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 case of the
planets, only the radius was so small that there was no looping
of the orbit. 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 tiwes, that all the celestial motions were circular
and uniform. l/

8 8. The Calendar.

One of the eayliest purposes of the study of the celestial
motions was thgt 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 througl-
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out l]Sw habitable portion of the globe. Ilad 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 regnlarity and uniformity
as to furnish in al]l 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 early age to number every day by counting
from 1 forwards without limit, and had every historical event
been recorded in connection witli the number of the day on
which it happened, there would have been far less uncertain-
ty about dates than now éxists. DBut keeping count of such
large nuinbers as would have accumulated in the lapse of cen-
turies woifld have been very inconvenient, and a simple count
of time by days has never been used for the purposes of civil
life throngh 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 thg operations of agriculture are
so intimately dependent on this recurrence, that man must
have begun to make ksw 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 ~

reagpearance of the moon. —
The week is a division of time entirely disconnected with

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

Mosaic dispensation.y The old astrologers divided the seven
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46 SYSTEM OF THE WORLD HISTORICALLY DEVELOPED.

days of the week #mong 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 theseven 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. +
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Fi6. 14 —Showing the. astrological division of the seven planets among the days of the

week.

If the lunar Inonth had been an exact number of days, say
30, and the vear an exact number of months, as 12, there
would have been no difliculty in the use of these cycles for
the measurement of time. But the former is severa! hours
less than 30 days, while the latter is nearly 1244unar months.
In the attempt to combine these measures, the ancient calen-

\.\ev pages 40, 41,
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dars were thrown into a confusion which made them very per-
plexing, and which we see to this day in the irregular lengths
of our months. To degeribe all the devices which we know to
have been used for r¢inedying these difficulties would be very
tedious; we shall thérefore confine ourselves to their general
nature. \ N

The lunar lll()llt]l,/m‘ the mean interval between sudvessive
new moons, is very nearly 294 days. In counting months by
the moon, it was therefore common to make their length 29
and 30 days, alternately. But the period of 294 days is really
abont 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 Romans, 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-
salary month Mercedonius between the 23d and 24th of Feb-
ruary.

The irregularity and inconvenience of reckoning by lunar
monthsycaused them to be very generally abandoned, the only
reason for their retention being religious observances due at
the time of new moon, which, among the Jews and other an-
cient nations, were regarded as of the highest importance. Ac-
cordingly, we find the Egyptians counting by months of 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 later-every 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 Sothkic
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 years.

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:

Days. Hours. Min.

235 lunations require in the mean...........ccveveenvnnennes 6939 16 31

19 true solar 'years (Aropical).....cevevsesivosssnesesnosnnes 6939 14 27
19 Julian years of 365} days.....cceeeierccncesisresrane 6939 18 0
»”

IIence, if we take 235 lunar months, and divide them up as
nearly evenly as is convenient into 19 years, the mean length
of these years will be near enough right for all the purposes
of civil reckoning. The years of each cycle were numbered
from 1 to 19, and the number of the year was called the Gold-
en 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 ]C:lstvr:"‘«l\‘nndu.\'. 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 COycle; 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 ocgurs, 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 suflicient exact-
ness for ecclesiastical purposes, on what day, or how many
days after the equinox, the I’aschal new moon occurs. The
charch calculations of Easter Sunday are, however, founded

upon very old tables\of the moon, so that if we fixed it by the
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actnal moon, we should often find the calendar feast a week
in error.

The basis of the calendars now employed throughout Chris-
tendom was laid by Julius Ceesar. Previous to his time,the
Roman calendar was in a state of great confusion, the nomi-
nal length of the year depending very largely on the caprice
of the ruler for the time being. It was, however, very well
known that the real length of the solar year was about 365%
days; and,in order that 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 them,
were finally arranged by the immediate successors of Ceesar.

The Julian calendar continued unaltered for about sixteen
centuries ; and if the true length of the tropical year had been
365% days, it would have been in use still. DBut, as we have
seen, this period is about 11} minutes longer than the solar
vear, a quantity which, repeated every year, athounts 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
XIIL, by whom it was directed. The change consisted of
two parts: ,

1. The 5th of October, 1582, according to the Julian calen-
dar, was called the 15th, the count being thus advanced 10
days, and the equinoxes made once more to occur about March
21st"and September 21st.

2. The closing year of each century, 1600, 1700, etc., in-
stead of being each a leap-year, as in the Julian calendar,
should be such only when the number of the century was di-
visible by 4. While 1600, 2000, 2400, etc., were to be leap-
years,as before, 1700, 1800, 1900, 2100, etc., were to be re-
duced to 365 days each.
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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 g ccntn& 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 365 5% 49m 12¢;
while that of the tropical year,according to the best astronom-
ical determination, is 3659 5* 48m 465, The former is, there-
fore, still 26 seconds too long, an error which will not amount
to an entire day for more than 3000 years. If there were
any object in having the calendar and the astronomical years
in exact coincidence, the Gregorian year would he accurate
enough for all practical purposes during many centuries. In
fact, however, it is difticult 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 difticulty 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 concedéd that in this instance the
common sense of the people was more nearly right than thé
wisdom*of the learned. An additional complication was in-
troduced into the reckohing 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 (uestion 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.
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COPERNICUS.

CHAPTER 1L

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

§ 1. Copernicus.

In the first section of the preceding chapter wer described
the apparent diurnal motion of the heavens, whereby all the
heavenly bodies appear to be carried round in circles, thus
performing a revolution every day. Any observer of this mo-
-tion who should suppose the earth to be flat, and the direction
we call downward everywhere the same, would necessarily re-
gard it as real. A very little knowledge of geometry would,
however, show him that the appearance might be accounted
for by supposing the earth t8 revolve. The seemingly<atal
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 frqn 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 heaveng, as to be only
a point in comparison. Ie had, therefore, all the knowledge
necessary to enable him to see that the moving body was much
more likely to be the earth than to be the sphere of the heav-
ens. Nevertheless, he rejected the theory on obscure physical
grounds, as shown in the last chapter, the untenability of which
would have been proved him by a f'v\\"\'('r_\‘ simple physical ex
periments.  And althongh it is knn\\'n\ﬂlm the doctrine of the
carth’s motion was sustained by others i 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, but to carry his views
through fourteen centuries of the intellectnal history of man.
The history of astronomy during these centuries offers hard-
ly anything of interest tothe general reader. There was fmo
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 an)
the science was preserved for the use of posterity. The as- Vs‘:
tronomers of this people invented improved methods of ob- ,"
serving the positions of the heavenly bodies, and were thus
able to make improved tables of their motions. They meas-
ured the obliquity of the ecliptic, and calculated eclipses of
the sun and moon with greater precision than the ancient
Greeks could do. The predictions of the science thus gradu-
ally increased in accuracy, but no positive step was taken in
the direction of discovering the true n;xtm‘»f the apparent
movements of the heavens.

The honor of first proving to the world what the true theory
of the celestial motions is belongs almost exclusively to Coper-
nicus. It is true that we have some reason to belf®ve that
Pythagoras tanght 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 fullyseized 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 P'ythagoras 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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COPERNICUS. 03
Apart from all questions of the truth or falsity of his theory,
the great work in which it was developed, “De Revolutionibus
Orbiwin Cealestium” 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. e became an ec-
clesiastical dignitary, holding the rank of canon during & large
portion of his life, and finding ample leisure in this position
to pursue his favorite studies. lle is taid to have conceived of
the true system of the world as early as 1507, e devoted the
years of his middle life to the observations and compptations
necessary to the perfection of his system, and commfinicated
his views to a few friends, but long refused to pullish them,
fearing the popular prejudice which might thus be excited.
In 1540, a brief statement of them was published by his friend
Rheticus ; and, as this was favorably received, he soon con-
sented to the publication of his great work. - The first printed
copy was placed in his hands only a few hours before his
death, which occurred in May, 1543.

The fundamental principles of the Copernican system are
embodied in two distict propositions, which have to be proved
separately, and one of which might have been true without
the other being so. They are as follows:

1. The diurnal revolution of the heavens is only an appar-
ent motion, caused by a diurnal revolution of the earth on an
axis pgssing through its centre.

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

The firgt ]‘I‘Hlmsitiun is the one with the ])I'H(vf of which Co-
pernicus begins.  Ile explains how an apparent motion may
result from a real motien of the person secing, as well as from
a motion of the object scen, 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 que of the heavens. To sailors on a ship sail-
ing on a smooth sea, the ship, and every thing in itjgeems to be
at rest and the shore to be in motion. Which, then, is more
likely to be in motion, the earth or the whole universe outside
of it? In whatever proportion the heavens are greater than
the earth, in the same proportion must-their motion be more
rapid to carry them round in twenty-four hours. Ptolemy
himgelf shows that the heavens were so immense that the
earth was but a point in  comparison, ands forany thing that
is known, they may extend into infinity. Tl\cl{, we should re-
quire an infinitg 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 thie Copernican system—that the
apparentannualemotion of the!sun among the stars, described
in § 3 of the preceding chapter, is really due to an annual revo-
lution of the earth around the sun—rests upon a very beautiful
result of the laws of relative motion. This movement of ffilie
earth explains not only this apparent<revolution of the gun,
but the apparent epicyclic motion of the planets described in
treating of the Ptolemaic system.

In Fig. 15, let S represent the sun, A BCD the orbit of the
earth around it, and the figures 1,2, 3,4, 5, 6, six successive
positions- of the earth. These positions would be abdut two
weeks apart. Also, let Z/FX7 I/ represent the apparent sphere
of the fixed stars. Then, an observer at 1, viewing the sun in
the direction 18, will sce him as if he were in the celestial
sphere at the point 1’; because, having no conception of the
actual distance, the sun will appear to himn as if actually among
the stars at 1’ which lie in the same gtyaight line with him.
When the earth, with the observer on i_t, reaches 2, he will see
the sun in the direction 282 that is, as if among the stars in
2’.  That is, during the two weeks’ interval, the sun will ap-
parently have moved gmnong the stars by an angle equal to the
actual angular motion of the earth around the sun. So, as the
egrth passes through the Sllt'(‘(‘\»i\'(‘ positions 3, 4, 5, 6, the sun
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will appear in the positions 3’,4',5’, 6’, and the motion of the
earth continuing all the way round its orbit, the sun will ap-
pear to move through the entire circle £/G 1. Thus we
have, as a result of the annual motion of theearth around the
sun, the annual motion of the sun around the celestial sphere
already described in the third section of the preceding chapter.
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Fia. 15.—Apparent annual motion of the sun explained.

_ Let us now see 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: /f an observer in unconscious mo-
tion sees an (A/]/.u‘/ at re st f/u(/ l'/"/.f('/ 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 us suppose an observer on the earth carried around the
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Fia. 16.—S8howing how the apparent epi-
cyclic motion of the planets is accounted
for by the motion of the earth round the
sun.

planet seems to recede from

sun S in the orbit ABCDEF,
but imagining himself at rest
in the centre of motion S. Sup-
pose that he observes the ag-
parent motion of the planet 22,
which is really at rest. Ilow
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 A4, from
which position he really sees
the planet in the direction and
distance A /. But, imagining
himself at S, he thinks he sees
the planet at the point «, the
distance and direction of which
Sa is the same with A 7. As
he passes unconsciously from A

to /2, the planet seems to him to
move past from @ to & in the op

posite direction ; and, still think-
ing himself at rest in 8, he sees
the planet in &, the line Sé be-
ing equal and parallel to BP.
As he recedes from the plan-
et through the arc BCJD), the
him through bed. While he

moves from left to right through D Z| the planet seems to
move from right to left through de. Finally, as he approaches
the planet through the arc Z/'A, the-planet will seem to ap-

proach him through efu, and

when he gets back to A he

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

consequence of the motion of the observer around the circle
A B CDEF; the planet. though really at rest, will ~cem to him

L ]

al

CC
01
di
I

1




i P

COPERNICUS. 57

to move through a corresponding circle, abedef. 1f there are
a namber of planets, they will all seem to describe correspond-
ing circles of the same magnitude.

[f the planet /2, 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 whiclr’is in motion. Thus we have the appar-
ent motion of the planets around a moving centre, as already
described in the Ptolemaic system. We have said, in § 7 of
the preceding chapter, that by this system the motions of the
planets are represented by supposing a fictitious planet to re-
volve around the heavens with a regular motion, while the
real planet revolves around this fictitious one as a centre once
a year. lere, 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. 1f the reader will com-
pare the epicyclic motion of Ptolemy, represented in Figs. 10
and 11 with the m¢tion explained in Fig. 16, he will find that
they correspond in every particular. In the case of the inner
planets, Mercury and Venus, which never recede far from the
sun, the epicyclic motion by which they seem to vibrate from
one side of the sun to the other is due to their orbital motion
around the sun, while the progressive motion with which they
follow the sun is due to the revolution of the earth around
the sun.

We may now see clearly how the retrograde motion and
stationary phases of the planets are explained on the Coper-
nican system. The earth and all the planets are really mov-
ine 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 moyving faster than the planet.
ITence, to an observer on the earth, the planet seems to be
moving west, though its rcal motion is cast.  As the carth
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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
be increased by the whole mqggion of the earth.* DBetween
these two motions tl‘wrc 18 u%int at which the planet (lvs
not seem to move at all. This is called the stationary point.
If the planet we consider is not an -uter, but an inner one,
Mercury or Venus, and we view it when between us and the
sun, its motion to us is reversed, becausg we see it from the
side opposite the sun. Ilence 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 faster than the
arth, its retrograde motion seems to predominate. As the
plangt passesyround in its orbit, it first appears stationary,
:m({thcn, 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 merifgof
that system consisted in the analysis of the seemingly (‘mnai-
cated motions of the planets into a combination of two circylar
motions, the one that of a fictitious planet around the celegtial
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-
iplained on mechanical principles. DBut when, leaving out of
sicht the regular forward motion of the mean or fictitious
planet, the attention was directed to the epicyclic 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 a curved di-
vection, 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 are opposite,

but both are considered west.
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the sun, and not the carth, was the centre of planetary motion.
Then nothing but the illusions of sense remained to prevent
the acceptance of the theory that the earth was itself a planet
moving round the sun, and that both the annual ynotion of the
sun ahd the epicyclic motion of the planets were not real, but
apparent motions, due to the motion of the earth itself; and
in no otRer way than this could the heliocentric theory have
been developed. ~

The Copernican 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 gpicycle described by the planet in Fig. 16 is of the
same magnitude with'the actnal orbit described by the earth
around the sun. Ilence, the nearer the observer is to this cir-
cle, the larger it will appear. The appafent 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 much
again as that of the ecarth; and the fact that the apparent
swing is variable shows the distance to be différent at different
times.

As it will be of interest to see how nearly Gopernicus was
able to determine the distances of the planets, we px‘(*.\'vnt‘]lis
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
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each planet from the sun, the distance of the earth being taken
as unity.*®

) LeAST DISTANOE. GREATEST DISTANOE. [
| Planets,
Copernicus. | Modern. Copernicus Modern.

l ‘ B

| Mercury....... ceeneanens | 0.326 [ 0.308 0.405 0.467

’1 Venus . issssssssnssossians 0.799 0.718 0.730 | 0.728 |
MATE. .. .. scss50nmsstsenssins 1.873 1.382 1.666 1.666 |
17T, S AR 5.453 5.454 4.980 £.952 |
e U [ O 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 difticult 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 formula
when only a rough approximation is sought for. Like Ptole-
my, he supposed the orbits of the planets not to be centred on
the sun, but to be displaced by a small quantity termed the
eccentricity.  DBut 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
richt,"Avould make the changes &f distance double their true
value. Ile 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.t

* 1 have deduced thése numbers from the tables given in Book V. of *‘De
Revolutionibus Orbium Calestium., I'hey are probably the most accurate that
Copernicus was able to obtain.

t The mathematical torm of this theory of Copernicus is as tollows: Putting
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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 l’tm\',
but he had many of the notions of the ancient philosophY®ee
specting the fitnggs of things. Like Ptolemy, he thought the
heavens as well as the earth to be spherical, and all the celes
tial motions to be circular, or composed of circles. He argues
against P’tolemy’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. Iis hypothesis of a small epi-
cycle one-third the eccentricity represented the motions of the
planets around the sun with all the exactness that observation
then admitted of, while, in the absence of any knowledge of
the laws of motion, it was impossible to frame any dynamical
basis for the motions of the planets.

§ 2. Obliquity of the Edliptic ; Seasons, ete. ; on the Coper
nican System.

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

e for his eccentricity, and g for the mean anomaly of the planet, he represented its
rectangular coordinates in the form
x = a (cos. ¢ + 4e cos. 29),

€
y = a (sin. g + 4e sin. 2¢9);

while the approximate modern formula of the elliptic motion are—

e 4 },4 cos. 2¢),

Y a (Cos. g
y = a (sin. g + fe sin. 2g),

which agree exactly when we put e = e,
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answer is, tht the celestial poles are the points among the stars
towards which the axis of the earth is directed. Ilere the
stars are supposed to be infinitely distant, and the axis of the
earth to be continued in an infinite straight line to meet them.
Since this point appears to the unassisted sight to be the same
during the entire year, it follows that as the earth moves round
the sun, its axis keeps pointing in the same absolute direction,
as will be shown in Fig. 18. But in the preceding chapter we
showed that there is a slow but constant change in the position
of the pole among the stars, called precession, which the an-
cient astronomers discovered by studying observations extend-
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Fia. 17.—Relation of the tetyestrial and wl(ﬁml poles and equators,
ing through several centuries, and this shows that on the Co-
]wrni(:‘m system the direction of the earth’s axis is slowly
changing. /

To conceive of the felestial equator on the Copernican sys
tem, we must im:q_;)!io *r clobular earth to be divided into
two hemispheres Iy a p®he 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, gepresenting the earth in the centre of the
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imaginary celestial spliere. The (lutt:d lined passing from the
poles of the earth to the points /2 and § mark the poles of that
sphere. It is evident that as the earth turns on this axis, the
l‘ 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 £ and @,
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 233°. This shows
\ that the axis of the earth is not perpendicular to its orbit, but
f
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\ Fia. 18,—Canees of changes of seasons on the Copernican gystem.

is inclined 233° to that perpendicular, as shown in lh/g 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
1y- 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 suggeest itself is,
that the present figure represents tie earth as moving away

o
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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. The latter is probably the
easjest mode of conception for the general reader. Ile mst,
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 same. It now requires but an elementary
idea of the geometry ‘of the sphere to see that these two great
circles of the celestial sphere—the ecliptic, around \\lmh 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 carth’s axis deviates from the per-
pendicular to the ecliptic.

Next, we have to see how the changes of the scasons, the
equinoxes, etc., are explained on the C ope rnican theory. In
the last fignre 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 (233° towards the sun, while the
north pole, and the whole region within the arctic circle, is
enveloped in darkngss. Ience, in this Imsitiun. the sun nei-
tlam‘nw to the inhabitants of the arktic zone, nor sets to
1]1(,\1‘ of the antarctic zone. Outside of \these zones, he rises
and sets, and the relative dengths of Lxl and night at apy
place can be estimated Ly kflltl\mg/ﬂl(‘ cirgles around \\'lnf('\h
that place\s carried by the diurndl turning of the earth on its
axis. Tedacilitate this, we present on the following page a
magnified picture of the earth at A, showing more fully the
lwmi;l)h('l'c in which it is day and that in which it is night.
The¥seven nearly hegizontal 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. 6
oncg in its revolution, or once a day; that is, the sun just
shoys himself in the horizon once a day. Of the next circle
towards the south about two-

TT *TI\N
thirds is in the dark, and one- / l I,
third in the light hemisphere. // |
This ehows that the days are / |
about twice as long as the / Xy,
nights. This circle is near that | f

around whieh London is carried \
by the dirrna}revolution of the ‘

arth m(n its axis. | As we go R

southj we see that the propor- %N
tion of light e the diurnal cir- LW Ul
cles constaptly increases, while Fl‘;,,I,:J;,.;:ﬁ;i‘,;:’-iﬂi:‘\1”1‘1?‘v:x'f-wf-[«ll‘i.l‘:vﬂxlal}‘lu-ilfl
that of darkness diminishes, un- : i hemis

showing winter in the northern hemi-
“] we l‘(‘:l(‘]l t]l(! (‘1]1121t1 I, W }l(.‘l'tﬁ sphere, and summer in the southern.

they are equal. When we pass into the southern hemisphere,
we see the light, coveringsmore than half ofygach circle, the
proportion of light to darkness constantly increasing, at the
same rate that the opposite proportion would increase in going
to the north. WRAen 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
i3 in sunlight all tlle time, so that the sun does not set at all.
We see, then, that/at the equator the days and nights are al-
ways of the same length, and that the inequality increases as
we approach eitherpole.

We now go on three months to the position 72, which the
earth occupies in March. Ilere the plane of the terrestrial
equator being continued, passes directly throuch tlie sun; the
latter, therefore, seems to bé in the celestial equator. All the
diurnal circles are here one-half in the illuminated, and one-
half in the unilluminateq hemisphere, the latter being invisi-
ble in the figure, through its being behind the earth. The
days and nights are, therefore, of equal length all over the
alobe, if we call it night whenever the sun is geometrically

below the horizon.  In the position €} which the earth takes

»
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in June, everything is the same as in position 4, except that
effects are reversed in the two hemispheres. The northern
hemisphere now has the longest days, and the southern one
the longest pights. At /), which the earth reaches in Sep-
t(*l:n{x*l;: the days and nights are equal once more, for the same
reason as in /2. Thus, all the seemingly complicated phenom-
ena which we have described in the preceding chapter are
completely explained in the simplest Way on the new systen.
We have next to see how the details of the system were filled

in by the immediate successors of Copernicus.
N v

8 3. Tycho Brake. 3
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 DBrahe,
who was born in 1546, three years after the death of Coperni

cus. lis 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, he devoted himself to a study of
the methods of observation and caleulation by which the pre-
diction was made. In 1576 the King of l)timnurk founded
the celebrated Observatory of Uraniberg, at which Tycho
spent twenty years, assiduously enzaged in observations of the
positions of the heavenly bodies with tlle best instruments that
could then de 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
y celebrated laws of planetary motion.
' N\ As a theoretical astronomer, 'I\"\'('lm was unfortunate. Ile
\rejected the Copernican system, foka 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
system were accepted. We have shown how, on the Coperni-
can system, the outer planets seem to describe an annual revo-
lution in an epicycle, in consequence of the annual revolution
of the earth around the sun. The fixed stars, which are sit-
uated outside the solar system, must appear to move in the
same way, if the system be correct. DBut 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 be so great that the
motion could not be seen. :Simfs a vibration of three or four
minutes of arc might have been detected by Tycho, it would
be necessary to suppose the stellar sphere at least a thousand
times the distance of the sin, 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 wounld not permit the waste of
space here implied. At the same time, the proofs given by
Copernicus that the sun was the cente 4f the planetary mo-
tions were too strong to be m‘('rt]qu\\{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 ammual orbit around the
carth, which remained at rest in the centre of the universe.

Perhaps it is fortunate for the reception of the Copernican
system that the astronomical instrpments of Tycho were not
equal to those of the beginning of the present century. Ilad
he found that there was no annual parallax amone the stars
amounting to a second of arc, and therefore that, if Coperni-
cus was right, the stars must be at least 200,000 times the dfs-
tance of the sun, the astronomical world might have stood
achast at the idea, and concluded that, after all, Ptolemy must
be right, and Copernicus wrong.

Tycho never elaborated his system, and it is hard to say

how he would have answered the numerous objections to it.
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Ile 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-
pernican system before a nmew one would have had time to
gain a foothold.

§ 4. Kepler.—Ilis Laws of Planetary Motion.

Kepler was born in 1571, in Wirtemberg. e was for a
while the assistant of Tycho Drahe in his calculations, but was
too clearsighted to adopt the curious system of his master.
Seeing the truth of the ('npt‘l‘ni(';tll 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 cireular llll'li“ll,\ and had thus been H]bli“__"(‘(l to In-
troduce a small epicycle to account for the irregularities of
the yiotion.  The observations of Tycho were so much more
accurate than those of his predecessors, that they showed Kep-
ler the insufticiency of this theory to represent the true mo-
tions of the planets around the sun. The planet most favora-
ble for this investication was Mars, being at the same time
one of the nearest to the earth, and one of which the orbit
was most eccentric. The only way in which Kepler could
proceed in his investication was to make various hypotheses
respecting the orbit in which the planet moved, and its velocity
In various ]mil:t.~. of its orbit, and from these }1.\"]»1'111('.\«'.\‘ to cal-
culate the positions and motions of the planet as seen from
the ecarth, and then compare with observations, to see whether
the observed and caleulated positions agreed. As our modern
tables of logarithms by which such caleulations 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, but elliptical,
he was led to try the effect of [»l:l(‘illg the sun in the focus of
the ('Hi]l\('. Then, the motion of the ]»];Ult'l would be satisfied

if its velocity were made variable, being greater the nearer

it was to the sun.  Thus he was at leneth led to the first two
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» of his three celebrated laws of planetary motion, which are as
follows: y

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

2. As the planet moves round the sun, its radius-vector (or
the line joining tt to the sun) passes over equal arcas in
equal times.

To explain these laws, let /”A4 (Fig. 20) be the ellipse in

which the planet moves. Then the sun will not be in the cen-

/

Fia, 20.—Illustrating Kepler's first two iﬁ?uf;ﬂ.mmrm'y motion.

tre of the ellipse, but in one focus, say at S| the other focus
being empty.  When the planet is at /2, it is at the point near
est the sun; this point is therefore called the perikelion. As
it passes round to the other side of the sun, it continues to re
cede from him till it reaches the point A, when it attains4ts
greatest distance. This point is the aphelion. Then it begins
to appromch the sun again, and continugs to do so till it reaches
[’ once more, when it again begins to repeat the same orbit.
[t thus describes the same ellipse over and over.
Nqw, suppose that, starting from £, we mark the position
of the planct in its orbit at the end of any equal mtervals of
\ time, say 30 days, 60 days, 90 days, 120 days, and g0 on. Let
¢, b, e, d be the first four of these ]m.\'itiu/m between each of
which the planet has required 30 days to move. . Draw lines
from cach of the five positions of the planet, beginning at /2,
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to the sun at S. We shall thus have four triangular spaces,
over each of which the radius-vector of the planet has swept
in 30 days. The first of Kepler’s laws means that the areas
of all of these spaces will be equal.

The old theory that the motions of the heavenly bodies must
be circular and uniform, or, at least, composed of circular and
uniform motions, was thus done away with forever. The el-
lipse took the place of the circle, and a variable motion the
p|n<1‘t'f a 1n|ifnr1n 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 93 times as far as the earth, and
if it moved as fast as the earth, it would perform its revolu-
tion in 94 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 n‘ 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 qf'¢dwﬁ planet ws proportional to the cube of
its mean distance from the sun.

This law is showirf 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

(1 (2) (3) (4
N Cube of Dig Period | Square of
'te distance )
Planets. I nee Lance. (Years Period
[
Mercury..ooovevvieiiennnnns 0.387 [ 0.058 0.2141 0.058
| . . - [ = r 7
IR L1 ¢ R (RS 0.723 | 0.378 0.615 0.378
Farth ... 1.000 j 1.000 1.000 1.001
) [0 R ST 1.524 ‘ 3.540 1.881 3.538
JUPALeT s vassasisis . 5.203 [ 140.8 11.86 §40.66

Saturn ... . 0.539 \w\ 0 29,46 §67.9
|
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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 be noticed.

§5. From [\',/,/, r to Newton.

So far as the determination of the laws of planetary motion
from observation was concerned, we might almost say that
|\'<'}vl(’l‘ left IluT]linj_: to be done. Given the ]w.\lliull 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 had
Kepler had at his command observations as accurate as those
of the present day, he would have found that his laws could
not be made to perfectly represent the motion of the planets.
Not only would the elliptic orbit have been found to vary its
position from century to century, but the planets would have
bheen found to deviate from it, first in one direction and then
in the other, while the areas described by the radius-vector
would have been sometimes larcer 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 digcovery of these laws was
taken l-‘\’ (Gralileo, the great contemporary of ]\'rlllrr, one of
the ill\t‘l'ltul'\ of the h'l(‘\('ulw'. and the first who ever lmilllwl
that instrument at the heavens. Irom a scientific point of
VICW, as ill\{'lltul' of the Tt‘](‘w'lr[w, founder of the science of

dynamics, teacher and upholder of the Copernican system, and
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72 SYSTEM OF THE WORLD HISTORICALLY DEVELOPED.

sufferer at the hands of the Inquisition, for promulgating what
he knew to be the truth, Galileo iq‘“wr]uq»s 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 ﬂlinl\'ill;‘ 1»1»\&1‘\('1'. There was no ]unj_v'n‘l'
any opposition to the new «Wm“\ from any source entitled
to respect. The Inquisition forbade their promulgation as
absolute truths, but were ]wr'i'w'll_\' willing that they should be
used as Aypotheses, and rather encouraged men of science in
the idea of investicating the interésting mathematical prob
lems to which the (\,\1»1:1!|:|?iun of the celestial motions l».\' the
Copernican system might give rise. The only restriction was
that they mpust stop short of asserting or arguing the 9_\'1»1»1]1(*
ges to lu%rv:llit_\x 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-
gion.*  Probably the decree of the Ipquisition was entirely
without effect in stopping’ the reception of the Copernican
system ontside of Italy ahd Spain.

It will be seen, from what has been said, that the next step
to be taken in the direction of explaining the celestial motions
must be the discovery of some general cause of those motions,
or, at least, their reduction to some general law. The first
attempt to do this was made by Descartes in his celebrated
theory 4 vortices, which for some time disputed the field with
Newton’s t]wul'.\' of gl‘:l\il:ltiun. This }n]lil'».\'»l»]n‘l' Hl]'[iu.\twl
the sun go be immersed in a vast mass of fluid, extending in
(](‘“Hitfﬂ].\' in every direction. The sun, by its rotation, set the

¥ F
/7 * The order for this revision was made at the time of condemning Galileo’s
work, but I am not aware that it was ever executed.  An edition of (‘opernicus,
revised to satisfy the Inquisition, would certainly be an interesting work to the

dstronomical 'PI"IlHlurll‘ at the pregent time
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parts of the fluid next to it in rotation; these communicated
their motions to the parts still farther out, and 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 slbwly 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. Ilad Descartes been able to show that the
parts of his vortex must move in ellipses having the sun in
one focus, that tln»l\"qnnd 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 Ilu.\':hvn\. As a mathematician,
a mechanician, and an observer, he stood in the first rdank.
[Te discovered the laws of centrifugal force, and if he jad
simply applied these laws to the solar system, he would have
been led to the result that the planets are held in their orbits
by a force varying as the inverse square of their distance from
the sun. Ilaving found this, the road to the theory of gravita
tion could hardly have been missed. But the great discotery
seemed to require a mind freshly formed for the occasion. ~
)
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CIIAPTER II1.
UNIVERSAL GRAVITATION.
$ § 1. Newton.— Discovery of Gravitation.

Tuw real significance of Newton’s great discovery of univer-
:}gm\itulinn is fully appreciated by but few. Gravitation
1" wenerally 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 asomewhat 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
be heavy, knew of the existence of gravitation. . What New-
ton did was to show that the motions of the planets were
determined by a ufliversal 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 (‘m:mu}i‘g from the sun or the
earth, and causing the celestial motigng;did not originate with
Newton,  'We have seen that even Ptolemy had an idea of a
force which, always directed towards the cemtre of the carth,
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or, which was to him the same thing, $owards the gentre of
th& universe, not only caused ]l(‘:l\"\" 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 himgglf was fully possessed of
thi€ notion is shown by the fact that he conceived a force act-
ing only in the direction of the sun to be insuflicient 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 coytained in
Galileo’s law of falling bodies, and in lln.\'gh&n’h theory of
central forces; yet neither of these philosophers seems to have
clearly and completely expressed it. ®We can hardly be far
wrong in saying that Newton was the first who clearlyaid
down this law in connection with the correlated laws \lﬂnirh
cluster around it. The basis of Newton’s discovery wer€ these
three laws of motion :

Iirst law. A body once set in motion and acted on by no force
will mouve ‘/7»,'4/'(/”[\ n a >(l‘r/«}//«f line and with a uniformn veloc /'/j/
forever. | <

S(‘('Hh(l ]:l\\'. 1/"’ /,,/u"/*/,"/ /,,,‘/,/ be acted on ,1,/’, (1Y /;‘/'w. 1ts e
viation frowm the motion v/«'////u/ i the first law wil be in the direc
tion «_‘l‘//w ‘/b“‘w\, and pri ‘/';/‘7/‘&" nal { //'~
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Third law. Action and reaction are equal, and in opposite di-
rections ; that 1s, whenever any one body exerts.a forceron a second
one, the latter exerts a similar force on the first, only in the opposite
direction, ‘

The first of these laws i8 the fundamental cne. © The cir-
cumstance which ‘impeded its discovery, and set man astray
for many eenturies, 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 b made was at least acted on by
the gravitation of the earth—that is, by its own weight—and,
in consequence, soon fell to the earth. Other forces which im-
peded its motion were friction and the resistance of the air.
It needed research of a 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-there is a force acting all
over the earth by which all bodieg(dre drawn towards the
arth’s centte!, This force extends withqut sensible diminu-
tion, not only to the tops of the highest buildings, but of the
highest mountains. Iow much higher does it extend? Why
should it not extend to the moon? If it does, the moon would
tend/to drop to the earth; just as a stone thrown from the
hand does. Such being the case, why should not this simple
force of gravity ba the force which keeps the moon in her
orbit, and prevents lier from flying off in a straight line under
the first law of motion? To answer this question, it was nec-
essary to calculate what force was requisite to retain the moon
in her orbit, and to compare it witlf gravity. It.was at thag

time well known to astronomers that the distance of the moon~

was sixty semidiameters of the earth. Newtan at firste sup-
posed the earth to be le&s than 7000 miles in diameter, and
conscquonﬂ.\' his calculations failed to lead him to the right

{

/

/

St s

SAT AR



i

e

e B

, NEWTON.—DISCOVERY OF GRAVITATION. ~ 17
result. Thés was in 1665, when he wrwu()n]y twenty - three
years of age. Ile laid aside his calculations for near]y twenty
years, whcn learning that the measures of* Picard, in France,

showed the emth to be one-sixth larger than he lmd supposcd,
he again took up the subject. He now found that the deflec™
tion of the orbit of the moon from a straight line was such as
to amount to a fall of sixteen feet in one minute, the same dis-
tance which a body falls at the 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 expresses,
the tumber of times the moon is more distant than we are
from the centre of the earth. Hence, the force/which hglds the
moon in her orbit is the same as that which makeg'a stone fall, only

diminished in the inverse square of the distance from the ceptre of
the ea

To * mathematician the passage fromn the gru\'imti(»n 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 magén can bes
constantly falling towards the earth without ever becoming any
nefrer. The following illustration will make the matteg 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
the-gext, and so on, the same as if dropped from a state of
rest./ In the annexed figure, let 4B represent a portion of
the/curved surface of the earth, and AD a s\\mwht line hori-
zoiltal at A or the line along \\}mh an obseryer at A would
sight if hq set a/small ttlu(nlw in a lmnmntal position.

Then, m\nw to. e curvature of the carth, the surface will
fall away from this line of sight at the rate of about eight
inches in the first mile, twenty-four inches more in the second

mile, and so on. In five miles the fall will amount to sixteen
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R
feet. In ten miles,in addition to this sixteen feet, three times
that amount will be added, and so on, the law being the game

E , ‘ . . C

5 ;
4 3
(] Fie. 21.—Illustrating the fall of the moon towards the earth. 7

»

with that of a falling body. 'Now, let AC be a high steep
mountain, from the summit of which a cannon-ball is fired in
the horizontal direction CE. The greater thé 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 thaf it 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 sixtepfi feet below e. But we have
just seen that the earth itse;
distance. Ilence, the sh

“1s no nearer the earth than when it
was fired. During the nxt second, while the ball would go to
E, it would fall forty-ejght feet more, or sixty-four feet in all.
But here, again, thé efrth has still been rounding off, so the
distance DB is sixty-fqur feet. Ience,the ball is still no near-
er the earth than wheh it was fired, although it has been drop-
ping away from the fline in which it was fired exactly like a
falling body. Morgbver, meeting with no resistance, it is still
going on with undfiminished velocity ; and, just as it has been
falling for two sfconds without getting any nearer the earth,
s0 it can get n¢/ nearer in the third second, nor in the fourth,
nor in any supsequent second ; but the earth will constantly
curve away af fast as the ball can drop. Thus the latter will
pass ('lca.r roukd the earth, and come back to the first point C,

£ curves away sixteen feet at this
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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 satellie 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 sun,itself. . A very simple calcula-
tion from Kepler’s third law shows that the force with which
each planet thus gravitates towards the sun is inversely as the
square of the mean distance of the planet.

Only one more step is necessary. What sort of an orbit
will a planet describe if acted on by a force directed towards
the sun, and inversely as the square of the distance ¢ A very
simple demonstration will show that, no matter what the law
of force, if it be constantly directed towards the sun, the radi-
us-vector of the planet will sweep over equal areas in equal
times. And, conversely, it cannot sweep over equal areas in
equal times if the force acts in any other direction than that
of the sun. Ience it follows, from Kepler’s second law, that
the force is directed towards the sun itself.

The problem 6f 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’s first law. Thus, all mystery disappeared
from the celestial /motions, and the planets were shown to be
simply heavy bodlé;‘?mm'ing according to the same laws we
see acting all around\ps, only under entirely different circum-
stances. All three of Hepler’s laws were expressed in the sin-
ole law of gmvitati(rﬁwtmmrds the sun, with a force acting in-
versely as the square of the distance.
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Very beautiful is the explanation which gravity gives of
Kepler’s third law. We have seen that 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 we proceed in the
same way with the satellites of Jupiter, cubing the distance
of each satellite from Jupiter, and dividing the cube by the
square of the time of revolution, the quotient will be the same
for each satellite, but will not be the same as for the planets.
This quotient, in fact, is proportional to the mass or weight of
the central body. In the case of the planets it is 1050 times