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PREFACE.

I HAVE tried to give in this book an outline of the history
of astronomy from the earliest historical times to the present
day, and to present it in a form which shall be intelligible
to a reader who has no special knowledge of either astronomy
or mathematics, and has only an ordinary educated person’s
power of following scientific reasoning.

In order to accomplish my object within the limits of
one small volume it has been necessary to pay the strictest
attention to compression ; this has been effected to some
extent by the omission of all but the scantiest treatment
of several branches. of the subject which would figure
prominently in a book written on a different plan or on
a different scale. I have deliberately abstained from giving
any connected account of the astronomy of the Egyptians,
Chaldaeans, Chinese, and others to whom the early develop-
ment of astronomy is usually attributed. On the one
hand, it does not appear to me possible to form an in-
dependent opinion on the subject without a first-hand
knowledge of the documents and inscriptions from which
our information is derived ; and on the other, the various
Oriental scholars who have this knowledge still differ so
widely from one another in the interpretations that they

give that it appears premature to embody their results in
v
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the dogmatic form of a text-book. It has also seemed
advisable to lighten the book by omitting—except in a very
few simple and important cases—all accounts of astro-
nomical instruments; I do not remember ever to have
derived any pleasure or profit from a written description
of a scientific instrument before seeing the instrument
itself, or one very similar to it, and I have abstained
from attempting to give to my readers what I have never
succeeded in obtaining myself. The aim of the book
has also necessitated the omission of a number of im-
portant astronomical discoveries, which find their natural
expression in the technical language of mathematics. I
have on this account only been able to describe in the
briefest and most general way the wonderful and beautiful
superstructure which several generations of mathematicians
have erected on the foundations liid by Newton. For
the same reason I have been compelled occasionally
to occupy a good deal of space in stating in ordinary
English what might have been expressed much more
briefly, as well as more clearly, by an algebraical formula :
for the benefit of such mathematicians as may happen to
read the book I have added a few mathematical footnotes ;
otherwise I have tried to abstain scrupulously from the
use of any mathematics beyond simple arithmetic and a
few technical terms which are explained in the text. A
good deal of space has also been saved by the total
omission of, or the briefest possible reference to, a very
large number of astronomical facts which do not bear on
any well-established general theory ; and for similar reasons
I have generally abstained from noticing speculative
theories which have not yet been established or refuted.
In particular, for these and for other reasons (stated more
fully at the beginning of chapter x111.), I have-dealt in the
briefest possible way with the immense mass of observasions
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which modern astronomy has accumulated ; it would, for
example, have been easy to have filled one or more volumes
with an account of observations of sun-spots made during
the last half-century, and of theories based on them, but
I have in fact only given a page or two to the subject.

I have given short biographical sketches of leading astro-
nomers (other than living ones), whenever the material
existed, and have attempted in this way to make their
personalities and surroundings tolerably vivid; but I
have tried to resist the temptation of filling up space
with merely picturesque details having no real bearing on
scientific progress. The trial of Kepler’s mother for witch-
craft is probably quite as interesting as that of Galilei
before the Inquisition, but I have entirely omitted the first
and given a good deal of space to the second, because,
while the former appeared to be chiefly of curious interest,
the latter appeared to me to be not merely a striking inci-
dent in the life of a great astronomer, but a part of the
history of astronomical thought. I have also inserted a
large number of dates, as they occupy very little space, and
may be found useful by some readers, while they can be
ignored with great ease by others; to facilitate reference
the dates of .birth and death (when known) of every
astronomer of note mentioned in the book (other than
living ones) have been put into the Index of Names.

I have not scrupled to give a good deal of space to
descriptions of such obsolete theories as appeared to me to
form an integral part of astronomical progress. One of the
reasons why the history of a science is worth studying is
that it sheds light on the processes whereby a scientific
theory is formed in order to account for certain facts,
and then undergoes successive modifications as new facts
are gradually brought to bear on it, and is perhaps
finally abandoned when its discrepancies with facts can
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no longer be explained or concealea. For example, no
modern astronomer as such need be concerned with
the Greek scheme of epicycles, but the history of its
invention, of its gradual perfection as fresh observations
were obtained, of its subsequent failure to stand more
stringent tests, and of its final abandonment in favour of
a more satisfactory theory, is, I think, a valuable and
interesting object-lesson in scientific method. I have at
any rate written this book with that conviction, and have
decided very largely from that point of view what to omit
and what to include.

The book makes no claim to be an original contribution
to the subject; it is written largely from second-hand
sources, of which, however, many are not very accessible to
the general reader. Particulars of the authorities which
have been used are given in an appendix.

It remains gratefully to acknowledge the help that I have
received in my work. Mr. W. W, Rouse Ball, Tutor of
Trinity College, whose great knowledge of the history of
mathematics—a subject very closely connected with astro-
nomy—has made his criticisms of special value, has been
kind enough to read the proofs, and has thereby saved me
from several errors; he has also given me valuable infor-
mation with regard to portraits of astronomers. Miss H.
M. Johnson has undertaken the laborious and tedious task
of reading the whole book in manuscript as well as in
proof, and of verifying the cross-references. Miss F.
Hardcastle, of Girton College, has also read the proofs,
and verified most of the numerical calculations, as well as
the cross-references. To both I am indebted for the
detection of a large number of obscurities in expression,
as well as of clerical and other errors and of misprints.
Miss Johnson has also saved me much time by making the
Index of Names," and Miss Hardcastle has rendered me

-1t
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a further service of great value by drawing a consider-
able number of the diagrams. I am also indebted to
Mr. C. E. Inglis, of this College, for fig 81; and I have
“to thank Mr. W. H. Wesley, of the Royal Astronomical
Society, for various references to the literature of the
subject, and in particular for help in obtaining access to
various illustrations.

I am further indebted to the following bodies and
individual astronomers for permission to reproduce photo-
graphs and drawings, and in some cases also for the gift
of copies of the originals : the Council of the Royal Society,
the Council of the Royal Astronomical Society, the Director
of the Lick Observatory, the Director of the Instituto
Geographico-Militare of Florence, Professor Barnard,
Major Darwin, Dr. Gill, M. Janssen, M. Loewy, Mr. E.
W. Maunder, Mr. H. Pain, Professor E. C. Pickering,
Dr. Schuster, Dr. Max Wollf.

ARTHUR BERRY.

K:xc's CoLLEGE, CAMBRIDGE.
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A SHORT HISTORY OF ASTRONOMY.

CHAPTER L

PRIMITIVE ASTRONOMY.

#The never-wearied Sun, the Moon exactly round,

And all those Stars with which the brows of ample heaven are
crowned,
Orion, all the Pleiades, and those seven Atlas got,
The close beamed Hyades, the Bear, surnam’d the Chariot,
That turns about heaven’s axle tree, holds ope a constant eye
Upon Orion, and of all the cressets in the sky
His golden forehead never bows to th’ Ocean empery.”
The Iliad (Chapman’s translation).

1. ASTRONOMY is the science which treats of the sun, the
moon, the stars, and other objects such as comets which are
seen in the sky. It dealsto some extentalso with the earth,
but only in so far as it has properties in common with the
. heavenly bodies. [In early times astronomy was concerned
almost entirely with the observed motions of the heavenly
bodies. At a later stage astronomers were able to discover
the distances and sizes of many of the heavenly bodies,
and to weigh some of them; and more recently they have
acquired a considerable amount of knowledge as to their
nature and the material of which they are made.

2. We know nothing of the beginnings of astronomy,
and can only conjecture how certain of the simpler facts
of the science—particularly those with a direct influence on
human life and comfort—gradually became familiar to early
mankind, very mucb as they are familiar to modern savages.

. I



il

2 A Short History of Astronomy - [Cu. L

With these facts it is convenient to begin, taking them in
the order in which they most readily present themselves to
any ordinary observer.

3. The sun is daily seen to rise in the eastern part of
the sky, to travel across the sky, to reach its highest position
in the south in the middle of the day, then to sink, and
finally to set in the western part of the sky. But its daily
path across the sky is not always the same: the points of
the horizon at which it rises and sets, its height in the sky
at midday, and the time from sunrise to sunset, all go
through a series of changes, which are accompanied by
changes in the weather, in vegetation, etc.; and we are
thus able to recognise the existence of the seasons, and
their recurrence after a certain interval of time which is
known as a year.

4. But while the sun always appears as a bright circular
disc, the next most conspicuous of the heavenly bodies, the
moon, undergoes changes of form which readily strike the
observer, and are at once seen to take place in a regular order
and at about the same intervals of time. A little more care,
however, is necessary in order to observe the connection
between the form of the moon and her position in the sky
with respect to the sun. Thus when the moon is first
visible soon after sunset near the place where the sun has set,
her form is a thin crescent (cf. fig. 11 on p. 31), the hollow
side being turned away from the sun, and she sets soon
after the sun. Next night the moon is farther from the
sun, the crescent is thicker, and she sets later; and so on,
until after rather less than a week from the first appearance
of the crescent, she appears as a semicircular disc, with
the flat side turned away from the sun. The semicircle
enlarges, and after another week has grown into a complete
disc; the moon is now nearly in the opposite direction to
the sun, and therefore rises about at sunset and sets about
at sunrise. She then begins to approach the sun on the
other side, rising before it and setting in the daytime;
her size again diminishes, until after another week she is
again semicircular, the flat side being still turned away
from the sun, but being now turned towards the west
instcad of towards the east. The semicircle then becomes
a gradually diminishing crescent, and the time of rising
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approaches the time of sunrise, until the moon becomes
altogether invisible. After two or three nights the new
moon reappears, and the whole series of changes is repeated.
The different forms thus assumed by the moon are now
known as her phases; the time occupied by this series of
changes, the month, would naturally suggest itself as a con-
venient measure of time; and the day, month, and year
would thus form the basis of a rough system of time-
measurement.

5. From a few observations of the stars it could also
clearly be seen that they too, like the sun and moon,
changed their positions in the sky, those towards the east
being seen to rise, and those towards the west to sink and
finally set, while others moved across the sky from east to
west, and those in a certain northern part of the sky, though
also in motion, were never seen either to rise or set. Although
anything like a complete classification of the stars belongs
to a more advanced stage of the subject, a few star groups
could easily be recognised, and their position in the sky
could be used as a rough means of measuring time at night,
just as the position of the sun to indicate the time of day.

6. To these rudimentary notions important additions
were made when rather more careful and prolonged obser-
vations became possible, and some little thought was
devoted to their interpretation.

Several peoples who reached a high stage of civilisation
at an early period claim to have made important progress
in astronomy. Greek'traditions assign considerable astro-
nomical knowledge to Egyptian priests who lived some
thousands of years B.c., and some of the peculiarities of
the pyramids which were built at some such period are at
any rate plausibly interpreted as evidence of pretty accurate
astronomical observations ; Chinese records describe observa-
tions supposed to have been made in the 25th century B.C.;
some of the Indian sacred books refer to astronomical
knowledge acquired several centuries before this time ; and
the first observations of the Chaldaean priests ‘of Babylon
have been attributed to times not much later.

On the other hand, the earliest recorded astronomical
observation the authenticity of which may be accepted
without scruple belongs only to the 8th century B.c.
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For the purposes of this book it is not worth while to
make any attempt to disentangle from the mass ot doubtful
tradition and conjectural interpretation of inscriptions, bear-
1ing on this early astronomy, the féw facts which lie embedded
therein ; and we may proceed at once to give some account
of the astronomical knowledge, other than that already dealt
with, which is discovered in the possession of the earliest
really historical astronomers—the Greeks—at the beginning
of their scientific history, leaving it an open question what
portions of it were derived from Egyptians, Chaldaeans, their
own ancestors, or other sources.

7. If an observer looks at the: stars on any clear night
he sees an apparently innumerable * host of them, which
seem to lie on a portion of a spherical surface, of which he
is the centre. This spherical surface is commonly spoken
of as the sky, and is known to astronomy as the celestial
sphere. The visible part of this sphere is bounded by the
earth, so that onlyhalf can be seen at once ; but only the
slightest effort of the imagination is required to think of
the other half as lying below the earth, and containing other
stars, as well as the sun. This sphere -appears to the
observer to be very large, though he is incapable of forming
any precise estimate of its size. T

Most of us at the present day have been taught in child-
hood that the stars are at different distances, and that this
sphere has in consequence no real existence. The early
peoples had no knowledge of this, and for them the celestial
sphere really existed,, and was often thought to be a solid
sphere of crystal.

" Moreover modern astronomers, as well as ancient, find
it convenient for very many purposes to make use of this
sphere, though it has no material existence, as a means
of representing the directions in which the heavenly bodies
are seen and their motions. = For all that direct observation

* In our climate 2,000 is about the greatest number ever visible
at once, even to a keen-sighted person.

t Owing to the greater brightness of the stars overhead they
usually seem a little nearer than those near the horizon, and con-
sequently the visible portion of the celestial sphere ‘appears to be
rather less than a half of a complete sphere. This is, however, of Lo
importance, and will for the future be ignored,
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can tell us about the position of such an object as a star
is its direction; its distance can only be ascertained by
indirect methods, if at all. - If we draw a sphere, and
suppose the observer’s eye placed at its centre o (fig. 1),
and then draw a straight line from o to a star s, meeting
the surface of the sphere in the point s; then the star
appears exactly in the same position as if it were at s,
nor would its apparent position be changed if it were
placed at any other point, such as s’ or s”, on this same

<P F1c. 1.—The celestial sphere.

line. When we speak, therefore, of a star as being at
a point s on the celestial sphere, all that we mean is that
it is in the same direction as the point s, or, in other
words, that it is situated somewhere on the straight line
through o ands. The advantages of this method of repre-
senting the position of a star become evident when we wish
to compare the positions of several stars. The difference
of direction of two stars is the angle between the lines
drawn from the eye to the stars; e.g., if the stars are R, s, it
is the angle R 0 s. Similarly the difference of direction of
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another pair of stars, p, q, is the angle P 0 Q. The two stars
P and Q appear nearer together than do Rr and s, or farther
apart, according as the angle P o @ is less or greater than
the angle R 0s. But if we represent the stars by the
corresponding points p, ¢, », s on the celestial sphere, then
(by an obvious property of the sphere) the angle p o @
(which is the same as p 0 ¢) is less or greater than the
angle R 0s (or 0 s) according as the arc joining p ¢
on the sphere is less or greater than the arc joining 7 s,
and in the same proportion ; if, for example, the angle R 0 s
is twice as great as the angle P 0 Q, so also is the arc g ¢
twice as great as the arc »s. We may therefore, in all
questions relating only to the directions of the stars, replace
the angle between the directions of two stars by the arc
joining the corresponding points on the celestial sphere, or,
in other words, by the distance between. these points on
the celestial sphere. But such arcs on a sphere are
easier both to estimate by eye and to treat geometrically
than angles, and the use of the celestial sphere is therefore
of great value, apart from its historical origin. It is im-
portant to note that this apparent distance of two stars,
z.e. their distance from one another on the celestial sphere,
is an entirely different thing from their actual distance from
one another in space. In the figure, for example, Q is
actually much nearer to s than it is to p, but the apparent
distance measured by the arc ¢ s is several times greater
than ¢ . The apparent distance of two points on the
celestial sphere is measured numerically by the angle
between the lines joining the eye to the two points,
expressed in degrees, minutes, and seconds.*

We might of course agree to regard the celestial sphere
as of a particular size, and - then express the distance be-
tween two points on it in miles, feet, or inches; but it is
practically very inconvenient to do so. To say, as some
people occasionally do, that the distance between two stars
is so many feet is meaningless, unless the supposed size of
the celestial sphere is given at the same time.

It has already been pointed out that the observer is
always at the centre of the celestial sphere ; this remains

* A right angle is divided into ninety degrees (90°), a degree into
sixty minutes (60'), and a minute into sixty seconds (60").
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true even if he moves to another place. A sphere has,
however, only one centre, and therefore if the sphere
remains fixed the observer cannot move about and yet
always remain at the centre. The old astronomers met
this difficulty by supposing that the celestial sphere was so
large that any possible motion of the observer would be
insignificant in comparison with the radius of the sphere and
could be neglected. It is often more convenient--when
we are using the sphere as a mere geometrical device for
representing the position of the stars—to regard the sphere
as moving with the observer, so that he always remains at -+
the centre. ;

8. Although the stars all appear to move across the 37,3
sky (§ 5), and their rates of motion differ, yet the distance
between any two stars remains unchanged, and they were
consequently regarded as being attached to the celestial
sphere. Moreover a little careful observation would have
shown that the motions of the stars in different parts of the
sky, though at first sight very different, were just such
as would have been produced by the celestial sphere—with
the stars attached to it—turning-abdut an axis passing
through the centre and through a point in the northern
sky close to the familiar pole-star. This point is called
the pole. As, however, a straight line drawn through the
centre of a sphere meets it in two points, the axis of
the celestial sphere meets it again in a second point,
opposite the first, lying in a part of the celestial sphere
which is permanently below the horizon. This second
point is also called a pole; and if the two poles have to
be distinguished, the one mentioned first is called the
north pole, and the other the south pole. The direction
of the rotation of the celestial sphere about its axis is
such that stars near the north pole are seen to move round
it in circles in the direction opposite to that in which the
hands of a clock move; the motion is uniform, and a
complete revolution is performed in four minutes less than
twenty-four hours ; so that the position of any star in the
sky at twelve o’clock to-night is the same as its position at
four minutes to twelve to-morrow night.

The moon, like the stars, shares this motion of the
celestial sphere, and so also does the sun, though this
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is more difficult to recognise owing to the fact that the sun
and stars are not seen together.

As other motions of the celestial bodies have to be dealt
with, the general motion just described may be conveniently
referred to as the daily motion or daily rotation of the
celestial sphere.

9. A further study of the daily motion would lead to the
recognition of certain important circles of the celestial sphere.

Each star describes in its daily motion a circle, the size
of which depends on its distance from the poles. Fig. 2
shews the paths described by a number of stars near the
pole, recorded photographically, during part of a night.
The pole-star describes so small a circle that its motion can
only with difficulty be detected with the naked eye, stars a
little farther off the pole describe larger circles, and so on,
until we come to stars half-way between the two poles, which
describe the largest circle which can be drawn on the
celestial sphere. The circle on which these stars lie and
which is described by any one of them daily is called the
equator. By looking at a diagram such as fig. 3, or, better
still, by looking at an actual globe, it can easily be seen
that half the equator (£ Q w) lies above and half (the
dotted part, w R E) below the horizon, and that in conse-
quence a star, such as s, lying on the equator, is in its daily
motion as long a time above the horizon as below. If
a star, such as s, lies on the north side of the equator, 7.
on the side on which the north pole p lies, more than half
of its daily path lies above the horizon and less than half
(as shewn by the dotted line) lies below; and if a star
is near enough to the north pole (more precisely, if it is
nearer to the north pole than the nearest point, K, of the
horizon), as o, it never sets, but remains continually above
the horizon. Such a star is called a (northern) ecircumpolar
star. On the other hand, less than half of the daily path of
a star on the south side of the equator, as ', is above the
horizon, and a star, such as ¢, the distance of which from
the north pole is greater than the distance of the farthest
point, 1, of the horizon, or which is nearer than H to the
south pole, remains continually below the horizon. '

10. A slight familiarity with the stars is enough to shew
any one that the same stars are not always visible at the

.¢§



Fic. 2.—The paths of circumpolar stars, shewing their move-
ment during seven hours. From a photograph by Mr.

H. Pain. The thickest line is the path of the pole star.

[To face p. 8.
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same time of night. Rather more careful observation,
carried out for a considerable time, is necessary in order
to see that the aspect of the sky changes in a regular way
from night to night,’and that after the lapse of a year the
same stars become again visible at the same time. The
explanation of these changes as due to the motion of
the sun on the celestial sphere is more difficult, and the

14
Z

Q o R
Fi6. 3.—The circles of the celestial sphere,

unknown discoverer of this fact certainly made onée of
the most important steps in early astronomy.

If an observer notices soon after sunset a star somewhere
in the west, and looks for it again a few evenings later at
about the same time, he finds it lower down and nearer to
the sun; a few evenings later still it is invisible, while its
place has now been taken by some other star which was at
first farther east in the sky. This star can in turn be
observed to approach the sun evening by evening. Or if
the stars visible after sunset low down in the east are
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noticed a few days later, they are found to be higher up
in the sky, and their place is taken by other stars at
first too low down to be seen. Such observations of
stars rising or setting about sunrise or sunset shewed to
early observers that the stars were gradually changing their
position with respect to the sun, or that the sun was
changing its position with respect to the stars.

The changes just described, coupled with the fact that
the stars do not change their positions with respect to one
another, shew that the stars asa whole perform their daily
revolution rather more rapidly than the sun, and at such a
rate that they gain on it one complete revolution in the
course of the year. This can be expressed otherwise in
the form that the stars are all moving westward on the
celestial sphere, relatively to the sun, so that stars on the
east are continually approaching and those on the west
continually receding from the sun. But, again, the same
facts can be expressed with equal accuracy and greater
simplicity if we regard the stars as fixed on the celestial
sphere, and the sun as moving on it from west to east
among them (that is, in the direction gpposite to that of
the daily motion), and at such a rate as to complete a
circuit of the celestial sphere and to return to the same
position after a year.

This annual motion of the sun is, however, readily seen
not to be merely a motion from west to east, for if so the
sun would always rise and set at the same points of the
horizon, as a star does, and its midday height in the sky
and the time from sunrise to sunset would always-be the
same. We have already seen that if a.star lies on the
equator half of its daily path is above the horizon, if
the star is north of the equator more than half, and if south
of the equator less than half; and what is true of a star is true
for the same reason of any body sharing the daily motion of
the celestial sphere. During the summer months therefore
(March to September), when the day is longer than the night,
and more than half of the sun’s daily path is above the
horizon, the sun must be north of the equator, and during
the winter months (September to March) the sun must be
south of the equator. The change in the sun’s distance
from the pole is also evident from the fact that in the winter
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months the sun is on the whole lower down in the sky than
in stmmer, and that in partticular its midday height is less.
11. The sun’s path on the celestial sphere is therefore
oblique to the equator, lying partly on one side of it and
partly on the other. A good deal of careful observation
of the kind we have been describing must, however, have
been necessary before it was ascertained that the sun’:
annual path on the celestial sphere (sce fig. 4) is a great
circle (that is, a circle having its centre at the centre of
the sphere). This great circle is now called the echptlc
(because eclipses take place only when the moon is in
or near it), and the angle at which it cuts the equator is
called the obliquity of the ecliptic. The Chinese claim to
have measured the obliquity in 1100 B.C, and to have found
the remarkably accurate value 23° 52’ (cf. chapter 11, § 335).
‘The truth of this statement may reasonably be doubted, but
on the other hand the statement of some late Greck writers.
that either Pythagoras or Anaximander (6th century B.C.) was
the first to discover the
obliquity of the ecliptic is BT PO
almost certainly wrong. It
must have been known with
reasonable accuracy to both
Chaldaeans and Egyptians
long before. 3
When the sun crosses the
equator the day is equal to
the night, and the times
when this occurs are con-
sequently known as the
equinoxes, the vernal equi-

nox occurring when the sun SOUTH POLE
crosses the equator from  Fic. 4.—The equator and the
south to north (about March celiptic.

21st), and the autumnal
equinox when it crosses back (about September 23rd).
The points on the celestial sphere where the sun crosses
the equator (a, c in fig. 4), 7.e. where ecliptic and equatcr
cross one another, are called the equinoctial points,
occasionally also the equinoxes.

After the vernal equinox the cua in its path along the
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ecliptic recedes from the equator towards the north, until it
reaches, about three months afterwards, its greatest distance
from the equator, and then approaches the equator again.
The time when the sun is at its greatest distance from the
equator on the north side is called the summer solstice,
because then the northward motion of the sun is arrested
and it temporarily appears to stand still. Similarly the sun
is at its greatest distance from the equator towards the
south at the winter solstice. The points on the ecliptic
(8, » in fig. 4) where the sun is at the solstices are called
the solstitial points, and are half-way between the equinoctial
points.

12. The earliest observers probably noticed particular
groups of stars remarkable for their form or for the presence
of bright stars among them, and occupied their fancy by
tracing resemblances between them and familiar objects, etc.
We have thus at a very early period a rough attempt at
dividing the stars into groups called constellations and at
naming the latter.

In some cases the stars regarded as belonging to a con-
stellation form a well-marked group on the sky, sufficiently
separated from other stars to be conveniently classed
together, although the resemblance which the group bears
to the object after which it is named is often very slight.
The seven bright stars of the Great Bear, for example, form
a group which any observer would very soon notice and
naturally make into a constellation, but the resemblance
to a bear of these and the fainter stars of the constellation
is sufficiently remote (see fig. 5), and as a matter of fact
this part of the Bear has also been called a Waggon and
is in America familiarly known as the Dipper; another
constellation has sometimes been called the Lyre and
sometimes also the Vulture. In very many cases the choice
of stars seems to have been made in such an arbitrary
manner, as to suggest that some fanciful figure was first
imagined and that stars were then selected so as to represent
it in some rough sort of way. In fact, as Sir John Herschel
remarks, “ The constellations seem to have been purposely
named and delineated to cause as much confusion and
inconvenience as possible. Innumerable snakes twine
through long and contorted areas of the heavens where no
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memory can follow them ; bears, lions, and fishes, large and
small, confuse all nomenclature.” (Qutlines of Astronomy,
§ 301) : ,

The constellations as we now have them are, with the
exception of a certain number (chiefly in the southern
skies) which have been added in modern times, substantially
those which existed in early Greek astronomy ; and such
information as we possess of the Chaldaean and Egyptian
constellations shews resemblances indicating that the Greeks
borrowed some of them. The names, as far as they are
not those of animals or common objects (Bear, Serpent,
Lyre, etc.), are largely taken from characters in the Greek
mythology (Hercules, Perseus, Orion, etc.). The con-
stellation Berenice’s Hair, named after an Egyptian queen
of the 3rd century B.C., is one of the few which com-
memorate a historical personage.*

13. Among the constellations which first received names
were those through which the sun passes in its annual
circuit of the celestial sphere, that is those through which
the ecliptic passes. ‘The moon’s mont'fxly path is also a great
circle, never differing very much from the ecliptic, and the
paths of the planets (§ 14) are such that they also are never
far from the ecliptic. Consequently the sun, the moon,
and the five planets were always to be found within a region
of the sky extending about 8° on each side of the ecliptic.
This strip of the celestial sphere was called the zodiae,
because the constellations in it were (with one exception)
named after living things (Greek {@ov, an animal); it was
divided into twelve equal parts, the signs of the zodiac,
through one of which the sun passed every month, so that
the position of the sun at any time could be roughly
described by stating in what “sign” it was. The stars in
each “sign” were formed into a constellation, the “sign”
and the constellation each receiving the same name. Thus

* 1 have made no attempt either here or elsewhere to describe the
constellations and their positions, as I believe such verbal descrip-
tions to be almost useless. For a beginner who wishes to become
familiar with them the best plan is to get some better informed
friend to point out a few of the more conspicuous ones, in different
parts of the sky. Others can then be readily added by means of a
star-atlas, or of the star-maps given in many textbooks.
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arose twelve zodiacal constellations, the nam:s of which
have come down to us with unimportant changes from
early Greek times.* Owing, however, to an alteration of
the position of .the equator, and consequently of the
equinoctial points, the sign Aries, which was defined by
Hipparchus in the second century B.c. (see chapter11., § 42)
as beginning at the vernal equinoctial point, no longer
contains the constellation Aries, but the preceding one,
Pisces ; and there is a corresponding change throughout
the zodiac. The more precise numerical methods of
modern astronomy have, however, rendered the signs of
the zodiac almost obsolete ; but the first point of Aries (),
and the first point of Libra (=), are still the recognised
names for the equinoctial points.

In some cases individual stars also received special
names, or were called after the part of the constellation in
which they were situated, e.g. Sirius, the Eye of the Bull,
the Heart of the Lion, etc. ; but the majority of the present
names of single stars are of Arabic origin (chapter 111., § 64).

14. We have seen that the stars, as a whole, retain
invariable positions on the celestial sphere,t whereas the
sun and moon change their positions. It was, however,
discovered in prehistoric times that five bodies, at first
sight barely distinguishable from the other stars, also changed
their places. These five—Mercury, Venus, Mars, Jupiter,
and Saturn—with the sun and moon, were called planets,}
or wanderers, as distinguished from the fixed stars.

* The names, in the customary Latin forms, are: Aries, Taurus,
Gemini, Cancer, Lco, Virgo, Libra, Scorpio, Sagittarius, Capricornus,
Aquarius, and Pisces; they are easily remembered by the doggerel
verses :—

The Ram, the Bull, the Heavenly Twins,

And next the Crab, the Lion shines,
‘The Virgin and the Scales,

The Scorpion, Archer, and He-Goat,

The Man that bears the Watering-pot,
And Fish with glittering tails.

1 This statement leaves out of account small motions nearly or
quite invisible to the naked eye, some of which are among the most
interesting discoveries of telescopic astronomy ; see, for example,
chapter x., §§ 207-215.

I The custom of calling the sun and moon planets has now died
out, and the modern usage will be adopted henceforward in this
book,
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Mercury is never seen except occasionally near the horizon
just after sunset or before sunrise, and in a climate like
ours requires a good deal of looking for; and it is rather
remarkable that no record of its discovery should exist.
Venus is conspicuous as the Evening Star or as the
Morning Star. The discovery of the identity of the
Evening and Morning Stars is attributed to Pythagoras
.(6th century B.c.), but must almost certainly have been
made earlier, though the Homeric poems contain references
to both, without any indication of their identity. Jupiter is
at times as conspicuous as Venus at her brightest, while
Mars and Saturn, when wellsituated, rank with the brightest
of the fixed stars.

The paths of the planets on the celestial sphere are, as
we have seen (§ 13), never very far from the ecliptic; but
whereas the sun and moon move continuously along their
paths from west to east, the motion of a planet is some-
times from west to east, or direct, and sometimes from east
to west, or retrograde. If we begin to watch a planet when
it is moving eastwards among the stars, we find that after
a time the motion becomes slower and slower, until the
planet hardly seems to move at all, and then begins to
move with gradually increasing speed in the opposite
direction ; after a time this westward motion becomes
slower and then ceases, and the planet then begins to move
eastwards again, at first slowly and then faster, until it
returns to its original condition, and the changes are
repeated. When the planet is just reversing its motion it
is said to be stationary, and its position then is called a
stationary point. The time during which a planet’s motion
is retrograde is, however, always considerably less than that
during which it is direct; Jupiter’s motion, for example,
is direct for about 39 weeks and retrograde for 17, while
Mercury’s direct motion lasts 13 or 14 weeks and the retro-
grade motion only about 3 weeks (see figs. 6, 7). On th
whole the planets advance from west to egst and describ
circuits round the celestial sphere Tn periods which are
different for each planet. The explanation of these irregu-
. larities in the planetary motions was long one of the great
difficulties of astronomy.

15. The idea that some of the heavenly bodies are

rk
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nearer to the earth than others must have been suggested
by eclipses (§ 17) and occultations, 7.e. passages of the
moon over a planet or fixed star. In this way the moon
would be recognised as nearer than any of the other
celestial bodies. No direct means being available for
determining the distances, rapidity of motion was employed
as a test of probable nearness. Now Saturn returns tothe—
same place among the stars in about 293 years, Jupiter in
12 years, Mars in 2 years, the sun in one year, Venus in 225
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Sept. 3, 1898. The dates printed in the diagram shew the
positions of Jupiter.

days, Mercury in 88 days, and the moon in 27 days; and
this order was usually taken to be the order of distance,
Saturn being the most distant, the moon the nearest. The
stars being seen above us it was natural to think of the
most distant celestial bodies as being the highest, and
accordingly Saturn, Jupiter, and Mars being beyond the
sun were called superior planets, as distinguished from the
two inferior planets Venus and Mercury. This division
corrésponds also to a difference in the observed motions, -
as Venus and Mercury seem to accompany the sun in its
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annual journey, being never more than about 47 and 2¢°
respectively distant from it, on either side ; while the other
planets are not thus restricted in their motions.

16. One of the purposes to which applications of
astronomical knowledge was first applied was to the
measurement of time. As the alternate appearance and
disappearance of the sun, bringing with it light and heat,
is the most obvious of astronomical facts, so the day is
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F1c. y.—The apparent path of Mercury from Aug. 1 to Oct. 3,
1898. The dates printed in capital letters shew the positions
of the sun ; the other dates shew those of Mercury.

the simplest unit of time.* Some of the early civilised
nations divided the time from sunrise to sunset and also
the night each into 12 equal hours. According to this
arrangement a day-hour was in summer longer than a

* It may be noted that our word “day” (and the corresponding
word in other languages) is commonly used in two senses, either for
the time between sunrise and sunset (day as distinguished from
night), or for the whole period of 24 hours or day-and-night. The
Greeks, however, used for the latter a special word, vvx6juepov.

2
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night-hour and in winter shorter, and the length of an hour
varied during the year. At Babylon, for example, where
this arrangement existed, the length of a day-hour was at
midsummer about half as long again as in midwinter, and
in London it would be about twice as long. It was there-
fore a great improvement when the Greeks, in comparatively
late times, divided the whole day into 24 equal hours.
Other early nations divided the same period into 12 double
hours, and others again into 60 hours.

The next most obvious unit of time is the lunar month,
or period during which the moon goes through her phases.
A third independent unit is the year. Although the year
is for ordinary life much more important than the month,
yet as it is much longer and any one time of year is harder
to recognise than a particular phase of the moon, the length
of the year is more difficult to determine, and the earliest
known systems of time-measurement were accordingly
based on the month, not on the year. The month was
found to be nearly equal to 293 days, and as a period
consisting of an exact number of days was obviously con-
venient for most ordinary purposes, months of 29 or 3o
days were used, and subsequently the calendar was brought
into closer accord with the moon by the use of months
containing alternately 29 and 3o days (cf. chapter 11., § 19).

Both Chaldaeans and Egyptians appear to have known
that the year consisted of about 3653 days; and the latter,
for whom the importance of the year was emphasised by
the rising and falling of the Nile, were probably the first
nation to use the year in preference to the month as a
measure of time. They chose a year of 365 days.

The origin of the week is quite different from that of
the month or year, and rests on certain astrological ideas
about the planets. To each hour of the day one of the
seven planets (sun and moon included) was assigned as a
“ruler,” and each day named after the planet which ruled
its first hour. The planets being taken in the order
already given (§ 15), Saturn ruled the first hour of the
first day, and therefore also the 8th, 15th, and 22nd hours
of the first day, the 5th, 12th, and 1gth of the second day,
and so on; Jupiter ruled the 2nd, gth, 16th, and 23rd
hours of the first day, and, subsequently the 1st hour of

-~
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the 6th day. In this way the first hours of successive
days fell respectively to Saturn, the Sun, the Moon, Mars,
Mercury, Jupiter, and Venus. The first three are easily
recognised in our Saturday, Sunday, and Monday ; in the
other days the names of the Roman gods have been
replaced by their supposed Teutonic equivalents—Mercury
by Wodan, Mars by Thues, Jupiter by Thor, Venus by
Freia.*

“a7. Eclipses of the sun and moon must from very early
times have excited great interest, mingled with superstitious
terror, and the hope of acquiring some knowledge of them
was probably an important stimulus to early astronomical
work. That eclipses of the sun only take place at new
moon, and those of the moon only at full moon, must have
been noticed after very little observation ; that eclipses of
the sun are caused by the passage of the moon in front
of it must have been only a little less obvious; but the
discovery that eclipses of the moon are caused by the
earth’s shadow was probably made much later. In fact
even in the time of Anaxagoras (5th century B.c.) the idea
was so unfamiliar to the Athenian public as to be regarded
as blasphemous.

One of the most remarkable of the Chaldaean con-
tributions to astronomy was the discovery (made at any
rate several centuries B.c.) of the recurrence of eclipses
after a period, known as the saros, consisting of 6,585 days
(or eighteen of our years and ten or eleven days, according
as five or four leap-years are included). It is probable
that the discovery was made, not by calculations based on
knowledge of the motions of the sun and moon, but by
mere study of the dates on which eclipses were recorded
to have taken place. As, however, an eclipse of the sun
(unlike an eclipse of the moon) is only visible over a small
part of the surface of the earth, and eclipses of the sun
occurring at intervals of eighteen years are not generally
visible at the same place, it is not at all easy to see how
the Chaldaeans could have established their cycle for this
case, nor is it in fact clear that the saros was supposed to
apply to solar as well as to lunar eclipses. The saros may

* Compare the French: Mardi, Mercredi, Jeudi, Vendredi; ar
better still the Italian: Martedi, Mercoledi, Giovedi, Venerdi,
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be illustrated in modern times by the eclipses of the sun
which took place on July 18th, 1860, on July 29th, 1878,
and on August gth, 1896 ; but the first was visible in
Southern Europe, the second in North America, and the
third in Northern Europe and Asia.

18. To the Chaldaeans may be assigned also the doubtful
honour of having been among the first to develop astrology,
the false science which has professed to ascertain the in-
fluence of the stars on human affairs, to predict by celestial
observations wars, famines, and pestilences, and to discover
the fate of individuals from the positions of the stars at
their birth. A belief in some form of astrology has always
prevailed in oriental countries ; it flourished at times among
the Greeks and the Romans ; it formed an important part
of the thought of the Middle Ages, and is not even quite
extinct among ourselves at the present day.* It should,
however, be remembered that if the history of astrology is
a painful one, owing to the numerous illustrations which
it affords of human credulity and knavery, the belief in
it has undoubtedly been a powerful stimulus to genuine
astronomical study (cf. chapter 1., § 56, and chapter v.,

§§ 99, 100).
* See, for example, O/d Moore's or Zadkiel's Almanack.



CHAPTER II
GREEK ASTRONOMY.

“ The astronomer discovers that geometry, a pure abstraction of the
human mind, is the measure of planetary motion.”
' EMERSON.

19. In the earlier period of Greek history one of the
chief functions expected of astronomers was the proper
regulation of the calendar. The Greeks, like earlier
nations, began with a calendar based on the moon. In
the time of Hesiod a year consisting of 12 months of 30
days was in common use ; at a later date a year made up
of 6 full months of 30 days and 6 empty months of 29 days
was introduced. To Solon is attributed the merit of
having introduced at Athens, about 594 B.C., the practice
of adding to every alternate year a “full” month. - Thus a
period of two years would contain 13 months of 30 days
and 12 of 29 days, or 738 days in all, distributed among
25 months, giving, for the average length of the year and
month, 369 days and about 291 days respectively. This
arrangement was further improved by the introduction,
probably during the sth century B.c., of the octaeteris, or
eight-year cycle, in three of the years of which an additional
“full” month was introduced, while the remaining years
consisted as before of 6 “full” and 6 “empty” months.
By this arrangement the average length of the year was
reduced to 3654 days, that of the month remaining nearly
unchanged. As, however, the Greeks laid some- stress on
beginning the month when the new moon was first visible,
it was necessary to make from time to time arbitrary
alterations in the calendar, and considerable confusion
21
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resulted, of which Aristophanes makes the Moon complain
in his play Z%e Clouds, acted in 423 B.C.:

“Yet you will not mark your days
As she bids you, but confuse them, jumbling them all sorts of ways.
And, she says, the Gods in chorus shower reproaches on her head,
When, in bitter disappointment, they go supperless to bed,
Not obtaining festal banquets, duly on the festal day.”

20. A little later, the astronomer Mefon (born about
460 B.c.) made the discovery that the length of 19 years
is very nearly equal to that of 235 lunar months (the
difference being in fact less than a day), and he devised
accordingly an arrangement of 12 years of 12 months and
7 of 13 months, 125 of the months in the whole cycle
being “full ” and the others ‘“empty.” Nearly a century
later Callippus made a slight improvement, by substituting
in_every fourth period of 19 years a “full” month for one of
the ‘“empty ” ones. Whether Meton’s cycle, as it is called,
was introduced for the civil calendar or not is uncertain,
but if not it was used as a standard by reference to which
the actual calendar was from time to time adjusted. The
use of this cycle seems to have soon spread to other parts
of Greece, and it is the basis of the present ecclesiastical
rule for fixing Easter. The difficulty of ensuring satisfactory
correspondence between the civil calendar and the actual
motions of the sun and moon led to the practice of publish-
ing from time to time tables (wapamjymara) not unlike
our modern almanacks, giving for a series of years the
dates of the phases of the moon, and the rising and setting
of some of the fixed stars, together with predictions of the
weather. Owing to the same cause the early writers on
agriculture (e.g. Hesiod) fixed the dates for agricultural
operations, not by the calendar, but by the times of the
rising and setting of constellations, Ze. the times when
they first became visible before sunrise or were last visible
immediately after sunset—a practice which was continued
long after the establishment of a fairly satisfactory calendar,
and was apparently by no means extinct in the time of
Galen (2nd century a.p.).

21. The Roman calendar was in early times even more
confused than the Greek. There appears to have been
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at one time a year of either 304 or 354 days; tradition
assigned to Numa the introduction of a cycle of four years,
which brought the calendar into fair agreement with the
sun, but made the average length of the month consider-
ably too short. Instead, however, of introducing further
refinements the Romans cut the knot by entrusting to
the ecclesiastical authorities the adjustment of the
calendar from time to time, so as to make it agree with
the sun and moon. According to one account, the
first day of each month was proclaimed by a crier.
Owing either to ignorance, or, as was alleged, to politi-
cal and commercial favouritism, the priests allowed the
calendar to fall into a state of great confusion, so that,
as Voltaire remarked, “les généraux romains triomphaient
toujours, mais ils ne savaient pas quel jour ils triom-
phaient.” :

A satisfactory reform of the calendar was finally effected
by Julius Caesar during the short period of his supremacy
at Rome, under the advice of an Alexandrine astronomer
Sostgenes. The error in the calendar had mounted up
to such an extent, that it was found necessary, in order
to correct it, to interpolate three additional months in
a single year (46 B.C.), bringing the total number of days
in that year up to 445. For the future the year was to
be independent of the moon; the ordinary year was
to consist of 365 days, an extra day being added to Feb-
ruary every fourth year (our leap-year), so that the average
length of the year would be 3654 days.

The new system began with the year 45 B.c., and soon
spread, under the name of the Julian Calendar, over the
civilised world.

22. To avoid returning to the subject, it may be con-
venient to deal here with the only later reform of any
importance. ;

The difference between the average length of the
year as fixed by Julius Caesar and the true year is so
small as only to amount to about one day in 128 years. By
the latter half of the 16th century the date of the vernal
equinox was therefore about ten days earlier than it was
at the time of the Council of Nice (A.p. 325), at which
rules for the observance of Easter had been fixed. Pope
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Gregory XIII. introduced therefore, in 15382, a slight change ;
ten days were omitted from that year, and it was arranged
to omit for the future three leap-years in four centuries
(viz. in 1700, 1800, 1900, 2100, etc., the ycars 1600, 2000,
2400, etc., remaining leap-years). The Gregorian Calendar,
or New Style, as it was commonly called, was not adopted
in England till 1752, when 11 days had to be omitted ;
and has not yet been adopted in Russia and Greece,
the dates there being now 12 days behind those of
Western Europe.

23. While their oriental predecessors had confined
themselves chiefly to astronomical observations, the earlier
Greek philosophers appear to have made next to no
observations of importance, and to have been far more
interested in inquiring into causes of phenomena. Z7%ales,
the founder of the Ionian school, was credited by later
writers with the introduction of Egyptian astronomy into
Greece, at about the end of the 7th century B.c. ; but both
Thales and the majority of his immediate successors appear
to have added little or nothing to astronomy, except some
rather vague speculations as to the form of the earth
and its relation to the rest of the world. On the other
hand, some real progress seems to have been made by

_\’}ﬁPytIzagams* and his followers. Pythagoras taught that
the earth, in common with the heavenly bodies, is a sphere,
and that it rests without requiring support in the middle
of the universe. Whether he had any real evidence in
support of these views is doubtful, but it is at any rate
a reasonable conjecture that he knew the moon to be
bright because the sun shines on it, and the phases to
‘be caused by the greater or less amount of the illuminated
half turned towards us; and the curved form of the
‘boundary between the bright and dark portions of the
moon was correctly interpreted by him as evidence that
‘the moon was spherical, and not a flat disc, as it appears
‘at first sight. Analogy would then probably suggest that the
earth also was spherical. However this may be, the belief
in the spherical form of the earth never disappeared from

* We have little definite knowledge of his life. He was born in
the earlier part of the 6th century B.c,, and died | at the end of the
same century or begmnmv of the next = -
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Greek thought, and was in later times an established part
of Greek systems, whence it has been handed down,
almost unchanged, to modern times. This belief is thus
2,000 years older than the belief in the rotation of
the earth and its revolution round the sun (chapter 1v.),
doctrines which we are sometimes inclined to couple with
it as the foundations of modern astronomy.

In Pythagoras occurs also, perhaps for the first time, an
idea which had an extremely important influence on ancient
and mediaeval astronomy. Not only were the stars supposed
to be attached to a crystal sphere, which revolved daily
on an axis through the earth, but each of the seven
planets (the sun and moon being included) moved on a
sphere of its own. The distances of these spheres from
the earth were fixed in accordance with certain speculative
notions of Pythagoras as to numbers and music; hence
the spheres as they revolved produced harmonious sounds
which specially gifted persons might at times hear: this
is the origin of the idea of the music of the spheres which
recurs continually in mediaeval speculation and is found
occasionally in modern literature. At a later stage these
spheres of Pythagoras were developed into a scientific
representation of the motions of the celestial bodies, which
remained the basis of astronomy till the time of Kepler
(chapter vir.).

24. The Pythagorean Philolaus, who lived about a
century later than his master, introduced for the first time
the idea of the motion of the earth: he appears to have
regarded the earth, as well as the sun, moon, and five
planets, as revolving round some central fire, the earth
rotating on its own axis as it revolved, apparently in order
to ensure that the central fire should always remain in-
visible to the inhabitants of the known parts of the earth.
That the scheme was a purely fanciful one, and entirely
different from the modern doctrine of the motion of the
earth, with which later writers confused it, is sufficiently
shewn by the invention as part of the scheme of a purely
imaginary body, the counter-earth (dvriyfdv), which brought
the number of moving bodies up to ten, a sacred Pytha-
gorean number. The suggestion of such an important
idea as that of the motion of the earth, an idea so
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repugnant to uninstructed common sense, although presented
in such a crude form, without any of the evidence required
to win general assent, was, however, undoubtedly a valuable
contribution to astronomical thought. It is well worth
notice that Coppernicus in the great book which is the
foundation of modern astronomy (chapter 1v., § 75) especi-
ally quotes Philolaus and other Pythagoreans as authorities
for his doctrine of the motion of the earth.

Three other Pythagoreans, belonging to the end of
the 6th century and to the sth century B.C., Hicetas of
Syracuse, Heraclitus, and Ecphantus, are explicitly mentioned
by later writers as having believed in the rotation of the
earth.

An obscure passage in one of Plato’s dialogues (the
Timaeus) has been interpreted by many ancient and modern
commentators as implying a belief in the rotation of the
earth, and Plutarch also tells us, partly on the authority
of Theophrastus, that Plato in old age adopted the belief
that the centre of the universe was not occupied by the
earth but by some better body.*

Almost the only scientific Greek astronomer who believed
in the motion of the earth was Aristarchus of Samos, who
lived in the first half of the 3rd century B.c., and is best
known by his measurements of the distances of the sun
and moon (§ 32). He held that the sun and fixed stars
were motionless, the sun being in the centre of the sphere
on which the latter lay, and that the earth not only rotated
on its axis, but also described an orbit round the sun.
Selewcus of Seleucia, who belonged to the middle of the
2nd century B.C., also held a similar opinion. Unfor-
tunately we know nothing of the grounds of this belief in
either case, and their views appear to have found little
favour among their contemporaries or successors.

It may also be mentioned in this connection that Aristotle
(§ 27) clearly realised that the apparent daily motion of the
stars could be explained by a motion either of the stars or
of the earth, but that he rejected the latter explanation.

25. Plato (about 428-347 B.C.) devoted no dialogue
especially to astronomy, but made a good many references

* Theophrastus was born about half a century, Plutarch nearly
five centuries, later than Plato,
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to the subject in various places. He condemned any
careful study of the actual celestial motions as degrading
rather than elevating, and apparently regarded the subject
as worthy of attention chiefly on account of its connection
with geometry, and because the actual celestial motions
suggested ideal motions of greater beauty and interest.
This view of astronomy he contrasts with the popular
conception, according to which the subject was useful
chiefly for giving to the agriculturist, the navigator, and
others a knowledge of times and seasons.* At the end
of the same dialogue he gives a short account of the
celestial bodies, according to which the sun, moon, planets,
and fixed stars revolve on eight concentric and closely
fitting wheels or circles round an axis passing through the
earth. Beginning with the body nearest to the earth, the
order is Moon, Sun, Mercury, Venus, Mars, Jupiter, Saturn,
stars. The Sun, Mercury, and Venus are said to perform
their revolutions in the same time, while the other planets
move more slowly, statements which shew that Plato was at
any rate aware that the motions of Venus and Mercury are
different from those of the other planets. He also states
that the moon shines by reflected light received from
the sun.

- Plato is said to have suggested to his pupils as a worthy
problem the explanation of the celestial motions by means
of a combination of uniform circular or spherical motions.
Anything like an accurate theory of the celestial motions,
agreeing with actual observation, such as Hipparchus and
Ptolemy afterwards constructed with fair success, would
hardly seem to be in accordance with Plato’s ideas of the
true astronomy, but he may well have wished to see
established some simple and harmonious geometrical
scheme which would not be altogether at variance with
known facts.

26, Acting to some extent on this idea of Plato’s, Eudoxus
of Cnidus (about 409-356 B.C.) attempted to explain the
most obvious peculiarities of the celestial motions by means
of a combination of uniform circular motions. He may be
regarded as representative of the transition from speculative

* Republic, VIL. 529, 530,
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to scientific Greek astronomy. As in the schemes of
several of his predecessors, the fixed stars lie on a sphere
which revolves daily about an axis through the earth ; the
motion of each of the other bodies is produced by a com-
bination of other spheres, the centre of each sphere lying
on the surface of the preceding one. For the sun and
moon three spheres were in each case necessary: one to
produce the daily motion, shared by all the celestial
bodies ; one to produce the annual or monthly motion in
the opposite direction along the ecliptic ; and a third, with
its axis inclined to the axis of the preceding, to produce
the smaller motion to and from the ecliptic. FEudoxus
evidently was well aware that the moon’s path is not
coincident with the ecliptic, and even that its path is not
always the same, but changes continuously, so that the third
sphere was in this case necessary; on the other hand, he
could not possibly have been acquainted with the mirute
deviations of the sun from the ecliptic with which modern
astronomy deals. Either therefore he used erroneous
observations, or, as is more probable, the sun’s third sphere
was introduced to explain a purely imaginary motion con-
jectured to exist by ¢ analogy ” with the known motion of
the moon. For each of the five planets four spheres were
necessary, the additional one serving to produce the variations
in the speed of the motion and the reversal of the direction of
motion along the ecliptic (chapter 1., § 14, and below, § 51).
Thus the celestial motions were to some extent explained
by means of a system of 27 spheres, 1 for the stars, 6 for
the sun and moon, 2o for the planets. There is no clear
evidence that Eudoxus made any serious attempt to arrange
either the size or the time of revolution of the spheres so as
to produce any precise agreement with the observed motions
of the celestial bodies, though he knew with considerable
accuracy the time required by each planet to return to the
same position with respect to the sun; in other words, his
scheme represented the celestial motions qualitatively but
not quantitatively. On the other hand, there is no reason
to suppose that Eudoxus regarded his spheres (with the
possible exception of the sphere of the fixed stars) as
material ; his known devotion to mathematics renders it
probable that in his eyes (as in those of most of the
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scientific Greek astronomers who succeeded him) the
spheres were mere geometrical figures, useful as a means
of resolving highly complicated motions into simpler
elements. Eudoxus was also the first Greek recorded to
have had an observatory, which was at Cnidus, but we have
few details as to the instruments used or as to the observa-
tions made. We owe, however, te him the first systematic
description of the constellations (see below, § 42), though
it was probably based, to a large extent, on rough observa-
tions borrowed from his Greek predecessors or from the
Egyptians. He was also an accomplished mathematician,
and skilled in various other branches of learning.

Shortly afterwards Callippus (§ 20) further developed
Eudoxus’s scheme of revolving spheres by adding, for
reasons not known to us, two spheres each for the sun
and moon and one each for Venus, Mercury, and Mars,
thus bringing the total number up to 34.

27. We have a tolerably full account of the astronomical
)i\ews of Aristotle (384—322 B.C.), both by means of inci-
dental references, and by two treatises—the Meteorologica
and the De Coelo—though another book of his, dealing
specially with the subject, has unfortunately been lost. He
adopted the planetary scheme of Eudoxus and Callippus,
but imagined on ‘“ metaphysical grounds” that the spheres
would have certain disturbing effects on one another, and
to counteract these found it necessary to add 22 fresh
spheres, making 56 in all. At the same time he treated the
spheres as material bodies, thus converting an ingenious and
beautiful geometrical scheme into a confused mechanism.*
Aristotle’s spheres were, however, not adopted by the
leading Greek astronomers who succeeded him, the systems
of Hipparchus and Ptolemy being geometrical schemes
based on ideas more like those of Eudoxus.

28. Aristotle, in common with other philosophers of his
time, believed the heavens and the heavenly bodies to be
spherical. In the case of the moon he supports this belief
by the argument attributed to Pythagoras (§ 23), namely
that the observed appearances of the moon in its several

* Confused, because the mechanical knowledge of the time was

quite unequal to giving any explanation of the way in which these
spheres acted on one another,
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phases are those which would be assumed by a spherical
_f\body of which one half only is illuminated by the sun.
Thus the visible portion of the moon is bounded by two
planes passing nearly through its centre, perpendicular
respectively to the lines joining the centre of the moon to
those of the sun and earth. In the accompanying diagram,
which represents a section through the centres of the sun

Fi16. 8.—The phases of the moon.

(s), earth (), and moon (M), A B C D representing on a
much enlarged scale a section of the moon itself, the
portion D A B which is turned away from the sun is dark,
while the portion A D¢, being turned away from the
observer on the earth, is in any case invisible to him. The
part of the moon which appears bright is therefore that of
. which B cis a section, or the portion
represented by F B G ¢ in fig. g (which
represents the complete moon), which
consequently appears to the eye as

€ bounded by a semicircle F c G, and a
ﬂ portion F B G of an oval curve (actually
an ellipse). The breadth of this bright
Fic. 9.—The phases Surface clearly varies with the relative
of the moon. positions of sun, moon, and earth ; so
that in the course of a month, during

which the moon assumes successively the positions relative
to sun and earth represented by 1, 2, 3, 4, 5,6, 7, 8 in
fig. 10, its appearances are those represented by the cor-
responding numbers in fig. 11, the moon thus passing
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through the familiar phases of crescent, half full, gibbous,
full moon, and gibbous, half full, crescent again.*
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F16. 10.—The phases of the moon.

Aristotle then argues that as one heavenly body is
spherical, the others must be so also, and supports this
conclusion by another argument, equally inconclusive to

©000000®

Fi16. 11.—The phases of the mcon.

us, that a spherical form is appropriate to bodies moving as
the heavenly bodies appear to do.

29. His proofs that the earth is spherical are more in-
teresting.  After discussing and rejecting various other
suggested forms, he points out that an eclipse of the moon
is caused by the shadow of the earth cast by the sun, and

* | have introduced here the familiar explanation of the phases of
the moon, and the argument based on it for the spherical shape of
the moon, because, although probably known before Aristotle, there
is, as far as | know, no clear, and definite statement of the matter in
any earlier writer, and after his time it becomes an accepted part of
Greek elementary astronomy. It may be noticed that the explanation
is unaffected either by the question of the rotation of the earth or
by that of its motion round the sun.
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argues from the circular form of the boundary of the shadow
as seen on the face of the moon during the progress of the
eclipse, or in a partial eclipse, that the earth must be
spherical ; for otherwise it would cast a shadow of a dif-
ferent shape. A second reason for the spherical form of
the earth is that when we move north and south the stars
change their positions with respect to the horizon, while
some even disappear and fresh ones take their place. This
shows that the direction of the stars has changed as com-
pared with the observer’s horizon ; hence, the actual direction
of the stars being imperceptibly affected by any motion of
the observer on the earth, the horizons at two places, north
and south of one another, are in different directions, and the
earth is therefore curved. For

.g  example, if a star is visible to an
observer at A (fig. 12), while to

an observer at B itis at the same

A time invisible, 7.e. hidden by the
earth, the surface of the earth

Fic. 12.—The curvature of at A must be in a different direc-

the earth. tion from that at B. Aristotle

quotes further, in confirmation of

the roundness of the earth, that travellers from the far

East and the far West (practically India and Morocco)

alike reported the presence of elephants, whence it may be

inferred that the two regions in question are not very far

apart. He also makes use of some rather obscure arguments
of an a priori character.

There can be but little doubt that the readiness with
which Aristotle, as well as other Greeks, admitted the
spherical form of the earth and of the heavenly bodies,
was due to the affection which the Greeks always seem
to have had for the circle and sphere as being “ perfect,”
z.e. perfectly symmetrical figures.

30. Aristotle argues against the possibility of the revo-
lution of the earth round the sun, on the ground that this
motion, if it existed, ought to produce a corresponding
apparent motion of the stars. We have here the first
appearance of one of the most serious of the many objections
ever brought against the belief in the motion of the earth,
an objection really only finally disposed of during the

-~ B
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present century by the discovery that such a motion of
the stars can be seen in a few cases, though owing to the
almost inconceivably great distance of the stars the motion
is imperceptible except by extremely refined methods of
observation (cf. chapter xmi., §§ 278, 279). The question
of the distances of the several celestial bodies is also
discussed, and Aristotle arrives at the conclusion that the
planets are farther off than the sun and moon, supporting
his view by his observation of an occultation of Mars by
the moon (7.e. a passage of the moon in front of Mars), and
by the fact that similar observations had been made in the
case of other planets by Egyptians and Babylonians. It
is, however, difficult to see why he placed the planets
beyond the sun, as he must have known that the intense
brilliancy of the sun renders planets invisible in its neigh-
bourhood, and that no occultations of planets by the sun
could really have been seen even if they had been reported
to have taken place. He quotes also, as an opinion of
“the mathematicians,” that the stars must be at least nine
times as far off as the sun.

There are also in Aristotle’s writings a number of astro-
nomical speculations, founded on no solid evidence and of
little value ; thus among other questions he discusses the
nature of comets, of the Milky Way, and of the stars, why
the stars twinkle, and the causes which produce the various
celestial motions.

In astronomy, as in other subjects, Aristotle appears
to have collected and systematised the best knowledge of
the time ; but his original contributions are not only not
comparable with his contributions to the mental and moral
sciences, but are inferior in value to his work in other
natural sciences, e¢.g. Natural History. Unfortunately the
Greek astronomy of his time, still in an undeveloped state,
was as it were crystallised in his writings, and his great
authority was invoked, centuries afterwards, by comparatively
unintelligent or ignorant disciples in support of doctrines
which were plausible enough in his time, but which subse-
quent research was shewing to be untenable. The advice
which he gives to his readers at the beginning of his ex-
position of the planetary motions, to compare his views
with those which they arrived at themselves or met with

3



34 A Short History of Astronomy [Cu. IL

-elsewhere, might with advantage have been noted and
followed by many of the so-called Aristotelians of the
Middle Ages and of the Renaissance.®
_ 31. After the time of Aristotle the centre of Greek
scientific thought moved to Alexandria. Founded by
Alexander the Great (who was for a time a pupil of
Aristotle) in 332 B.C., Alexandria was the capital of Egypt
during the reigns of the successive Ptolemies. These
kings, especially the second of them, surnamed Phila-
delphos, were patrons of learning; they founded the
famous Museum, which contained a magnificent library
as well as an observatory, and Alexandria soon became
the home of a distinguished body of mathematicians and
astronomers. During the next five centuries the only
astronomers of importance, with the great ecxception of
Hipparchus (§ 37), were Alexandrines.

32. Among the earlier members of the Alexandrine
school were Aristarchus of Samos, Aristyllus, and ZTimo-
charis, three nearly contemporary astronomers belonging

M S
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Fi16. 13.—The method of Aristarchus for comparing the distances
of the sun and moon.

to the first half of the 3rd century B.c. The views of
Aristarchus on the motion of the earth have already been
mentioned (§ 24). A treatise of his On the Magnitudes
and Distances of the Sun and Moon is still extant : he there
gives an extremely ingenious method for ascertaining the
comparative distances of the sun and moon. If, in the
figure, E, s, and M denote respectively the centres of the
earth, sun, and moon, the moon evidently appears to an
observer at E half full when the angle EM s is a right
angle. If when this is the case the angular distance
between the centres of the sun and moon, 7e. the angle
M E s, is measured, two angles of the triangle M E s are

See, for example, the account of Galilei’s controversies, in
’ P ’ 2
chapter VI.
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known ; its shape is therefore completely determined, and
the ratio of its sides EM, Es can be calculated without
much difficulty. In fact, it being known (by a well-known
result in elementary geometry) that the angles at E and s
are together equal to a right angle, the angle at s is
obtained by subtracting the angle s E M from a right angle.
Aristarchus made the angle at s about 3° and hence
calculated that the distance of the sun was from 18 to 20
times that of the moon, whereas, in fact, the sun is about 400
times as distant as the moon. The enormous error is due
to the difficulty of determining with sufficient accuracy the
moment when the moon is half full : the boundary separating
the bright and dark parts of the moon’s face is in reality
(owing to the irregularities on the surface of the moon)an ill-
defined and broken line (cf. fig. 53 and the frontispiece),so that
the observation on which Aristarchus based his work could
not have been made with any accuracy even with our modern
instruments, much less with those available in his time.
Aristarchus further estimated the apparent sizes of the sun
and moon to be about equal (as is shewn, for example, at
an eclipse of the sun, when the moon sometimes rather more
than hides the surface of the sun and sometimes does not
quite cover it), and inferred correctly that the real diameters
of the sun and moon were in proportion to their distances.
By a method based on eclipse observations which was
afterwards developed by Hipparchus (§ 41), he also found
that the diameter of the moon was about 4 that of the
earth, a result very near to the truth; and the same
method supplied data from which the distance of the moon
could at once have been expressed in terms of the radius
of the earth, but his work was spoilt at this point by a
grossly inaccurate estimate of the apparent size of the moon
(2° instead of 4°), and his conclusions seem to contradict
one another. He appears also to have believed the dis-
tance of the fixed stars to be immeasurably great as
compared with that of the sun. Both his speculative
opinions and his actual results mark therefore a decided
-+advance in astronomy.

Timocharis and Aristyllus were the first to ascertain and
to record the positions of the chief stars, by means of
numerical measurements of their distances from fixed
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positions on the sky; they may thus be regarded as the
authors of the first real star catalogue, earlier astronomers
having only attempted to fix the position of the stars by
more or less vague verbal descriptions. They also made a
number of valuable observations of the planets, the sun,
etc., of which succeeding astronomers, notably Hipparchus
and Ptolemy, were able to make good use.

33. Among the important contributions of the Greeks
to astronomy must be placed the development, chiefly from
the mathematical point of view, of the consequences of the
rotation of the celestial sphere and of some of the simpler
motions of the celestial bodies, a development the indi-
vidual steps of which it is difficult to trace. We have,

8

EQUATOR

F16. 14.—The equator and the ecliptic.

however, a series of minor treatises or textbooks, written
for the most part during the Alexandrine period, dealing
with this branch of the subject (known generally as
Spheries, or the Doctrine of the Sphere), of which the
Phenomena of the famous geometer Euclid (about 300 B.C.)
is a good example. In addition to the points and circles
of the sphere already mentioned (chapter 1., §§ 8-11), we
now find explicitly recognised the horizon, or the great
circle in which a horizontal plane through the observer
meets the celestial sphere, and its pole* the zenith,t or

* The poles of a great circle on a sphere are the ends of a diameter
perpendicular to the plane of the great circle. Every point on the

great circle is at the same distance, 6o°% from cach pole.
T The word “zenith ” is Arabic, not Greck: cf. chapter 11, § 64.
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point on the celestial sphere vertically above the observer ;
the verticals, or great circles through the zenith, meeting the
horizon at right angles; and the declination circles, which
pass through the north and south poles and cut the
equator at right angles. Another important great circle
was the meridian, passing through the zenith and the poles.
The well-known Milky Way had been noticed, and was
regarded as forming another great circle. There are also
traces of the two chief methods in common use at the
present day of indicating the position of a star on the
celestial sphere, namely, by reference either to the equator
or to the ecliptic. If through a star s we draw on the
sphere a portion of a great circle s N, cutting the ecliptic TN
at right angles in N, and another great circle (a declination
circle) cutting the equator at M, and if v be the first point of
Aries (§ 13), where the ecliptic crosses the equator, then
the position of the star is completely defined ei#Zer by the
lengths of the arcs TN, N s, which are called the celestial
longitude and latitude respectively, o7 by the arcs T™, M s,
called respectively the right ascension and declination.*
For some purposes it is more convenient to find the
position of the star by the first method, ze. by reference
to the ecliptic ; for other purposes in the second way, by
making use of the equator.

34. One of the applications of Spherics was to the con-
struction of sun-dials, which were supposed to have been
originally introduced into Greece from Babylon, but which
were much improved by the Greeks, and extensively used
both in Greek and in mediaeval times. The proper gradua-
tion of sun-dials placed in various positions, horizontal,
vertical, and oblique, required considerable mathematical
skill. Much attention was also given to the time of the
rising and setting of the various constellations, and to
similar questions.

35. The discovery of the spherical form of the earth
led to a scientific treatment of the differences between the
seasons in different parts of the earth, and to a correspond-
ing division of the earth into zones. We have already
seen that the height of the pole above the horizon varies in

* Most of these names are not Greek, but of later origin.



38 A Short History of Astronomy [Cn. IL

different places, and that it was recognised that, if a traveller
were to go far enough north, he would find the pole to
coincide with the zenith, whereas by going south he would
reach a region (not very far beyond the limits of actual
Greek travel) where the pole would be on the horizon
and the equator consequently pass through the zenith ; in
regions still farther south the north pole would be per-
manently invisible, and the south pole would appear above
the horizon.

Further, if in the figure H E X w represents the horizon,
meeting the equator @ E R w in the east and west points E w,
and the meridian H Q z P x in the south and north points
H and K, z being the zenith
and P the pole, then it is
easily seen that Q z is equal
to P K, the height of the
pole above the horizon.
Any celestial body, there-
fore, the distance of which
from the equator towards
the north (declination) is
less than P k, will cross
the meridian to the south
of the zenith, whereas if
its declination be greater

_ ; than P k, it will cross to
SR agﬁ‘i}fﬁ ‘,f;:r&l;}:f A the north of the zenith.
Now the greatest distance
of the sun from the equator is equal to the angle between
the ecliptic and the equator, or about 231°. Consequently
at places at which the height of the pole is less than 23°
the sun will, during part of the year, cast shadows at midday
towards the south. This was known actually to be the case
not very far south of Alexandria. It was similarly recog-
nised that on the other ‘side of the equator there must be
a region in which the sun ordinarily cast shadows towards
the south, but-occasionally towards the north. These two
regions are the torrid zones of modern geographers.

Again, if the distance of the sun from the equator
is 231° its distance from the pole is 663°; therefore in
regions so far north that the height p x of the north pole
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is more than 661° the sun passes in summer into the
region of the circumpolar stars which never set (chapter .,
§ 9), and therefore during a portion of the summer the sun
remains continuously above the horizon. Similarly in the
same regions the sun is in winter so near the south pole
that for a time it remains continuously below the horizon.
Regions in which this occurs (our Arctic regions) were
unknown to Greek travellers, but their existence was clearly
indicated by the astronomers.

36. To Eratosthenes (276 B.C. to 195 or 196 B.C.), another
member of the Alexandrine school, we owe one of the first
scientific estimates of the size of the earth. He found

Z

F16. 16.—The measurement of the earth.

that at the summer solstice the angular distance of the
sun from the zenith at Alexandria was at midday J;th of
a complete circumference, or about 4° whereas at Syene
in Upper Egypt the sun was known to be vertical at
the same time. From this he inferred, assuming Syene
to be due south of Alexandria, that the distance from
Syene to Alexandria was also 5th of the circumference
of the earth. Thus if in the figure s denotes the sun, A
and B Alexandria and Syene respectively, c the centre of
the earth, and A z the direction of the zenith at Alexandria,
Eratosthenes estimated the angle s A z, which, owing to
the great distance of s, is sensibly equal to the angle s c A,
to be 7° and hence inferred that the arc A B was to the
circumference of the earth in the proportion of 7°to 360°
or 1to 50o. The distance between Alexandria and Syene
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being known to be 5,000 sfadia, Eratosthenes thus arrived
at 250,000 stadia as an estimate of the circumference
of the earth, a number altered into 252,000 in order to
give an exact number of stadia (j00) for each degree on the
earth. It is evident that the data employed were rough,
though the principle of the method is perfectly sound ;
it is, however, difficult to estimate the correctness of the
result on account of the uncertainty as to the value of
the sfadium used. 1f, as seems probable, it was the
common Olympic stadium, the result is about zo per cent.
too great, but according .to another interpretation * the
result is less than 1 per cent. in error (cf. chapter x., § 221).

Another measurement due to Eratosthenes was ‘that
of the obliquity of the ecliptic, which he estimated at
22 of a right angle, or 23° 51/, the error in which is only
about 7.

37. An immense advance in astronomy was made by
Hipparchus, whom all competent critics have agreed to
rank far above any other astronomer of the ancient world,
and who must stand side by side with the greatest astro-
nomers of all time. Unfortunately only one unimportant
book of his has been preserved, and our knowledge of
his work is derived almost entirely from the writings of his
great admirer and disciple Ptolemy, who lived nearly three
centuries later (§§ 46 segg.). We have also scarcely any
information about his life. He was born either at Nicaea
in Bithynia or in Rhodes, inf'which island he erected an
observatory and did most of his work. There is no
evidence that he belonged to the Alexandrine school,
though he probably visited Alexandria and may have made
some observations there. Ptolemy mentions cbservations
made by him in 146 B.C,, 126 B.C,, and at .nany inter-
mediate dates, as well as a rather doubtful one of 161 B.C.
The period of his greatest activity must therefore have been
about the middle of the 2nd century B.c.

Apart from individual astronomical discoveries, his chief
services to astronomy may be put under four heads. He
invented or greatly developed a special branch of mathe-

* That of M. Paul Tannery: Recherches sur I'Histoive de I'Astro-
nomise Ancienne, chap. v,
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matics,* which enabled processes of numerical calculation
to be applied to geometrical figures, whether in a plane or
on a sphere.2-He made an extensive series of observations,
taken with all the accuracy that his instruments would
permit3- He systematically and critically made use of old
observations for comparison with later ones so as to
discover astronomical changes too slow to be detected
within a single lifetime. Finally, he systematically employed
a particular geometrical scheme (that of eccentrics, and to
a less extent that of epicycles) for the representation of the
motions of the sun and moon. :

+-38. The merit of suggesting that the motions of the
heavenly bodies could be represented more simply by com-
binations of uniform crcular motions than by the revolv-
ing spheres of Eudoxus and his school (§ 26) is generally
attributed to the great Alexandrine mathematician Apol-
lonius of Perga, who lived in the latter half of the 3rd
century B.C., but there is no clear evidence that he worked
out a system in any detail.

On account of the important part that this idea played
in astronomy for nearly 2,000 years, it may be worth
while to examine in some detail Hipparchus’s theory of
the sun, the simplest and most successful application of
the idea.

We have already seen (chapter 1., § 10) that, in addition
to the daily motion (from east to west) which it shares with
the rest of the celestial bodies, and of which we need here
take no further account, the sun has also an annual motion
on the celestial sphere in the reverse direction (from west
to east) in a path oblique to the equator, which was early
recognised as a great circle, called the ecliptic. It must
be remembered further that the celestial sphere, on which
the sun appears to lie, is a mere geometrical fiction
introduced for convenience; all that direct observation
gives is the change in the sun’s direction, and therefore
the sun may consistently be supposed to move in such a
way as to vary its distance from the earth in any arbitrary
manner, provided only that the alterations in the apparent
size of the sun, caused by the variations in its distance,
agree with those observed, or that at any rate the differences

* Trigonometry.
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are not great enough to be perceptible. It was, moreover,
known (probably long before the time of Hipparchus) that
the sun’s apparent motion in the ecliptic is not quite
uniform, the motion at some times of the year being
slightly more rapid than at others.

Supposing that we had such a complete set of observa-
tions of the motion of the sun, that we knew its position
from day to day, how should we set to work to record and
describe its motion ?  For practical purposes nothing could
be more satisfactory than the method adopted in our
almanacks, of giving from day to day the position of the
sun ; after observations extending over a few years it would
not be difficult to verify that the motion of the sun is (after
allowing for the irregularities of our calendar) from year to
year the same, and to predict in this way the place of the
sun from day to day in future years.

But it is clear that such a description would not only
be long, but would be felt as unsatisfactory by any one
who approached the question from the point of view of
intellectual curiosity or scientific interest. Such a person
would feel that these detailed facts ought to be capable
of being exhibited as consequences of some simpler general
statement.

A modern astronomer would effect this by expressing
the motion of the sun by means of an algebraical formula,
Ze. he would represent the velocity of the sun or its
distance from some fixed point in its path by some
symbolic expression representing a quantity undergoing
changes with the time in a certain definite way, and
enabling an expert to compute with ease the requmed
position of the sun at any assigned instant.*

he Greeks, however, had not the requisite algebraical
knowledge for such a method of representation, and Hip-
parchus, like his predecessors, made use of a geometrical

* The process may be worth illustrating by means of a simpler
problem. A heavy body, falling freely under gravity, is found (the
resistance of the air being allowed for) to fall about 16 feet in
1 second, 64 feet in 2 seconds, 144 feet in 3 seconds, 256 feet in
4 seconds, 400 feet in 5 seconds, and so on. This series of figures
carried on as far as may be required would satisfy practical re-

quirements, supplemented if desired by the corresponding figures
for fractions of seconds; but the mathematician represents the same
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representation of the required variations in the sun’s motion
in the ecliptic, a method of representation which is in some
respects more intelligible and vivid than the use of algebra,
but which becomes unmanageable in complicated cases.
It runs moreover the risk of being taken for a mechanism.
The circle, being the simplest:curve known, would naturally
be thought of, and as any motion other than a uniform
motion would itself require a special representation,-the
idea of Apollonius, adopted by Hipparchus, was to devise
a proper combination of uniform circular motions.

39. The simplest device that was found to be satisfactory
in the case of the sun was the use of the eccentric, z.e. a
circle the centre of which (c) does not coincide with the
position of the observer on the earth (g). If in fig. 17 a
point, s, describes the eccentric circle A F G B uniformly,
so that it always passes over equal arcs of the circle in
equal times and the angle a ¢ s increases uniformly, then
it is evident that the angle A E s, or the apparent distance
of s from A, does not increase uniformly. When s is near
the point A, which is farthest from the earth and hence
called the apogee, it appears on account of its greater
distance from the observer to move more slowly than when
near F or G; and it appears to move fastest when near B,
the point nearest to E, hence called the perigee. Thus the
motion of s varies in the same sort of way as the motion
of the sun as actually observed. Before, however, the
eccentric could be considered as satisfactory, it was neces-
sary to show that it was possible to choose the direction
of the line B E ¢ A (the line of apses) which determines the
positions of the sun when moving fastest and when moving
most slowly, and the magnitude of the ratio of E c to the
radius/C A/of the circle (the eccentricity), so as to make
the cdlculated positions of the sun in various parts of its
path differ from the observed positions at the corresponding
facts more simply and in a way more satisfactory to the mind by the
formula s = 16 £, where s denotes the number of feet fallen, and
t the number of seconds. By giving ¢ any assigned value, the
corresponding space fallen through is at once obtained. Similarly
the motion of the sun can be represented approximately by the
more complicated formula / = n¢ + 2 e sin nt, where l is the

distance from a fixed point in the orbit, # the time, and #, ¢ certain
numerical quantities, o~
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times of year by quantities so small that they rmght fairly
be attributed to errors of observation.

This problem was much more difficult than might at first
sight appear, on account of the great diﬁiculty experienced
in Greek times and long afterwards in getting satisfactory
observations of the sun. As the sun and stars are not
visible at the same time, it is not possible to measure
directly the distance of the sun from neighbouring stars
and so to fix its place on the celestial sphere. But it

Fi1c. 17.—The eccentric.

is possible, by measuring the length of the shadow cast by
a rod at midday, to ascertain with fair accuracy the height
of the sun above the horizon, and hence to deduce its
distance from the equator, or the declination (ﬁgs 3, 14).
This one quantity does not suffice to fix the sun’s position,
but if also the sun’s right ascension (§ 33), or its distance
east and-west from the stars, can be accurately ascertained,
its place on the celestial sphere is completely determined.
The methods available for determining this second quantity
were, however, very imperfect. One method was to note
the time between the passage of the sun across some fixed
position in the sky (e ¢. the meridian), and the passage of
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a star across the same place, and thus to ascertain the
angular distance between them (the celestial sphere being
known to turn through 15° in an hour), a method which
with modern clocks is extremely accurate, but with the
rough water-clocks or sand-glasses of former times was very
uncertain. In another method the moon was used as a
connecting link between sun and stars, her position relative

Fi6. 18.—The position of the sun’s apogee.

to the latter being observed by night, and with respect to
the former by day; but owing to the rapid motion of the
moon in the interval between the two observations, this
method also was not susceptible of much accuraty.

In the case of the particular problem of the deter-

ination of the line of apses, Hipparchus made use of
another method, and his skill is shewn in a striking manner
by his recognition that both the eccentricity and position
of the apse line could be determined from a knowledge of
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the lengths of two of the seasons of the year, ze. of the
intervals into which the year is divided by the solstices
and the equinoxes (§ 11). By means of his own observa-
tions, and of others made by his predecessors, he ascer-
tained the length of the spring (from the vernal equinox to
the summer solstice) to be g4 days, and that of the summer
{summer solstice to autumnal equinox) to be 924 days, the
length of the year being 3653 days. As the sun moves
in each season through the same angular distance, a right
angle, and as the spring and summer make together more
than half the year, and the spring is longer than the
summer, it follows that the sun must, on the whole, be
moving more slowly during the spring than in any other
season, and that it must therefore pass through the apogee
in the spring.) If, therefore, in fig. 18, we draw two
perpendicular lines Q E s, P E R to represent the directions
of the sun at the solstices and equinoxes, P corresponding
to the vernal equinox and R to the autumnal equinox, the
apogee must lie at some point A between p and Q. So
much can be seen without any mathematics: the actual
calculation of the position of A and of the eccentricity is
a matter of some complexity. The angle P E A was found
to be about 65° so that the sun would pass through its
apogee about the beginning of June ; and the eccentricity
was estimated at 5.

The motion being thus represented geometrically, it
became merely a matter of not very difficult calculation to
construct a table from which the position of the sun for
any day in the year could be easily deduced. This was
done by computing the so-called equation of the centre,
the angle c s £ of fig. 17, which is the excess of the actual
longitude of the sun over the longitude which it would
have had if moving uniformly.

Owing to the imperfection of the observations used
(Hipparchus estimated that the times of the equinoxes and
solstices could only be relied upon to within about half a
day), the actual results obtained were not, according to
modern ideas, very accurate, but the theory represented
the sun’s motion with an accuracy about as great as that
of the observations. It is worth noticing that with the
same theory, but with an improved value of the eccentricity,
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the motion of the sun can be represented so accurately
that the error never exceeds about 1/, a quantity insensible
to the naked eye.

The theory of Hipparchus represents the variations in
the distance of the sun with much less accuracy, and
whereas in fact the angular diameter of the sun varies by
about g5th part of itself, or by about 1’ in the course of
the year, this variation according to Hipparchus should be
about twice as great. But this error would also have been
quite imperceptible with his instruments.

Hipparchus saw that the motion of the sun could equally

vell be represented by the other device suggested by
Apollonius, (e the epi-

cyclej The body the o >
motion of which'is to be
represented is supposed
to move uniformly
round the circumference
of one circle, called the
epicycle, the centre of
which in turn moves on
another circle called the
deferent. It is in fact
evident that if a circle
equal to the eccentric,
but with its centre at E
(fig- 19), be taken as Fic. 19.—The epicycle and the deferent.
the deferent, and if s

be taken on this so that E s’ is parallel to c s, then §' s is
parallel and equal to E ¢ ; and that therefore the sun s, moving
uniformly on the eccentric, may equally well be regarded
as lying on a circle of radius s’ s, the centre s" of which
moves on the deferent. The two constructions lead in
fact in this particular problem to exactly the same result,
and Hipparchus chose the eccentric as being the simpler.

40. The motion of the moon being much more com-
plicated than that of the sun has always presented difficulties
to astronomers,* and Hipparchus required for it a more
elaborate construction. Some further description of the

* At the present time there is still a small discrepancy between the
observed and calculated places of the moon. See chapter xn1., § 2go.
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moon’s motion is, however, necessary before discussing his
theory.

We have already spoken (chapter 1., § 16) of the lunar
month as the period during which the moon returns to the
same position with respect to the sun; more precisely this
period (about 291 days) is spoken of as a lunation or

\synodic month;: as, however, the sun moves eastward on
the celestial sphere like the moon but more slowly, the
wmoon returns to the same position with respect to the
stars in a somewhat shorter time ; this period (about 27
days 8 hours) is known as the(sidereal month,}-Again, the
moon’s path on the celestial sphere is slightly/inclined to
the ecliptic, and may be regarded approximately as a great
circle cutting the ecliptic in two nodes, at an angle which
Hipparchus was probably the first to fix definitely at
about 5°% Moreover, the moon’s path is always changing
in such a way that, the inclination to the ecliptic remaining
nearly constant (but cf. chapter v., § 111), the nodes move
slowly backwards (from east to west) along the ecliptic,
performing a complete revolution in about 19 years. Itis
therefore convenient to give a special name, \the draconitic
month,*)to the period (about 27 days 5 hours) during which
the moon returns to the same position with respect to the
nodes.

Again, the motion of the moon, like that of the sun, is
not uniform, the variations being greater than in the case
of the sun. Hipparchus appears to have been the first to
discover that the part of the moon’s path in which the
motion is most rapid is not always in the same position on
the celestial sphere, but moves continuously ; or, in other
words, that the line of apses (§ 39) of the moon’s path -
moves. The motion is-an advance, and a complete circuit
is described in about nine years. Hence arises a fourth
kind of month, the anomalistic month, which is the period
in which the moon returns to apogee or perigee.

* To Hipparchus is due the credit of fixing with greater

* The name is interesting as a remnant of a very early supersti-
tion. Eclipses, which always occur near the nodes, were at one
time supposed to be caused by a dragon which devoured the sun
or moon. The symbols & ¢ still used to denote the two nodes
are supposed to represent the head and tail of the dragon.
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exactitude than before the lengths of each of these months.
In order to determine them with accuracy he recognised
the importance of comparing observations of the moon
taken at as great a distance of time as possible, and saw
that the most satisfactory results could be obtained by
using Chaldaean and other eclipse observations, which,
as eclipses only take place near the moon’s nodes, were
simultaneous records of the position of the moon, the
nodes, and the sun.

To represent this complicated set of motions, Hipparchus
used, as in the case of the sun, an eccentric, the centre of
which described a circle round the earth in about nine
years (corresponding to the motion of the apses), the plane
of the eccentric being inclined to the ecliptic at an angle
of 5° and sliding back, so as to represent the motion of
the nodes already described.

The result cannot, however, have been as satisfactory as
in the case of the sun. The variation in the rate at which
the moon maoves is not only greater than in the case of
the sun, but follows a less simple law, and cannot be ade-
guately represented by means of a single eccentric; so
that though Hipparchus’ work would have represented the
motion of the moon in certain parts of her orbit with fair
accuracy, there must necessarily have been elsewhere dis-
crepancies between the calculated and observed places.
There is some indication that Hipparchus was aware of
these, but was not able to reconstruct his theory so as to
account for them. .

4I.EIn the case of the planets Hipparchus found so
small “a supply of satisfactory observations by his prede-
cessors, that he made no attempt to construct a system
of epicycles or eccentrics to represent their motion, )but
collected fresh observations for the use of his succesSors.
He also made use of these observations to determine with
more accuracy than before the average times of revolution
of the several planets.

He also made a satisfactory estimate of the size and
distance of the moon, by an eclipse method, the leading
idea of which was due to Aristarchus (§ 32); by observing
the angular diameter of the earth’s shadow (Q Rr) at the
distance of the moon at the time of an eclipse, and comparing

4
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it with the known angular dia-
meters of the sun and moon,
he obtained, by a simple cal-
culation,* a relation between
the distances of the sun and
moon, which gives either when

* In the figure, which is taken
from the De Revolutionibus of
Coppernicus (chapter 1v.,, § 85),
let b, K, M represent respectively
the centres of the sun, earth, and
moon, at the time of an eclipse of
the moon, and let s 9 G, s REdenote
the boundaries of the shadow-cone
cast by the earth ; then @ r,drawn
at right angles to the axis of the
cone, is the breadth of the shadow
at the distance of the moon. We
have then at once from similar
triangles

GK—QM:AD—GK ! MK: KD,
Hence if xp=#n.Mx and..
also AD = » . (radius of moon), n
being 19 according to Aristarchus,
GK—QM:#. (radius of moon)—G K

linm
» ., (radius of moon)—Gk
=nGK—nQM
.. radius of moon + radius of
shadow

= (1 + ’11) (radius of earth).

Byobservation the angular radius
of the shadow was found to be
about 40’ and that of the moon to
be 15, so that
radius of shadow = § radius of moon;

.*. radius of moon

= (1 + 7’}) (radius of earth).
But the angular radius of the moon
being 15/, its distance is necessarily
about 220 times its radius,

and ,°, distance of the moon
=60 (1 + fl) (radius of the earth),
which is roughly Hipparchus’s
) result, if # be any fairly large
Fic. 20.—The eclipse method numher.
of connecting the distances
of the sun and moon,
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the other is known. Hipparchus knew that the sun was
very much more distant than the moon, and appears to
have‘tried more than one distance, that of Aristarchus among
them, and the result obtained in each case shewed that
the distance of the moon was nearly 59 times the radius
of the earth. Combining the estimates of Hipparchus and
Aristarchus, we find the distance of the sun to be about 1,200
times the radius of the earth-——a number which remained sub-
stantiglly unchanged for many centuries (chapter viir., § 161).

424 The appearance in 134 B.c. of a new star in the
Scorpion is said to have Suggested to Hipparchus the
construction of a new catalogue of the stars. = He included
1,080 stars, and not only gave the (celestial) latitude and
longitude of each star, but divided them according to their
brightness into six magnitudes. The constellations to which
he refers are nearly identical with those of Eudoxus (§ 26),
and the list has undergone few alterations up to the present
day, except for the addition of a number of southern con-
stellations, invisible in the civilised countries of the ancient
world. Hipparchus recorded also a number of cases in
which three or more stars appeared to be in line with one
another, or, more exactly, lay on the same great circle,
his object being to enable subsequent observers to detect
more easily possible changes in the positions of the stars.
The catalogue remained, with slight alterations, the standard
one for nearly sixteen centuries (cf. chapter 1r., § 63).

The construction of this catalogue led to a notable
discovery, the best known probably of all those which
Hipparchus made. In comparing his observations of certain
stars with those of Timocharis and Aristyllus (§ 33), made
about a century and a half earlier, Hipparchus found that
their distances from the equinoctial points had changed.
Thus, in the case of the bright star Spica, the distance
from the equinoctial points (measured eastwards) had
increased by about 2° in 150 years, or at the rate of 48” per
annum. Further inquiry showed that, though the roughness
of the observations produced considerable variations in the
case of different stars, there was evidence of a general
increase in the longitude of the stars (measired from west
to east), unaccompanied by any change of latitude, the
amount of the change being estimated by Hipparchus as
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at least 36" annually, and possibly more. The agreement
between the motions of different stars was enough to
justify him in concluding that the change could be
accounted for, not as a motion of individual stars, but
rather as a change in the position of the equinoctial
points, from which longitudes were measured. Now these
points are the intersection of the equator and the ecliptic:
consequently one or another of these two circles must have
changed. But the fact that the latitudes of the stars had
undergone no change shewed that the ecliptic must have
retained its position and that the change had been caused

g

N

. Fig. 21.—The increase of the longitude of a star.

by a motion of the equator. Again, Hipparchus measured
the obliquity of the ecliptic as several of his predecessors
had done, and the results indicated no appreciable change.
Hipparchus accordingly inferred that the equator was, as
it were, slowly sliding backwards (Z.e. from east to west),
keeping a constant inclination to the ecliptic.

The argument may be made clearer by figures. In
fig. 21 let T™ denote the ecliptic, TN the equator, s a
star as seen by Timocharis, s M a great circle drawn per-
pendicular to the ecliptic. Then s M is the latitude, T™
the longitude. Let s’ denote the star as seen by Hipparchus ;
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then he found that s’ M was equal to the former s M,
but that vM' was greater than the former TM, or that M’

s

—=xh. T N

’

F1c. 22.—The movement of the equator.

was slightly to the east of M.

This change M M’ being

nearly the same for all stars, it was simpler to attribute it

to an equal motion in the
opposite direction of the
point T, say from v to '
(fig. 22), .. by a motion of
the equator from TN to
'/, its inclination N T'M
remaining equal to its former
amount N T M.
effect of this change is shewn
in a different way in fig. 23,
where T 1’ o 2’ being the
ecliptic, A BCc D represents
the equator as it appeared
in the time of Timocharis,
A'¥ D' (printed in red)
the same in the time of
Hipparchus, 1, = being the

The general

Fic. 23.—The precession of the
equinoxes,

earlier positions of the two equinoctial points, and T’, =

the later positions,
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The annual motion v ' was, as has been stated, estimated
by Hipparchus as being at least 36” (equivalent to one
degree 1n a century), and probably more. Its true value is
considerably more, namely about 50",

An important consequence of the motion of the equator
thus discovered is that the sun in its annual journey round
the ecliptic, after starting from the equinoctial point, returns
to the new position of the equinoctial point a little before
returning to.its original position with respect to the stars,
and the successive equinoxes occur slightly earlier than they

’yl

v
Fic. 24.—The precession of the equinoxes:

otherwise would. From this fact is derived the name pre-
cession of the equinoxes, or more shortly, precession, which
is applied to the motion that we have been considering.
Hence it becomes necessary to ‘recognise, as  Hipparchus
did, two different kinds of year, the tropical year or period
required by the sun to return to the same position with
respect to the equinoctial points, and the sidereal year or
period of return to the same position with respect to the
stars. If v 7’ denote the motion of the equinoctial point
during a tropical year, then the sun after starting from the
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equinoctial point at v arrives—at the end of a tropical
year—at the new equinoctial point at r'; but the sidereal
year is only complete when the sun has further described
the arc v’ and returned to its original starting-point T.
Hence, taking the modern estimate 50" of the arc T v/, the
sun, in the sidereal year, describes an arc of 360°% in the
tropical year an arc less by 50”, or 359° 59’ 10" ; the lengths
of the two years are therefore in this proportion, and the
amount by which the sidereal year ‘exceeds the tropical
year bears to either the same ratio as 50" to 360° (or
3654 x 50

iteas days or about 20

1,296,000"), and is therefore

minutes.

Another way of expressing the amount of the precession
is to say that the equinoctial point will describe the
complete circuit of the ecliptic and return to the same
position after gbout 26,000 years.

The length of each kind of year was also fixed
by Hipparchus with considerable accuracy. That of
the tropical year was obtained by comparing the times
of solstices and equinoxes observed by earlier astrono-
mers with those observed by himself. He found, for
example, by comparison of the date of the summer solstice
of 280 B.C., observed by Aristarchus of Samos, with that
of the year 135 B.Cc, that the current estimate of 3653
days for the length of the year had to be diminished
by s5oth of a day or about five minutes, an estimate
confirmed roughly by other cases. It is interesting to
note as an illustration of his scientific method that he
discusses with some care the possible error of the observa-
tions, and concludes that the time of a solstice may be
érroneous to the extent of about § day, while that of an
equinox may be expected to be within } day of the truth.
In the illustration given, this would indicate a possible
error of 11 days in a period of 145 years, or about 15
minutes in a year. Actually his estimate of the length of
the year is about six minutes too great, and the error is
thus much less than that which he indicated as possible.
In the course of this work he considered also the possibility
of a change in the length of the year, and arrived at the
conclusion that, although his observations were not precise
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enough to show definitely the invariability of the year, there
was no evidence to suppose that it had changed.

The length of the tropical year being thus evaluated at
365 days 5 hours 55 minutes, and the difference between
the two kinds of year being given by the observations of
precession, the sidereal year was ascertained to exceed
3653 days by about 1o minutes, a result agreeing almost
exactly with modern estimates. That the addition of two
erroneous quantities, the length of the tropical year and the
amount of the precession, gave such an accurate result was
not, as at first sight appears, a mere accident. The chief
source of error in each case being the erroneous times of
the several equinoxes and solstices employed, the errors
in them would tend to produce errors of opposite kinds
in the tropical year and in precession, so that they would in
part compensate one another. This estimate of the length
of the sidereal, year was probably also to some extent
verified by Hipparchus by comparing eclipse observations
made at different epochs.

43. The great improvements which Hipparchus effected
in the theories of the sun and moon naturally enabled him
to deal more successfully than any of his predecessors with
a problem which in all ages has been of the greatest interest,
the prediction of eclipses of the sun and moon.

That eclipses of the moon were caused by the passage
of the moon through the shadow of the earth thrown by
the sun, or, in other words, by the interposition of the
earth between the sun and moon, and eclipses of the sun
by the passage of the moon between the sun and the
observer, was perfectly well known to Greek astronomers
in the time of Aristotle (§ 29), and probably much earlier
(chapter 1., § 17), though the knowledge was probably
confined to comparatively few people and superstitious
terrors were long associated with eclipses.

The chief difficulty in dealing with eclipses depends
on the fact that the moon’s path does not coincide
with the ecliptic. If the moon’s path on the celestial
sphere were identical with the ecliptic, then, once every
month, at new moon, thé moon (M) would pass exactly
between the earth and the sun, and the latter would be
eclipsed, and once every month also, at full moon, the
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moon (M') would be in the opposite direction to the sun
as seen from the earth, and would consequently be obscured
by the shadow of the earth.

‘As, however, the moon’s path is inclined to the ecliptic
(§ 40), the latitudes of the sun and moon may differ by
as much as 5° either when they are in conjunction, 7.e.
when they have the same longitudes, or- when they are

F1c. 25.—The earth’s shadow.

in opposition, 7Ze when their longitudes differ by 180°
and they will then in either case be too far apart for an
eclipse to occur. Whether then at any full or new moon
an eclipse will occur or not, will depend primarily on the
latitude of the moon at the tim2, and hence upon her
position with respect to the nodes of her orbit (§ 40). If
conjunction takes place when the sun and moon happen

S EcLlprlc S’
Fic. 26.—The ecliptic and the moon’s path.

to be near one of the nodes (), as at s M in fig. 26, the
sun and moon will be so close together that an eclipse
will occur ; but if it occurs at a considerable distance from
a node, as at ‘s’ M, their centres are so far apart that no
eclipse takes place.

Now the apparent diameter of either sun or moon is,
as we have seen (§ 32), about 4°; consequently when their
discs just touch, as in fig. 27, the distance between their
centres is also about 4° If then at conjunction the dis-
tance between their centres is less than this amount, an
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eclipse of the sun will take place; if not, there will be no
eclipse. It is an'easy calculation to determine (in fig. 26)
the length of the side Ns or N M of the triangle N M s,
when s M has this value, and hence to
determine the greatest distance from the
node at which conjunction can take place
if an eclipse is to occur. An eclipse of
the moon can be treated in the same way,
except that we there have to deal with the
moon and the shadow of the earth at the
distance of the moon. The apparent size
Fic. 27.—Thesun Of the shadow is, however, considerably
and moon.  greater than the apparent size of the moon,
and an eclipse of the moon takes place if

the distance between the centre of the moon and the centre
of the shadow is less than about 1°. As bhefore, it is easy
to compute the distance of the moon or of the centre of the
shadow from the node when opposition occurs, if an eclipse
just takes place. As, however, the apparent sizes of both
sun and moon, and consequently also that of the earth’s
shadow, vary according to the distances of the sun and

Fic. 29.—Total eclipse of
the moon, the moon.

moon, a variation of which Hipparchus had no accurate
knowledge, the calculation becomes really a good deal more
complicated than at first sight appears, and was only dealt
with imperfectly by him.

Eclipses of the moon are divided into partial or total,
the former occurring when the moon and the earth’s
shadow only overlap partially (as in fig. 28), the latter
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when the moon’s disc is completely immersed in the
shadow (fig. 29). In the same way an eclipse of the sun
may be partial or total ; but as the sun’s disc may be at
times slightly larger than that of the moon, it sometimes
happens also that the whole disc of the sun is hidden
by the moon, except a narrow ring round the edge (as
in fig. 30): such an eclipse is called annular. As the
earth’s shadow at the distance of the moon
is always larger than the moon’s disc, annular
eclipses of the moon cannot occur.

Thus eclipses take place if, and only if,
the distance of the moon from a node at
the time of conjunction or opposition lies . ~o_ Annular
within certain limits approximately known ; ecﬁ’pse ofi. the
and the problem of predicting eclipses sun.
could be roughly solved by such knowledge
of the motion of the moon and of the nodes as Hipparchus
possessed. Moreover, the length of the synodic and
draconitic months (§ 40) being once ascertained, it became
merely a matter of arithinetic to compute one or more
periods after which eclipses would recur nearly in the same
manner. For if any period of time contains an exact
number of each kind of month, and if at any time an
eclipse occurs, then after the lapse of the period, con-
junction (or opposition) again takes place, and the moon
is at the same distance as before from the node and the
eclipse recurs very much as before. The saros, for example
(chapter 1., § 17), contained very nearly 223 synodic or
242 draconitic months, differing from either by less than
an hour. Hipparchus saw that this period was not com-
pletely reliable as a means of predicting eclipses, and
showed how to allow for the irregularities in the moon’s
and sun’s motion (§§ 39, 40) which were ignored by it,
but was unable to deal fully with the difficulties arising
from the variations in the apparent diameters of the sun
or moon.

An important complication, however, arises in the case
of eclipses of the sun, which had been noticed by earlier
writers, but which Hipparchus was the first to deal with.
Since an eclipse of the moon is an actual darkening of the
moon, it is visible to anybody, wherever situated, who can
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see the moon at all; for example, to possible inhabitants
of other planets, just as we on the earth can see precisely
similar eclipses of Jupiter's moons. An eclipse of the sun
is, however, merely the screening off of the sun’s light from
a particular observer, and the sun may therefore be eclipsed
to one observer while to another elsewhere it is visible as
usual. Hence in computing an eclipse of the sun it is
necessary to take into account the position of the observer
on the earth. The simplest way of doing this is to make
allowance for the difference of direction of the moon as
seen by an observer at the place in question, and by an
observer in some standard position on the earth, preferably

M

FiG. 3 I.—;’-Parallax

an ideal observer at the centre of the earth. 1If, in
fig. 31, m denote the moon, c the centre of the earth,
A a point on the earth between c and M (at which therefore
the moon is overhead), and B any other point on the earth,
then observers at ¢ (or o) and B see the moon in slightly
different directions, ¢ M, B M, the difference between which
is an angle known as the parallax, which is equal to the
. angle B M.c and depends on the distance of the moon,
the size of the earth, and the position of the observer
at B. In the case of the sun, owing to its great distance,
even as estimated by the Greeks, the parallax was in all
cases too small to be taken into account, but in the case
of the moon the parallax might be as much as 1° and
could not be neglected.
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If then the path of the moon, as seen from the centre
of the earth, were known, then the path of the moon as
seen from any particular station on the earth could be
deduced by allowing for parallax, and the conditions of
an eclipse of the sun visible there could be computed
accordingly.

From the time of Hipparchus onwards lunar eclipses
could easily be predicted to within an hour or two by
any ordinary astronomer ; solar eclipses probably with less
accuracy ; and in both cases the prediction of the extent of
the eclipse, 7.e. of what portion of the sun or moon would
be obscured, probably left very much to be desired.

44- The great services rendered to astronomy by Hippar-
chus can hardly be better expressed than in the words of
the great French historian of astronomy, Delambre, who is
in general no lenient critic of the work of his predecessors :—

“ When we consider all that Hipparchus invented or perfected,
and reflect upon the number of his works and the mass of
calculations which they imply, we must regard him as one of
the most astonishing men of antiquity, and as the greatest of all
in the sciences which are not purely speculative, and which
require a combination of geometrical knowledge with a
knowledge of -phenomena, to be observed only by diligent
attention and refined instruments,” *

45. For nearly three centuries after the death of Hippar-
chus, the history of astronomy is almost a blank. ~ Several
textbooks written during this period are extant, shewing
the gradual popularisation of his great discoveries. Among
the few things of interest in these books may be noticed
a statement that the stars are not necessarily on the sur-
face of a sphere, but may be at different distances from
us, which, however, there are no means of estimating; a
conjecture that the sun and stars are so far off that the earth
would be a mere point seen from the sun and invisible
from the stars; and a re-statement of an old opinion
traditionally attributed to the Egyptians (whether of the
Alexandrine period or earlier is uncertain), that Venus and
Mercury revolve round the sun. It seems also that in this
period some attempts were made to explain the planetary

* Histoive de I' Astronomie Ancienne, Vol. 1., p. 185.
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motions by means of epicycles, but whether these attempts
marked any advance on what had been done by Apollonius
and Hipparchus is uncertain.

It is interesting also to find in Pliny (a.D. 23-79) the
well-known modern argument for the spherical form of the
earth, that when a ship sails away the masts, etc., remain
visible after the hull has disappeared from view.

A new measurement of the circumference of the earth by
Posidonius (born about the end of Hipparchus’s life) may
also be noticed ; he adopted a method similar to that of
Eratosthenes (§ 36), and arrived at two different results.
The later estimate, to which he seems to have attached
most weight, was 180,000 stadia, a result which was about
as much below the_ truth as that of Eratosthenes was
above it.

46. The last great name in Greek astronomy is that
of Claudius Ptolemaeus, commonly known as Plolemy, of
whose life nothing is known except that he lived in
Alexandria about the middle of the 2nd century A.D.
His reputation rests chiefly on his great astronomical
treatise, known as the A/magest,* which is the source
from which by far the greater part of our knowledge of
Greek astronomy is derived, and which may be fairly
regarded as the astronomical Bible of the Middle Ages.
Several other minor astronomical and astrological treatises
are attributed to him, some of which are probably not
genuine, and he was also the author of an important work
on geography, and possibly of a treatise on Optics, which
is, however, not certainly authentic and maybe of Arabian
origin.  The Opties discusses, among other topics, the
refraction or bending of light, by the atmosphere on the
earth : it is pointed out that the light of a star or other
heavenly body s, on entering our atmosphere (at o) and on
penetrating to the lower and denser portions of it, must
be gradually bent or refracted, the result being that the

* The chief MS, bears the title ueyd\y ovvratis, or great composi-
tion though the author refers to his book elsewhere as pafqnuariky
olvrafis (mathematical composition), The Arabian translators, either
through admiration or carelessness, converted ueyd\n, great, into
wmeylory, greatest, and hence it became known by the Arabs as
Al Magisti, whence the Latin Almagestum and our Almagest,
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star appears to the observer at B nearer to the zenith z
than it actually is, 7Ze. the light appears to come from s’
instead of from s; it is shewn further that this effect must
be greater for bodies near the horizon than for those near
the zenith, the light from the former travelling through
a greater extent of atmosphere; and these results are
shewn to account for certain observed deviations in .the
daily paths of the stars, by which they appear unduly
raised up when near the horizon. Refraction also explains
the well-known flattened appearance of the sun or moon
when rising or setting, the lower edge being raised by

F16. 32.—Refraction by the atmosphere,

refraction more than the upper, so that a contraction of
the vertical diameter results, the horizontal contraction
being much less.*

47. The A/magest is avowedly based largely on the work
of earlier astronomers, and in particular on that of Hippar-
chus, for whom Ptolemy continually expresses the greatest
admiration and respect. Many of its contents have there-
fore already been dealt with by anticipation, and need not
be discussed again in detail. The book plays, however,
such an important part in astronomical history, that it
may be worth while to give a short outline of its contents,

* The better known apparent enlargement of the sun or moon
when rising or setting has nothing to do with refraction. It is an

optical illusion not very satisfactorily explained, but probably due to
the lesser brilliancy of the sun at the time,
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.tn addition to dealing more fully with the parts in which
Ptolemy made important advances.

The Almagest consists altogether of 13 books. The
first two deal with the simpler observed facts, such as the
daily motion of the celestial sphere, and the general
motions of the sun, moon, and planets, and also with a
number of topics connected with the celestial sphere and
its motion, such as the length of the day and the times
of rising and setting of the stars in different zones of the
earth ; there are also given the solutions of some important
mathematical problems,* and a mathematical tablet of
considerable accuracy and extent. But the most interest-
ing parts of these introductory books deal with what may
be called the postulates of Ptolemy’s astronomy (Book I.,
chap. ii.). The first of these is that the earth is spherical ;
Ptolemy discusses and rejects various alternative views,
and gives several of the usual positive arguments for a
spherical form, omitting, however, one of the strongest,
the eclipse argument found in Aristotle (§ 29), possibly
as being too recondite and difficult, and adding the
argument based on the increase in the area of the earth
visible when the observer ascends to a height. In his
geography he accepts the estimate given by Posidonius
that the circumference of the earth is 180,00e stadia. The
other postulates which he enunciates and for which he
argues are, that the heavens are spherical and revolve like
a sphere; that the earth is in the centre of the heavens,
and is merely a point in comparison with the distance of
the fixed stars, and that it has no motion. The position
of these postulates in the treatise and Ptolemy’s general
method of procedure suggest that he was treating them, not
so much as important results to be established by the best
possible evidence, but rather as assumptions, more pro-
bable than any others with which the author was acquainted,
on which to base mathematical calculations which should
explain observed phenomena.f His attitude is thus

* In spherical trigonometry.

1 A table of chords (or double sines of half-angles) for every £°
from o° to 180°

I His procedure may be compared with that of a political
economist of the school of Ricardo, who, in order to establish some
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essentially different from that either: of the early Greeks,
such as Pythagoras, or of the controversialists of the 16th
and early 17th centuries, such as Galilei (chapter vi.), for
whom the truth or falsity of postulates analogous to those
of Ptolemy was of the very essence of astronomy and was
among the final objects of inquiry. The arguments which
Ptolemy produces in support of his postulates, arguments
which were probably the commonplaces of the astronomical
writing of his time, appear to us, except in the case of
the shape of the earth, loose and of no great value.
The other postulates were, in fact, scarcely capable of
cither proof or disproof with the evidence which Ptolemy
had at command. His argument in favour of the immo-
bility of .the earth is interesting, as it shews his clear
perception that the more obvious appearances can be
explained equally well by a motion of the stars or by a
motion of the earth; he concludes, however, that it is
easier to attribute motion to bodies like the stars which
seem to be of the nature of fire than to the solid earth,
and points out also the difficulty of conceiving the earth to
have a rapid motion of which we are entirely unconscious.
He does not, however, discuss seriously the possibility that
the earth or even Venus and Mercury may revolve round
the sun.

The third book of the AZmagest deals with the length of
the year and theory of the sun, but adds nothing of import-
ance to the work of Hipparchus

48. The fourth book of the A4/magest, which treats of
the length of the month and of the theory of the moon,
contains one of Ptolemy’s most important discoveries. We
have seen that, apart from the motion of the moon’s orbit
as a whole, and the revolution of the line of apses, the
chief irregularity or inequality was the so-called equation
of the centre (§§ 39, 40), represented fairly accurately by
rough explanation of economic phenomena, starts with certain simple
assumptions as to human nature, which at any rate are more plausible
than any other equally simple set, and deduces from them a number
of abstract conclusions, the applicability of which to real life has
to be considered in individual cases. But the perfunctory discussion
which such a writer gives of the qualities of the ‘economic man”

cannot of course be regarded as his deliberate and final estimate
of human nature.

5
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means of an eccentric, and depending only on the position
of the moon with respect to its apogee. Ptolemy, however,
discovered, what Hipparchus only suspected, that there
was a further inequality in the moon’s motion—to which
the name evection was afterwards given—and that this
depended partly on its position with respect to the sun.
Ptolemy compared the observed positions of the moon with
those calculated by Hipparchus in various positions relative
to the sun and apogee, and found that, although there was
a satisfactory agreement at new and full moon, there was a
considerable error when the moon was half-full, provided
it was also not very near perigee or apogee. Hipparchus
based his theory of the moon chiefly on observations of
eclipses, Z.e. on observations taken necessarily at full or new
moon (§ 43), and Ptolemy’s discovery is due to the fact
that he checked Hipparchus’s theory by observations taken
at other times. To represent this new inequality, it was
found necessary to use an epicycle and a deferent, the latter
being itself a moving eccentric circle, the centre of which
revolved round the earth. To account, to some extent, for
certain remaining discrepancies between theory and obser-
vation, which occurred neither at new and full moon, nor
at the quadratures (half-moon), Ptolemy introduced further
a certain small to-and-fro oscillation of the epicycle, an
oscillation to which he gave the name of prosneusis.*

* The equation of the centre and the evection may be expressed
trigonometrically by two terms in the expression for the moon’s
longitude, @ sin 6 + b sin (2 ¢ — 6), where @, b are two numerical
quantities, in round numbers 6° and 1°, @ is the angular distance of
the moon from perigee, and ¢ is the angular distance from the sun.
At conjunction and opposition ¢ is 0° or 180° and the two terms
reduce to (a—b) sin 6. This would be the form in which the
equation of the centre would have presented itself to Hipparchus.
Ptolemy’s correction is therefore equivalent to adding on

b [sin @ + sin (2 $—0)], or 2 b sin ¢ cos (¢p—6),
which vanishes at conjunction or opposition, but reduces at the
quadratures to 2 4 si# 6, which again vanishes if the moon is at apogee
or perigee (f = 0° or 180°), but has its greatest value half-way
between, when ¢ = go°. Ptolemy’s construction gave rise also to
a still smaller term of the type,
csinz2 ¢ [cos(2¢ + 0) + 2cos (2¢ — 0)],

which, it will be observed, vanishes at quadratures as well as at
conjunction and opposition.
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Ptolemy thus succeeded in fitting his theory on to his
observations so well that the error seldom exceeded 10/,
a small quantity in the astronomy of the time, and on
the basis of this construction he calculated tables from
which the position of the moon at any required time could
be easily deduced.

One of the inherent weaknesses of the system of epi-
i cycles occurred in this theory in an aggravated form. It
\has already been noticed in connection with the theory of
the sun (§ 39), that the eccentric or epicycle produced an
erroneous variation in the distance of the sun, which was,
however, imperceptible in Greek times. Ptolemy’s system,
however, represented the moon as being sometimes nearly -
twice as far off as at others, and consequently the apparent
diameter ought at some times to have been not niuch more
than half as great as at others—a conclusion obviously
inconsistent with observation. It seems probable that
Ptolemy noticed this difficulty, but was unable to deal with
it; it is at any rate a significant fact that when he is dealing
with eclipses, for which the apparent diameters of the sun
and moon are of importance, he entirely rejects the estimates
that might have been obtained from his lunar theory and
appeals to direct observation (cf. also § 51, note).

49. The fifth book of the A/magest contains an account
of the construction and use of Ptolemy’s chief astronomical
instrument, a combination of graduated circles known as
the astrolabe.*

Then follows a detailed discussion of the moon’s
parallax (§ 43), and of the distances of the sun and moon.
Ptolemy obtains the distance of the moon by a parallax
method which is substantially identical with that still in use.
If we know the direction of the line ¢ M (fig. 33) joining the
centres of the earth and moon, or the direction of the
moon as scen by an observer at A; and also the direction
of the line B M, that is the direction of the moon as seen
by an observer at B, then the angles of the triangle c B M
are known, and the ratio of the sides ¢ B, ¢ M is known.

* Here, as elsewhere, 1 have given no detailed account of astro«
nomical instruments, believing such descriptioris to be in general
neither interesting nor intelligible to those who have not the actual
instruments before them, and to be of little use to those who have.
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Ptolemy obtained the two directions required by means
of observations of the moon, and hence found that ¢ ™
was 59 times c B, or that the distance of the moon was
equal to 59 times the radius of the earth. He then uses
Hipparchus’s eclipse method to deduce the distance of the
sun from that of the moon thus ascertained, and finds
the distance of the sun to be 1,210 times the radius of
the earth. This number, which is substantially the same
as that obtained by Hipparchus (§ 41), is, however, only

M

Fic. 33.—Parallax.

about % of the true number, as indicated by modern
work (chapter x1rn;. § 284).

The sixth book is devoted to eclipses, and contains no
substantial additions to the work cf Hipparchus.

50. The seventh'and eighth books contain a catalogue of
stars, and a discussion of precession (§ 42). The catalogue,
which contains 1,028 stars (three of which are duplicates),
appears to be nearly identical with that of Hipparchus.
1t contains none of the stars which were visible to Ptolemy
at Alexandria, but not to Hipparchus at Rhodes. More-
over, Ptolemy professes to deduce from a comparison of
‘his observations with those of Hipparchus and others the
-(erroneous) value 36” for the precession, which Hipparchus
had given as the least possible value, and which Ptolemy
regards as his final estimate. But an examination of
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the posjtions assigned to the stars in Ptolemy’s catalogue
agrees better with their actual positions in the time of
Hipparchus, corrected for precession at the supposed rate of
36" annually, than with their actual positions in Ptolemy’s
time. It is therefore probable that the catalogue as a
whole does not represent genuine observations made by
Ptolemy, but is substantially the catalogue of Hipparchus
corrected for precession and only occasionally modified by
new observations by Ptolemy or others.

51. The last five books deal with the theory of the
planets, the most important of Ptolemy’s original contribu-
tions to astronomy. The problem of giving a satisfactory
explanation of the motions of the planets was, on account
of their far greater irregularity, a much more difficult one
than the corresponding problem for the sun or moon. The
motions of the latter are so nearly uniform that their
irregularities may usually be regarded as of the nature of
small corrections, and for many purposes may be ignored.
The planets, however, as we have seen (chapter 1., § 14), do
not even always move from west to east, but stop at intervals,
move in the reverse direction for a time, stop again, and
then move again in the original direction. . It was probably
recognised in early times, at latest by Eudoxus (§ 26), that
in the case of three of the planets, Mars, Jupiter, and Saturn,
these motions could be represented roughly by supposing
each planet to oscillate to and fro on each side of a fictitious
planet, moving uniformly round the celestial sphere in or
near the ecliptic, and that Venus and Mercury could
similarly be regarded as oscillating to and fro on each side
of the sun. These rough motions could easily be inter-
preted by means of revolving spheres or of epicycles, as was
done by Eudoxus and probably again with more precision
by Apollonius. In the case of Jupiter, for example, we
may regard the planet as moving on an epicycle, the centre
of which, 7, describes uniformly a deferent, the centre of
which is the earth. The planet will then as seen from the
earth appear alternately to the east (as at J;) and to the
west (as at J,) of the fictitious planet 7; and the extent of
the oscillation on each side, and the interval between suc-
cessive appearances in the extreme positions (J;, J,) on either
side, can be made right by choosing appropriately the size
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and rapidity of motion of the epicycle. It is moreover
evident that with this arrangement the apparent motion
of Jupiter will vary considerably, as the two motions—that
on the epicycle and that of the centre of the epicycle on
the deferent—are sometimes in the same direction, so as
to increase one another’s effect, and at other times in
opposite directions. Thus, when Jupiter is most distant
from the earth, that is at j, the motion is most rapid, a*
J, and j, the motion as seen from the earth is nearly the
same as that of f; while at J, the two motions are in

opposite directions, and the
=

size and motion of the epi-
cycle having been chosen in
the way indicated above,
it is found in fact that the

motion of the planet in the
epicycle is the greater of the
two 1notions, and that there-
fore the planet when in
this position appears to be
moving from east to west
(from left to right in the
figure), as is actually the
case. As then at jJ, and
J. the planet appears to
be moving from west to
east, and at J, in the opposite direction, and sudden
changes of motion do not occur in astronomy, there must
be a position between j, and j, and another between
J, and J,, at which the planet is just reversing its direction
of motion, and therefore appears for the instant at rest.
We thus arrive at an explanation of the stationary points
(chapter 1., § 14). An exactly similar scheme explains
roughly the motion of Mercury and Venus, except that
the centre of the epicycle must always be in the direction
of the sun.

Hipparchus, as we have seen (§ 41), found the current
representations of the planetary motions inaccurate, and
collected a number of fresh observations. These, with
fresh observations of his own, Ptolemy now employed
in order to construct an improved planetary system.

Fig. 34.—Jupiter’s epicycle
and deferent.
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As in the case of the moon, he used as deferent an
eccentric circle (centre c), but instead of making the
centre ;7 of the epicycle move uniformly in the deferent, he
introduced a new point called an egquant (£'), situated at
the same distance from the centre of the deferent as the
carth but on the opposite side, and regulated the motion of
7 by the condition that the apparent motion as seen from the
equant should be uniform ; in other words, the angle A E'/
was made to increase uniformly. In the case of Mercury
(the motions of which have been found troublesome by
astronomers of all periods),
the relation of the equant to
the centre of the epicycle was J
different, and the latter was
made to move in a small
circle. The deviations of the
planets from the ecliptic A
(chapter 1., §§ 13, 14) were
accounted for by tilting up
the - planes of the several
deferents and epicycles so
that they were inclined to the
ecliptic at various small angles.

By means of a system of this FiG. 33.— Lhe equant.
kind, worked out with great
care, and evidently at the cost of enormous labour, Ptolemy
was able to represent with very fair exactitude the motions
of the planets, as given by the observations in his possession.

It has been pointed out by modern critics, as well as by
some mediaeval writers, that the use of the equant (which
played also a small part in Ptolemy’s lunar theory) was a
violation of the principle of employing only uniform circular
motions, on which the systems of Hipparchus and Ptolemy
were supposed to be based, and that Ptolemy himself
appeared unconscious of his inconsistency. It may, how-
ever, fairly be doubted whether Hipparchus or Ptolemy
cver had an abstract belief in the exclusive virtue of such
motions, except as a convenient and easily intelligible
way of representing certain more complicated motions,
and it is difficult to conceive that Hipparchus would have
scrupled any more than his great follower, in using-an
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equant to represent an irregular motion, if he had found
that the motion was thereby represented with accuracy.
The criticism appears to me in fact to be an anachronism.
The earlier Greeks, whose astronomy was speculative rather
than scientific, and again many astronomers of the Middle
Ages, felt that it was on a priori grounds necessary to re-
present the “perfection” of the heavenly motions by the
most “perfect” or regular of geometrical schemes; so that
it is highly probable that Pythagoras or Plato, or even
Aristotle, would have objected, and certain that the
astronomers of the 14th and 15th centuries ought to have
objected (as some of them actually did), to this innova-
tion of Ptolemy’s. But there seems no good reason fo.
attributing this @ prio77 attitude to the later scientific Greek
astronomers (cf. also §§ 38, 47).*

It will be noticed that nothing has been said as to the
actual distances of the planets, and in fact the apparent
motions are unaffected by any alteration in the scale on
which deferent and epicycle are constructed, provided that
both are altered proportionally. Ptolemy expressly states that
he had no means of estimating numerically the distances of
the planets, or even of knowing the order of the distance of
he several planets. He followed tradition in accepting
onjecturally rapidity of motion as a test of nearness, and
placed Mars, Jupiter, Saturn (which perform the circuit
of the celestial sphere in about 2, 12, and 29 years re-
spectively) beyond the sun in that order. As Venus and

* The advantage derived from the use of the equant can be made
clearer by a mathematical comparison with the elliptic motion in-
troduced by Kepler. In elliptic motion the angular motion and
distance are represented approximately by the formulee #¢ + 2e sin nt
a (1 — e cos nt) respectively; the corresponding formule given by
the use of the simple eccentric are nt + ¢ sin nt, a (1 — ¢ cos nt).
To make the angular motions agree we must therefore take ¢ = 2¢,
but to make the distances agrec we must take ¢’ = ¢; the two con-
ditions are therefore inconsistent. But by the introduction of an
equant the formulae become nt + 2¢' sin nf, @ (1 — ¢ cos nt), and
both agree if we take ¢ = e. Ptolemy’s lunar theory could have
been nearly freed from the serious difficulty already noticed (§ 48,
if he had used an equant to represent the chief inequality of the
moon ; and his planetary theory would have been made accurate
to the first order of small quantities by the use of an equant both
for the deferent and the epicycle.

‘,‘
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Mercury accompany the sun, and may therefore be regarded
as on the average performing their revolutions in a y=zar,
the test to some extent failed in their case, but Ptolemy
again accepted the opinion of the “ancient mathematicians ”
(7.e. probably the Chaldaeans) that Mercury and Venus lie
between the sun and moon, Mercury being the nearer to
us. (Cf. chapter 1., § 15.) :

52. There has been much difference of opinion among
astronomers as to the merits of Ptolemy. Throughout the
Middle Ages his authority was regarded as almost final on
astronomical matters, except where it was outweighed by
the even greater authority assigned to Aristotle. Modern
criticism has made clear, a fact which indeed he never
conceals, that his work is to a large extent based on that
of Hipparchus ; and that his observations, if not actually
fictitious, were at any rate in most cases poor. On the
other hand his work shews clearly that he was an accom-
plished and original mathematician.* The most important
of his positive contributions to astronomy were the discovery
of evection and his planetary theory, but we ought probably
to rank above these, important as they are, the services
which he rendered by preserving and developing the great
ideas of Hipparchus—ideas which the other astronomers
of the time were probably incapable of appreciating, and
which might easily have been lost to us if they had not
been embodied in the A/magest.

53. The history of Greek astronomy practically ceases
with Ptolemy. The practice of observation died out so
completely that only eight observations are known to have
been made during the eight and a half centuries which
separate him from Albategnius (chapter mnr, § 59). The
onlv Greek writers after Ptolemy’s time are compilers and
commentators, such as Z%eon (f. A.D. 365), to none of
whom original ideas of any importance can be attributed.
The murder of his daughter Hypatia (a.D. 415), herself
also a writer on astronomy, marks an epoch in the decay
of the Alexandrine scheol ; and the end came in A.p. 640,
when Alexandria was captured by the Arabs.t

* De Morgan classes him as a geometer with Archimedes, Euclid,

and Apollonius, the three great geometers of antiquity.
+ The legend that the books in the library served for six months as
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54. It remains to attempt to cstimate briefly the value of
the contributions to astronomy made by the Greeks and of
their method of investigation. It is obviously unreasonable
to expect to find a brief formula which will characterise the
scientific attitude of a series of astronomers whose lives
extend over a period of eight centuries ; and it is futile
to explain the inferiority of Greek astronomy to our own on
some such ground as that they had not discovered the method
of induction, that they were not careful enough to obtain
facts, or even that their ideas were not clear. In habits
of thought and scientific aims the contrast between Pytha-
goras and Hipparchus is probably greater than that between
Hipparchus on the one hand and Coppernicus or even
Newton on the other, while it is not unfair to say that the
fanciful ideas which pervade the work of even so great a
discoverer as Kepler (chapter vir., §§ 144, 151) place his
scientific method in some respects behind that of his great
Greek predecessor.

The Greeks inherited from their predecessors a number
of observations, many of them executed with considerable
accuracy, which were nearly sufficient for the requirements
of practical life, but in the matter of astronomical theory
and speculation, in which their best thinkers were very
much more interested than in the detailed facts, they
received virtually a blank sheet.on which they had to write
(at first with indifferent success) their speculative ideas.
A considerable interval of time was obviously necessary to
bridge over the gulf separating such data as the eclipse
observations of the Chaldaeans from such ideas as the
harmonical spheres of Pythagoras; and the necessary
theoretical structure could not be erected without the use
of mathematical methods which had gradually to be in-
vented. That the Greeks, particularly in early times, paid
little attention to making observations, is true enough, but
it may fairly be doubted whether the collection of fresh
material for observations would really have carried
astronomy much beyond the point reached by the
Chaldaean observers. When once speculative ideas, made
fuel for the furnaces of the public baths is rejected by Gibbon and

others. One good reason for not accepting it is that by this time
there were probably very few books left to burn.
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definite by the aid of geometry, had been sufficiently
developed to be capable of comparison with observation,
rapid progress was made. The Greek astronomers of the
scientific period, such as Aristarchus, Eratosthenes, and
above all Hipparchus, appear moreover to have followed
in their researches the method which has always been
fruitful in physical science—namely, to frame provisional
hypotheses, to deduce their mathematical consequences,
and to compare these with the results of observation.
There are few better illustrations of genuine scientific
caution than the way in which Hipparchus, having tested
the planetary theornies handed down to him and having
discovered their insufficiency, deliberately abstained from
building up a new theory on data which he knew to be
insufficient, and patiently collected fresh material, never to
be used by himself, that some future astronomer might
thereby be able to arrive at an improved theory.

Of positive additions to our astronomical knowledge
made by the Greeks the most striking in some ways is the
discovery of the approximately spherical form of the earth,
a result which later work has only slightly modified. But
their explanation of the chief motions of the solar system
and their resolution of them into a comparatively small
number of simpler motions was, in reality, a far more im-
portant contribution, though the Greek epicyclic scheme
has been so remodelled, that at first sight it is difficult to
recognise the relation between it and our modern views.
The subsequent history will, however, show how completely
each stage in the progress of astronomical science has
depended on those that preceded.

When we study the great conflict in the time of Copper-
nicus between the ancient and modern ideas, our sympathies
naturally go out towards those who supported the latter,
which are now known to be more accurate, and we are apt to
forget that those who then spoke in the name of the ancient
astronomy and quoted Ptolemy were indeed believers in
the doctrines which they had derived from the Greeks, but
that their methods of thought, their frequent refusal to face
facts, and their appeals to authority, were all entirely
foreign to the spirit of the great men whose disciples they
believed themselves to be.



CHAPTER IIL
THE MIDDLE AGES.

¢ The lamp burns low, and through the casement bars
Grey morning glimmers feebly.”
BrowNING's Paracelsus.

55. ABOUT fourteen centuries elapsed between the publica-
tion of the AZmagest and the death of Coppernicus (1543),
a date which is in astronomy a convenient landmark on the
boundary between the Middle Ages and the modern world.
In this period, nearly twice as long as that which separated
Thales from Ptolemy, almost four times as long as that
which has now elapsed since the death of Coppernicus, no
astronomical discovery of first-rate importance was made.
There were some important advances in mathematics, and
the art of observation was improved; but theoretical
astronomy made scarcely any progress, and in some respects
even went backward, the current doctrines, if in some
points slightly more correct than those of Ptolemy, being
less intelligently held.

In the Western World we have already seen that there
was little to record for nearly five centuries after Ptolemy.
After that time ensued an almost total blank, and several
more centuries elapsed before there was any appreciable
revival of the interest once felt in astronomy.

56. Meanwhile a remarkable development of science had
taken place in the East during the 7th century.. The
descendants of the wild Arabs who had carried the banner
of Mahomet over so large a part of the Roman empire, as
well as over lands lying farther east, soon began to feel the
influence of the civilisation of the peoples whom they had

subjugated, and Bagdad, which in the 8th century became
76



Cu. IIL, §§ s5, s€] The Bagdad School 77

the capital of the Caliphs, rapidly developed into a centre of
literary and scientific activity. Al Mansur, who reigned
from A.D. 754 to 775, was noted as a patron of science,,
and collected round him learned men both from India and
the West. In particular we are told of the arrival at his
court in 772 of a scholar from India bearing with him an
Indian treatise on astronomy,* which was translated into
Arabic by order of the Caliph, and remained the standard
treatise for nearly half a century. From Al Mansur’s time
onwards a body of scholars, in the first instance chiefly
Syrian Christians, were at work at the court of the Caliphs
translating Greek writings, often through the medium of
Syriac, into Arabic. The first translations made were of
the medical treatises of Hippocrates and Galen; the
Aristotelian ideas contained in the latter appear to have
stimulated interest in the writings of Aristotle himself, and
thus to have enlarged the range of subjects regarded as
worthy of study. Astronomy soon followed medicine, and
became the favourite science of the Arabians, partly no doubt
out of genuine scientific interest, but probably still more for
the sake of its practical applications. Certain Mahometan
ceremonial observances required a knowledge of the
direction of Mecca, and though many worshippers, living
anywhere between the Indus and the Straits of Gibraltar,
must have satisfied themselves with rough-and-ready
solutions of this problem, the assistance which astronomy
could give in fixing the true direction was welcome in
larger centres of population. The Mahometan calendar,
a lunar one, also required some attention in order that
fasts and feasts should be kept at the proper times. More-
over the belief in the possibility of predicting the future
by means of the stars, which had flourished among the
Chaldaeans (chapter 1., § 18), but which remained to a great
extent in abeyance among the Greeks, now revived rapidly
on a congenial oriental soil, and the Caliphs were probably
quite as much interested in seeing that the learned men of

* The data as to Indian astronomy are so uncertain, and the
evidence of any important original contributions is so slight, that I
have not thought it worth while to enter into the subject in any
detail. The chief Indian treatises, including the one referred to in
the text, bear strong marks of having been based on Greek writings,
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their courts were proficient in astrology as in astronomy
proper.

The first translation of the A/magest was made by order
of Al Mansur’s successor Harun al Rasid (a.p. 765 or 766
—A.D. 80g), the hero of the Arabian Nights. It seems,
however, to have been found difficult to translate ; fresh
attempts were made by Honein ben Ishak (?-873) and
by his son Zskak ben Honein (P-910 or gir), and a final
version by Zabit ben Korra (836-9o1) appeared towards
the end of the gth century. Ishak ben Honein translated
also a number of other astronomical and mathematical
books, so that by the end of the gth century, after which
translations almost ceased, most of the more important
Greek books on these subjects, as well as many minor
treatises, had been translated. To this activity we owe
our knowledge of several books of which the Greek originals
have perished.

57. During the period in which the Caliphs lived at
Damascus an observatory was erected there, and another on
a more magnificent scale was built at Bagdad in 829 by the
Caliph Al Mamun. The instruments used were superior both
in size and in workmanship to those of the Greeks, though
substantially of the same type. The Arab astronomers
introduced moreover the excellent practice of making
regular and as far as possible nearly continuous observa-
tions of the chief heavenly bodies, as well as the custom
of noting the positions of known stars at the beginning
and end of an eclipse, so as to have afterwards an exact
record of the times of their occurrence. So much import-
ance was attached to correct observations that we are told
that those of special interest were recorded in formal
documents signed on oath by a mixed body of astronomers
and lawyers.

Al Mamun ordered Ptolemy’s estimate of the size of the
earth to be verified by his astronomers. Two separate
measurements of a portion of a meridian were made, which,
however, agreed so closely with one another and with
the erroneous estimate of Ptolemy that they can hardly
have been independent and careful measurements, but
rather rough verifications of Ptolemy’s figures.

58. The careful observations of the Arabs soon shewed
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the defects in the Greek astronomical tables, and new tables
were from time to time issued, based on much the same
principles as those in the A/magest, but with changes in
such numerical data as the relative sizes of the various
circles, the positions of the apogees, and the inclinations
.of the planes, etc.

To Tabit ben Korra, mentioned above as the translator of

the A/magest, belongs the doubtful honour of the discovery
of a supposed variation in the amount of the precession
(chapter 11.,, §§ 42, 50). To account for this he devised a
complicated mechanism which produced a certain alteration
in the position of the ecliptic, thus introducing a purely
imaginary complication, known as the trepidation, which
confused and obscured most of the astronomical tables
issued during the next five or six centuries.
. 59. A far greater astronomer than any of those mentioned
in the preceding articles was the Arab prince called
from his birthplace Al Battani, and better known by the
Latinised name A4/bategnius, who carried on observations
from 878 to 918 and died in g29. He tested many of
Ptolemy’s results by fresh observations, and obtained
more accurate values of the obliquity of the ecliptic
(chapter 1, § 11) and of precession. He wrote also a
treatise on astronomy which contained improved tables
of the sun and moon, and included his most notable dis-
covery—namely, that .the direction of the point in the
sun’s orbit at which it is farthest from the earth (the
apogee), or, in other words, the direction of the centre of
the eccentric representing the sun’s motion (chapter 11,
§ 39), was not the same as that given in the A/magest;
from which change, too great to be attributed to ere
errors of observation or calculation, it might fairly be
inferred that the apogee was slowly moving, a result which,
however, he did not explicitly state. Albategnius was also
a good mathematician, and the author of some notable
improvements in methods of calculation.*

60. The last of the Bagdad astronomers was Abul Wafa

L]

* He introduced into trigonometry the use of sines, and made also
some little use of fangents, without apparently realising their im-
portance: he also used some new formulz for the solution of
spherical triangles.
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(939 or 940-998), the author of a voluminous treatise on
astronomy also known as the A/magest, which contained
some new ideas and was written on a different plan from
Ptolemy’s book, of which it has sometimes been supposed
to be a translation. In discussing the theory of the moon
Abul Wafa found that, after allowing for the equation of
the centre and for the evection, there remained a furthcr
irregularity in the moon’s motion which was imperceptible
at conjunction, opposition, and quadrature, but appreciable
at the intermediate points. It is possible that Abul Wata
here detected an inequality rediscovered by Tycho Brahe
(chapter v., § 111) and known as the variation, but it
is equally likely that he was merely restating Ptolemy’s
prosneusis (chapter 11., § 48).* 1In either case Abul Wafa’s
discovery appears to have been entirely ignored by his
successors and to have borne no fruit. He also carried
further some of the mathematical improvements of his
predecessors.

Another nearly contemporary astronomer, commonly
known as Jén Yunos (P-1008), worked at Cairo under
the patronage of the Mahometan rulers of Egypt. He
published a set of astronomical and mathematical tables,
the Hakemite Tables, which remained the standard ones for
about two centuries, and he embodied in the same book
a number of his own observations as well as an extensive
series by earlier Arabian astronomers.

61. About this time astronomy, in common with other
branches of knowledge, had made some progress in the
Mahometan dominions in Spain and the opposite coast
of Africa. A great library and an academy were founded
at Cordova about g70, and centres of education and learning
were established in rapid succession at Cordova, Toledo,
Seville, and Morocco.

The most important work produced by the astronomers
of these places was the volume of astronomical tables
published under the direction of Arzackel in 1080, and
known as the Zvletan Tables, because calculated for an
observer at Toledo, where Arzachel probably lived. To

* A prolonged but indecisive controversy has been carried on,

chiefly by French scholars, with regard to the relations of Ptolemy,
Abul Wafa, and Tycho in this matter.
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the same school are due some improvements in instru-
ments and in methods of calculation, and several writings
were published in criticism of Ptolemy, without, however,
suggesting any improvements on his ideas.

Gradually, however, the Spanish Christians began to drive
back their Mahometan neighbours. Cordova and Seville
were captured in 1236 and 1248 respectively, and with their
fall Arab astronomy disappeared from history.

62. Before we pass on to consider the progress of
astronomy in Europe, two more astronomical schools of
the East deserve mention, both of which illustrate an
extraordinarily rapid growth of scientific interests among
barbarous peoples. Hulagu Khan, a grandson of the
Mongol conqueror Genghis Khan, captured Bagdad in 1258
and ended the rule of the Caliphs there. Some years
before this he had received into favour, partly as a political
adviser, the astronomer Nassir Eddin (born in 1201 at Tus
in Khorassan), and subsequently provided funds for the
establishment of a magnificent observatory at Meraga, near
the north-west frontier of modern Persia. Here a number
of astronomers worked under the general superintendence
of Nassir Eddin. The instruments they used were remark-
able for their size and careful construction, and were
probably better than any used in Europe in the time of
Coppernicus, being surpassed first by those of Tycho Brahe
(chapter v.).

Nassir Eddin and his assistants translated or commented
on nearly all the more important available Greek writings
on astronomy and allied subjects, including Euclid’s
Elements, several books by Archimedes, and the A/magest.
Nassir Eddin also wrote an abstract of astronomy, marked
by some little originality, and a treatise on geometry. He
does not appear to have accepted the authority of Ptolemy
without question, and objected in particular to the use
of the equant (chapter 11, § 51), which he replaced by
a new combination of spheres. Many of these treatises
had for a long time a great reputation in the East, and
became in their turn the subject-matter of commentary.

But the great work of the Meraga astronomers, which
occupied them 12 years, was the issue of a revised set of
astronomical tables, based on the Hakemite Tables of Ibn

6
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Yunos (§ 60), and called in honour of their patron the
Ilkhanic Tables. They contained not only the usual tables
for computing the motions of the planets, etc., but also a
star catalogue, based to some extent on new observations.

An important result of the observations of fixed stars
made at Meraga was that the precession (chapter 11, § 42)
was fixed at 51, or within about 1" of its true value. Nassir
Eddin also discussed the supposed trepidation (§ 58), but
seems to have been a little doubtful of its reality. He died
in 1273, soon after his patron, and with him the Meraga
School came to an end as rapidly as it was formed.

63. Nearly two centuries later Ulugh Begl (born in 1394),
a grandson of the savage Tartar Tamerlane, developed a
great personal interest in astronomy, and built about 1420 an
observatory at Samarcand (in the present Russian Turkestan),
where he worked with assistants. He published fresh
tables of the planets, etc., but his most important work
was a star catalogue, embracing nearly the same stars as
that of Ptolemy, but observed afresh. This was probably
the first substantially independent catalogue made since
Hipparchus. The places of the stars were given with
unusual precision, the minutes as well as the degrees
of celestial longitude and latitude being recorded; and
although a comparison with modern observation shews
that there were usually errors of several minutes, it is
probable that the instruments used were extremely good.
Ulugh Begh was murdered by his son in 1449, and with
him Tartar astronomy ceased.

64. No great original idea can be attributed to any of the
Arab and other astronomers whose work we have sketched.
They had, however, a remarkable aptitude for absorbing
foreign ideas, and carrying them slightly further. They
were patient and accurate observers, and skilful calculators.
We owe to them a long series of observations, and the
invention or introduction of several important improve-
ments in mathematical methods.* Among the most
important of their services to mathematics, and hence to
astronomy, must be counted the introduction, from India,

* For example, the practice of treating the trigonometrical functions

as algebraic quantities to be manipulated by formulz, not merely
as geometrical lines.
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of our present system of writing numbers, by which the
value of a numeral.is altered by its position, and fresh
symbols are not wanted, as in the clumsy Greek and
Roman systems, for higher numbers. An immense sim-
plification was thereby introduced into arithmetical work.*
More important than the actual original contributions of
the Arabs to astronomy was the service that they perform:d
in keeping alive interest in the science and preserving the
discoveries of their Greek predecessors.

Some curious relics of the time when the Arabs were
the great masters in astronomy have been preserved in
astronomical language. Thus we have derived from them,
usually in very corrupt forms, the current names of many
individual stars, e.g. Aldebaran, Altair, Betelgeux, Rigel,
Vega (the constellations being mostly known by Latin
translations of the Greek names), and some cofamon
astronomical terms such as zenith and nadir (the invisible
point on the celestial sphere opposite the zenith); while
at least one such word. almanack, has passed into common
language. 3

65. In Europe the period of confusion following the break-
up of the Roman empire and preceding the definite formation
of feudal Europe is almost a blank as regards astronomy,
or indeed any other natural science. The best intellects
that were not absorbed in practical life were occupied
with theology. A few men, such as the Venerable Bede
(672-735), living for the most part in secluded monasteries,
were noted for their learning, which included in general
some portions of mathematics and astronomy ; none were
noted for their additions to scientific knowledge. Some
advance was made by Charlemagne (742-814), who, in
addition to introducing something like order into his
extensive dominions, made energetic attempts to develop
education and learning. In 782 he summoned to his court
our learned countryman A/cuir (735-804) to give instruction
in astronomy, arithmetic, and rhetoric, as well as in other
subjects, and invited other scholars to join him, forming
thus a kind of Academy of which Alcuin was the head.

* Any one who has not realised this may do so by performing

with Roman numerals the simple operation of multiplying by itsclf
a number such as mpccexeviil,
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Charlemagne not only founded a higher school at his
own court, but was also successful in urging the ecclesi-
astical authorities in all parts of his dominions to do
the same. In these schools were taught the seven liberal
arts, divided into the so-called trivium (grammar, rhetoric,
and dialectic) and quadrivium, which included astronomy
in addition to arithmetic, geometry, and music.

66. In the 1oth century the fame of the Arab learning
began slowly to spread through Spain into other parts of
Europe, and the immense learning of Gerbert, the most
famous scholar of the century, who occupied the papal
chair as Sylvester II. from 999 to 1003, was attributed in
large part to the time which he spent in Spain, either in
or near the Moorish dominions. He was an ardent student,
indefatigable in collecting and reading rare books, and
was especially interested in mathematics and astronomy.
His skill in making astrolabes (chapter 11, § 49) and other
instruments was such that he was popularly supposed to
have acquired his powers by selling his soul to the Evil
One. Other scholars shewed a similar interest in Arabic
learning, but it was not till the lapse of another century
that the Mahometan influence became important.

At the beginning of the 12th century began a series of
translations from Arabic into Latin of scientific and
philosophic treatises, partly original works of the Arabs,
partly Arabic translations of the Greek books. One of the
most active of the translators was Plato of Tiwoli, who
studied Arabic in Spain about 1116, and translated Alba-
tegnius’s Astronomy (§ 59), as well as other astronomical
books. At about the same time Euclid’s Zlemants, among
other books, was translated by A#kelard of Bath. Gherardo
of Cremona (1114-1187) was even more industrious, and
is said to have made translations of about 7o scientific
treatises, including the A/magest, and the Zvletan Tables
of Arzachel (§ 61). The beginning of the 13th century was
marked by the foundation of several Universities, and at
that of Naples (founded in 1224) the Emperor Frederick 11,
who had come into contact with the Mahometan learning
in Sicily, gathered together a number of scholars whom he
directed to make a fresh series of translations from the
Arabic,
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Aristotle’s writings on logic had been preserved in
Latin translations from classical times, and were already
much esteemed by the scholars of the rrth and 1zth
centuries. His other writings were first met with in Arabic
versions, and were translated into Latin during the end
of the 12th and during the 13th centuries; in one or two
cases translations were also made from the original Greek.
The influence of Aristotle over medizval thought, already
considerable, soon became almost supreme, and his works
were by many scholars regarded with a reverence equal to
or greater than that felt for the Christian Fathers.

Western knowledge of Arab astronomy was very much
increased by the activity of 4/fonso X. of Leon and Castile
(1223-1284), who collected at Toledo, a recent conquest
from the Arabs, a'body of scholars, Jews and Christians,
who calculated under his general superintendence a set of
new astronomical tables to supersede the Zvletan Tubles.
These Alfonsine Tables were published in 1252, on the
day of Alfonso’s accession, and spread rapidly through
Europe. They embodied no new ideas, but several
numerical data, notably the length of the year, were
given with greater accuracy than before. To Alfonso is
due also the publication of the Zibros del Saber, a volu-
minous encyclopaedia of the astronomical knowledge of
the time, which, though compiled largely from Arab sources,
was not, as has sometimes been thought, a mere collection
of translations. One of the curiosities in this book is a
diagram representing Mercury’s orbit as an ellipse, the
earth being in the centre (cf. chapter vir., § 140), this
being probably the first trace of the idea of representing
the celestial motions by means of curves other than circles.

67. To the 13th century belong also several of the great
scholars, such as Albertus Magnus, Roger Bacon, and
Ceceo & Ascoli (from whom Dante learnt), who took all
knowledge for their province. Roger Bacon, who was born
in Somersetshire about 1214 and died about 1294, wrote
three principal books, called respectively the Opus Majus,
Opus Minus, and Opus Tertium, which contained not only
treatises on most existing branches of knowledge, but also
some extremely interesting discussions of their relative

' importance and of the right method for the advancement
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of learming. He inveighs warmly against excessive adher-
énce to authority, especially to that of Aristotle, whose
books he wishes burnt, and speaks strongly of the import-
ance of experiment and of mathematical reasoning in
scientific inquiries. He evidently had a good knowledge
of optics and has been supposed to have been acquainted
with the telescope, a suppesition which we can hardly
regard as confirmed by his story that the invention was
known to Caesar, who when about to invade Britain sur-
veyed the new country from the opposite shores of Gaul
with a telescope !

Another famous book of this period was written by the
Yorkshireman John Halifax or Holywood, better known
by his Latinised name Sacrobosco, who was for some time
a well-known teacher of mathematics at Paris, where he
died about 1256. His Sphaera Mundi was an elementary
treatise on the easier parts of current astronomy, dealing
in fact with little but the more obvious results of the
daily motion of the celestial sphere. It enjoyed immense
popularity for three or four centuries, and was frequently
re-edited, translated, and comimented on: it was one of
the very first astronomical books ever printed ; 25 editions
appeared between 1472 and the end of the century, and
40 more by the middle of the 17th century.

68. The European writers of the Middle Ages whom we
have hitherto mentioned, with the exception of Alfonso and
his assistants, had contented themselves with collecting and
rearranging such portions of the astronomical knowledge
of the Greeks and Arabs as they could master ; there were
no serious attempts at making progress, and no observations
of importance were made. A new_school, however, grew
up in Germany during the 15th century which succeeded
in making some additions to knowledge, not in themselves
of first-rate importance, but significant of the greater inde-
pendence that was beginning to inspire scientific work.

{ George Purback, born in 1423, became in 1450 professor
of astronomy and mathematics at the University of Vienna,
which had soon after its foundation (1365) become a
centre for these subjects. He there began an Zpitome
of Astronomy based on the Almagest, and also a Latin
version of Ptolemy’s planetary theory, intended partly
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as a supplement to Sacrobosco’s textbook, from which
this part of the subject had been omitted, but in part
also as a treatise of a higher order; but he was hindered
in both undertakings by the badness of the only available
versions of the AZmagest—Latin translations which had
been made not directly from the Greek, but through
the medium at any rate of Arabic and very possibly of
Syriac as well (cf. § 56), and which consequently swarmed
with mistakes. He was assisted in this work by his more
famous pupil John Miiller of Konigsberg (in Franconia),
hence known as ARegiomontanus, who was attracted to
Vienna at the age of 16 (1452) by Purbach’s reputation.
he two astronomers made some observations, and were
trengthened in their conviction of the necessity of astro-
1omical reforms by the serious inaccuracies which they
discovered in the Afonsine Tables, now two centuries old ;
an eclipse of the moon, for example, occurring an hour late
and Mars being seen 2° from its calculated place. Purbach
and Regiomontanus were invited to Rome by one of the
Cardinals, largely with a view to studying a copy of the
Almagest contained among the Greek manuscripts which
since the fall of Constantinople (1453) had come into Italy
in considerable numbers, and they were on the point of
starting when the elder man suddenly died (1461).
Regiomontanus, who decided on going notwithstanding
Purbach’s death, was altogether seven years in Italy; he
there acquired a good knowledge of Greek, which he had
already begun to study in Vienna, and was thus able to read
} the A/magest and other treatises in the original ; he completed
Purbach’s Epitome of Astronomy; made some observations,
lectured, wrote a mathematical treatise * of considerable
merit, and finally returned to Vienna in 1468 with originals
or copies of several important Greek manuscripts. He
was for a short time professor there, but then accepted an
invitation from the King of Hungary to arrange a valuable
collection of Greek manuscripts. The king, however, soon

* On trigonometry. He reintroduced the sine, which had been
forgotten ; and made some use of the fangent, but like Albategnius
(§ 597.) did not realise its importance, and thus remained behind
Ibn Yunos and Abul Wafa. An important contribution to mathe-
matics was a table of sines calculated for every minute from 0° to 9o°.
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turned his attention from Greek to fighting, and Regiomon-
tanus moved once more, settling this time in Niirnberg, then
one of the most flourishing cities in Germany, a special
attraction of which was that one of the early printing
presses was established there. The Nirnberg citizens
received Regiomontanus with great honour, and one rich
man in particular, Bernard Walther (1430-1504), not only
supplied him with funds, but, though an older man, became
his pupil and worked with him. The skilled artisans of
Niirnberg were employed in constructing astronomical
instruments of an accuracy hitherto unknown in Europe,
though probably still inferior to those of Nassir Eddin and
Ulugh Begh (§§ 62, 63). A number of observations were
made, among the most interesting being those of the comet
of 1472, the first comet which appears to have been
regarded as a subject for scientific study rather than for
superstitious terror. Regiomontanus recognised at once the
importance for his work of the new invention of printing,
and, finding probably that the existing presses were unable
to meet the special requirements of astronomy, started a
printing press of his own. Here he brought out in 1472
or 1473 an edition of Purbach’s book on planetary theory,
which soon became popular and was frequently reprinted.
This book indicates clearly the discrepancy already being
felt between the views of Aristotle and those of Ptolemy.
Aristotle’s original view was that sun, moon, the five
planets, and the fixed stars were attached respectively to
eight spheres, one inside the other; and that the outer
one, which contained the fixed stars, by its revolution was
the primary cause of the apparent daily motion of all the
celestial bodies. The discovery of precession required on
‘the part of those who carried on the Aristotelian tradition
the addition of another sphere. According to this scheme,
which was probably due to some of the translators or
commentators at Bagdad (§ 56), the fixed stars were on
a sphere, often called the firmament, and outside this was
a ninth sphere, known as the primum mobile, which moved
all the others; another sphere was added by Tabit ben
Korra to account for trepidation (§ 58), and accepted by
Alfonso and his school; an eleventh sphere was added
towards the end of the Middle Ages to account for the
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supposed changes in the obliquity of the ecliptic. A few
writers invented a larger number. Outside these spheres
mediaeval thought usually placed the Empyrean or Heaven.
The accompanying diagram illustrates the whole arrange-

F1c. 36.—The celestial spheres. From Apian’s Cosmographiu.

These spheres, which were almost entirely fanciful and
in no serious way even professed to account for the details
of the celestial motions, are of course quite different from
the circles known as deferents and epicycles, which Hippar-
chus and Ptolemy used. These were mere geometrical
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abstractions, which enabled the planetary motions to be
represented with tolerable accuracy. KEach planet moved
freely in space, its motion being represented or described
(not controlledy by a particular geometrical arrangement
of circles. Purbach suggested a compromise by hollowing
out Aristotle’s crystal spheres till there was room for
Ptolemy’s epicycles inside !

From the new Niirnberg press were issued also a suc-
cession of almanacks which, like those of to-day, gave the
public useful information about moveable feasts, the phases
of the moon, eclipses, etc.; and, in addition,-a volume of
less popular Ephemerides, with astronomical information
of a fuller and more exact character for a period of about
30 years. This contained, among other things, astronomical
data for finding latitude and longitude at sea, for which
Regiomontanus had invented a new method.*

The superiority of these tables over any others available
was such that they were used on several of the great voyages
of discovery of this period, probably by Columbus himself
on his first voyage to America.

In 1475 Regiomontanus was invited to Rome by the
Pope to assist in a reform of the calendar, but died there
the next year at the early age of forty.

Walther carried on his friend’s work and took a number
of good observations; he was the first to make any
successful attempt to allow for the atmospheric refraction
of which Ptolemy had probably had some knowledge (chap-
ter 11, § 46); to him is due also the practice of obtaining
the position of the sun by comparison with Venus instead of
with the moon (chapter 11., § 39), the much slower motion
of the planet rendering greater accuracy possible.

After Walther’s death other observers of less merit carried
on the work, and a Niirnberg astronomical school of some
kind lasted into the 17th century.

69. A few minor discoveries in astronomy belong to this
or to a slightly later period and may conveniently be dealt
with here.

Lionardo da Vinci (1452-1519), who was not only a
great painter and sculptor, but also an anatomist, engineer,
mechanician, physicist, and mathematician, was the first

* That of “lunar distances.”



§ 69) Regiomontames and Others 9t

to explain correctly the dim illumination seen over the
rest of the surface of the moon when the bright part is
only a thin crescent. He pointed out that when the
moon was nearly new the half of the earth which was
then illuminated by the sun was turned nearly directly
towards the moon, and that the moon was in consequence
illuminated slightly by this earthshine, just as we are by
moonshine. The" explanation is interesting in itself, and
was also of some value as shewing an analogy between
the earth and moon which tended to break down the
supposed barrier between terrestrial and celestial bodies
(chapter vi1., § 119).

Jerome Fracastor (1483-1543) and Peter Apian (1495—
1552), two voluminous writers on astronomy, made obser-
vations of comets of some interest, both noticing that
a comet’s tail continually points away from the sun, as
the: comet changes its position, a fact which has been
used in modern times to throw some light on the structure
of comets (chapter x11., § 304).

Peter Nonius (1492—1577) deserves mention on account
of the knowledge of twilight which he possessed; several
problems as to the duration of twilight, its variation in
different latitudes, etc., were correctly solved by him ; but
otherwise his numerous books are of no great interest.*

A new determination of the size of the earth, the first
since the time of the Caliph Al Mamun (§ 57), was made
about 1528 by the French doctor Jo/in Fernel (1497-1558),
who arrived at a result the error in which (less than 1 per
cent.) was far less than could reasonably have been ex-
pected from the rough methods employed.

The life of Regiomontanus overlapped that of Copper-
nicus by three years; the four writers last named were
nearly his contemporaries ; and we may therefore be said to
have come to the end of the comparatively stationary period
dealt with in this chapter.

* He did not invent the measuring instrument called the vernzer,
often attributed to him, but something quite different and of very
inferior value. 5



CHAPTER 1IV.
COPPERNICUS.

“But in this our age, one rare witte (seeing the continuall errors
that from time to time more and more continually. have been dis-
covered, besides the infinite absurdities in their Theoricks, which
they have been forced to admit that would not confesse any Mobilitie
in the ball of the Earth) hath by long studye, paynfull practise,
and rare invention delivered a new Theorick or Model of the world,
shewing that the Earth resteth not in the Center of the whole world
or globe of elements, which encircled and enclosed in the Moone’s
orbit, and together with the whole globe of mortality is carried
yearly round about the Sunne, which like a king in the middest of
all, rayneth and giveth laws of motion to all the rest, sphaerically
dispersing his glorious beames of light through all this sacred
coelestiall Temple.”

Traomas DiGGEs, 1590.

70. THE growing interest in astronomy shewn by the
work of such men as Regiomontanus was one of the early
results in the region of science of the great movement of
thought to different aspects of which are given the names
of Revival of Learning, Renaissance, and Reformation.
The movement may be regarded primarily as a general
quickening of intelligence and of interest in matters of
thought and knowledge. The invention of printing early
in the 15th century, the stimulus to the study of the Greek
authors, due in part to the scholars who were driven west-
wards after the capture of Constantinople by the Turks
(1453), and the discovery of America by Columbus in
1492, all helped on a movement the beginning of which
has to be looked for much earlier:

Every stimulus to the intelligence naturally brings with it
"a tendency towards inquiry into opinions received through
tradition and based on some great authority. The effective

92 :
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discovery and the study of Greek philosophers other
than Aristotle naturally did much to shake the supreme
authority of that great philosopher, just as the Reformers
shook the authority of the Church by pointing out what
they considered to be inconsistencies between its doctrines
and those of the Bible. At first there was little avowed
opposition to the principle that truth was to be derived
from some authority, rather than to be sought independ-
ently by the light of reason; the new scholars replaced
the authority of Aristotle by that of Plato or of Greek and
Roman antiquity in general, and the religious Reformers
replaced the Church by the Bible. Naturally, however,
the conflict between authorities produced in some minds
scepticism as to the principle of authority itself; when
freedom of judgment had to be exercised to the extent
of deciding between authorities, it was but a step further
—a step, it is true, that comparatively few took—to use
the individual judgment on the matter at issue itself.

In astronomy the conflict between authorities had already
arisen, partly in connection with certain divergencies be-
tween Ptolemy and Aristotle, partly in connection with
the various astronomical tables which, though on sub-
stantially the same lines, differed in minor points. The
time was therefore ripe for some fundamental criticism of
the traditional astronomy, and for its reconstruction on a
new basis.

Such a fundamental change was planned and worked
out by the gret astronomer whose work has next to be
considered. ;

71. Nickolas Coppernic or Coppernicus®* was born on
February 1gth, 1473, in a house still pointed out in the little
trading town of Thorn on the Vistula. Thorn now lies
just within the eastern frontier of the present kingdom of
Prussia ; in the time of Coppernicus it lay in a region over
which the King of Poland had some sort of suzerainty, the

* The name is spelled in a large number of different ways both by
Coppernicus and by his contemporaries. He himself usually wrote
his name Coppernic, and in learned productions commonly used the
Latin form Coppernicus. The spelling Copernicus is so much less
commonly used by him that I have thought it better to discard it,
even at the risk of appearing pedantic.
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precise nature of which was a continual subject of quarrel
between him, the citizens, and the order of Teutonic knights,
who claimed a good deal of the neighbouring country.
The astronomer’s father (whose name was most commonly
written Koppernigk) was a merchant w.o came to Thorn
from Cracow, then the capital of Poland, in 1462. Whether
Coppernicus should be counted as a Pole or as a German
is an intricate question, over which his biographers have
fought at great length and with some acrimony, but Wthh
is not worth further discussion here.

Nicholas, after the death of his father in 1483, was under
the care of his uncle, Lucas Watzelrode, afterwards bishop
of the neighbouring diocese of Ermland, and was destined
by him from a very early date for an echeSJastlcal career.
He attended the school at Thorn, and at the age of 17
entered the University of Cracow. Here he seems to have
first acquired (or shewn) a decided taste for astronomy
and mathematics, subjects in which he probably received
help from Albert Brudzewski, who had a great reputation
as a learned and stimulating teacher ; the lecture lists of
the University show that the comparatively modern treatises
of Purbach and Regiomontanus (chapter 111, § 68) were
the standard textbooks used. Coppernicus had no intention
of graduating at Cracow, and probably left after three
years (1494). During the next year or two he lived
partly at home, partly at his uncle’s palace at Heilsberg,
and spent some of the time in an unsuccessful candidature
for a canonry at Frauenburg, the cathedral city of his
uncle’s diocese.

The next nine or ten years of his life (from 1496 to
1505 or 1506) were devoted to studying in Italy, his stay
there being broken only by a short visit to Frauenburg in
1501. He worked chiefly at Bologna and Padua, but
graduated at Ferrara, and also spent some time at Rome,
where his astronomical knowledge evidently made a favour-
able impression. Although he was supposed to be in
Italy primarily with a view to studying law and medicine,
it is evident that much of his best work was being put
into mathematics and astronomy, while he also paid a good
deal of attention to Greek.

During his absence he was appointed (about 1497) to
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a canonry at Frauenburg, and at some uncertain date
he also received a sinecure ecclesiastical appointment at
Breslau. :

72. On returning to Frauenburg from Italy Coppernicus
almost immediately obtained fresh leave of absence, and
joined his uncle at Heilsberg, ostensibly as his medical
adviser and really as his companion.

It was probably during the quiet years spent at Heilsberg
that he first put into shape his new ideas about astronomy,
and wrote the first draft of his book. He kept the
manuscript by him, revising and rewriting from time to
time, partly from a desire to make his work as perfect as
possible, partly from complete indifference to reputation,
coupled with dislike of the controversy to which the
publication of his book would almost certainly give rise.
In 1509 he published at Cracow his first book, a Latin
translation of a set of Greek letters by Theophylactus,
interesting as being probably the first translation from the
Greek ever published in Poland or the adjacent districts.
In 1512, on the death of his uncle, he finally settled in
Frauenburg, in a set of rooms which he occupied, with short
intervals, for the next 31 years. Once fairly in residence,
he took his share in conducting the business of the
Chapter: he acted, for example, more than once as their
representative in various quarrels with the King of Poland
and the Teutonic knights; in 1523 he was general
administrator of the diocese for a few months after the
death of the bishop ; and for two periods, amounting alto-
gether to six years (1516-1519 and 1520-1521), he lived at
the castle of Allenstein, administering some of the outlying
property of the Chapter. In 1521 he was commissioned to
draw up a statement of the grievances of the Chapter
against the Teutonic knights for presentation to the
Prussian Estates, and in the following year wrote a memo-
randum on the debased and confused state of the coinage
in the district, a paper which was also laid before the
Estates, and was afterwards rewritten in Latin at the special
request of the bishop. He also gave a certain amount
of medical advice to his friends as well as to the poor of
Frauenburg, though he never practised regularly as a
physician ; but notwithstanding these various occupations
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it is probable that a very large part of his time during the
last 30 years of his life was devoted to astronomy.

73. We are so accustomed to associate the revival of
astronomy, as of other branches of natural science, with
increased care in the collection of observed facts, and to
think of Coppernicus as the chief agent in the revival, that
it is worth while here to emphasise the fact that he was in
no sense a great observer. His instruments, which were
mostly of his own construction, were far inferior to those
of Nassir Eddin and of Ulugh Begh (chapter 111., §§ 62, 63),
and not even as good as those which he could have pro-
cured if he had wished from the workshops of Niirnberg ;
his observations were not at all numerous (only 27, which
occur in his book, and a dozen or two besides being known),
and he appears to have made no serious attempt to secure
great accuracy. His determination of the position of one
star, which was extensively used by him as a standard of
reference and was therefore of special importance, was in
error to the extent of nearly 40’ (more than the apparent
breadth of the sun or moon), an error which Hipparchus
would have considered very serious. His pupil Rheticus
(8§ 74) reports an interesting discussion between his master
and himself, in which the pupil urged the importance of
making observations with all imaginable accuracy; Copper-
nicus answered that minute accuracy was not to be looked
for at that time, and that a rough agreement between theory
and observation was all that he could hope to attain.
Coppernicus moreover points out in more than one place
that the high latitude of Frauenburg and the thickness of
the air were so detrimental to good observation that, for
example, though he had occasionally been able to see the
planet Mercury, he had never been able to observe it
properly.

Although he published nothing of importance till towards
the end of his life, his reputation as an astronomer and
mathematician appears to have been established among
experts from the date of his leaving Italy, and to have
steadily increased as time went on.

In 1515 he was consuited by a committee appointed by
the Lateran Council to consider the reform of the calendar,
which had now fallen into some confusion (chapter ir.,
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§ 22), but he declined to give any advice on the ground
that the motions of the sun and moon were as yet too
imperfectly known for a satisfactory reform to be possible.
A few years later (1524) he wrote an open letter, intended
for publication, to one of his Cracow friends, in reply to a
tract on precession, in which, after the manner of the time,
he used strong language about the errors of his opponent.*

It was meanwhile gradually becoming known that he
held the novel doctrine that the earth was in motion and
the sun and stars at rest, a doctrine which was sufficiently
startling to attract notice outside astronomical circles.
About 1531 he had the distinction of being ridiculed on
the stage at some popular performance.in the neighbour-
hood ; and it is interesting to note (especially in view of
the famous persecution of Galilei at Rome a century later)
that Luther in his Zable Tal% frankly described Coppernicus
as a fool for holding such opinions, which were obviously
contrary to the Bible, and that Melanchthon, perhaps the
most learned of the Reformers, added to a somewhat similar
criticism a broad hint that such opinions should not be
tolerated. Coppernicus appears to have taken no notice of
these or similar attacks, and still continued to publish nothing.
No observation made later than 1529 occurs in his great
book, which seems to have been nearly in its final form by that
date ; and to about this time belongs an extremely interest-
ing paper, known as the Commentariolus, which contains a
short account of his system of the world, with some of the
evidence for it, but without any calculations. It was
apparently written to be shewn or lent to friends, and was
not published ; the manuscript disappeared after the death
of the author and was only rediscovered in 1878. The
Commentariolus was probably the basis of a lecture on
the ideas of Coppernicus given in 1533 by one of the
Roman astronomers at the request of Pope Clement VII.
Three years later Cardinal Schomberg wrote to ask
Coppernicus for further information as to his views, the
letter showing that the chief features were already pretty
accurately known.

* Nullo demum loco ineptior est quam . .. ubs nim's pueriliter
hallucinatur : Nowhere is he more foolish than . . where he suffers
from delusions of too childish a character.

0
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74. Similar requests must have been made by others, but
his final decision to publish his ideas seems to have been
due to the arrival at Frauenburg in 1539 of the enthusiastic
young astronomer generally known as Rkeficus.®* Born in
1514, he studied astronomy under Schoner at Niirnberg,
and was appointed in 1536 to one of the chairs of
mathematics created by the influence of Melanchthon at
Wittenberg, at that time the chief Protestant University.

Having heard, probably through the Commentariolus, of
Coppernicus and his doctrines, he was so much interested
in them that he decided to visit the great astronomer at
Frauenburg. Coppernicus received him with extreme
kindness, and the visit, which was originally intended to
last a few days or weeks, extended over nearly two years.
Rheticus set to work to study Coppernicus’s manuscript,
and wrote within a few weeks of his arrival an extremely
interesting and valuable account of it, known as the First
Narrative (Prima Narratio), in the form of an open letter
to his old master Schoner, a letter which was printed in the
following spring and was the first easily accessible account
of the new doctrines.t

When Rheticus returned to Wittenberg, towards the end
of 1541, he took with him a copy of a purely mathematical
section of the great book, and had it printed as a textbook
of the subject (Trigonometry) ; it had probably been already
settled that he was to superintend the printing of the com-
plete book itself. Coppernicus, who was now an old man
and would naturally feel that his end was approaching, sent
the manuscript to his friend Giese, Bishop of Kulm, to do
what he pleased with. Giese sent it at once to Rheticus,
who made arrangements for having it printed at Nirnberg.
Unfortunately Rheticus was not able to see it all through
the press, and the work had to be entrusted to Osiander,
a Lutheran preacher interested in astronomy. Osiander

* His real name was Georg Joachim, that by which he is known
having been made up by himself from the Latin name of the district
where he was born (Rheetia).

1 The Commentariolus and the Prima Narvatio give most readers
a better idea of what Coppernicus did than his larger book, in which
it is comparatively difficult to disentangle his leading ideas from the
mass of calculations based on them.
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appears to have been much alarmed at the thought of the
disturbance which the heretical ideas of Coppernicus would
cause, and added a prefatory note of his own (which he
omitted to sign), praising the book in a vulgar way, and
declaring (what was quite contrary to the views of the
author) that the fundamental principles laid down in it
were merely abstract hypotheses convenient for purposes
of calculation; he also gave the book the title De
Revolutionibus Orbium Celestium (On the Revolutions of
the Celestial Spheres), the last two words of which were
probably his own addition. The printing was finished in
the winter 1542-3, and the author received a copy of his
book on the day of his death (May 24th, 1543), when his
memory and mental vigour had already gone.

75. The central idea with which the name of Coppernicus
is associated, and which makes the De Revolutionibus one
of the most important books in all astronomical literature, by
the side of which perhaps only the 4/magest and Newton’s
Principia (chapter 1x., §§ 177 segq.) can be placed, is that
the apparent motions of the celestial bodies are to a great
extent not real motions, but are due to the motion of the
earth carrying the observer with it. Coppernicus tells us
that he had long been struck by the unsatisfactory nature
of the current explanations of astronomical observations,
and that, while searching in philosophical writings for some
better explanation, he had found a reference of Cicero to
the opinion of Hicetas that the earth turned round on its
axis daily. He found similar views held by other Pytha-
goreans, while Philolaus and Aristarchus of Samos had
also held that the earth not only rotates, but moves
bodily round the sun or some other centre (cf. chapter 11.,
§ 24). The opinion that the earth is not the sole centre
of motion, but that Venus and Mercury revolve round the
sun, he found to be an old Egyptian belief, supported
also by Martianus Capella, who wrote a compendium of
science and philosophy in the s5th or 6th century aA.p.
A more modern authority, Nickolas of Cusa (1401-1464), 2
mystic writer who refers to a possible motion of the earth,
was ignored or not noticed by Coppernicus. None of
the writers here named, with the possible exception of
Aristarchus of Samos, to whom Coppernicus apparently
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paid little attention, presented the opinions quoted as
more than vague speculations; none of them gave any
substantial reasons for, much less a proof of, their views ;
and Coppernicus, though he may have been glad, after the
fashion of the age, to have the support of recognised
authorities, had practically to make a fresh start and
elaborate his own evidence for his opinions.

It has sometimes bheen said that Coppernicus proved
what earlier writers had guessed at or suggested ; it would
perhaps be truer to say that he took up certain floating ideas,
which were extremely vague and had never been worked
out scientifically, based on them certain definite funda-
mental principles, and from these principles developed
mathematically an astronomical system which he shewed to
be at least as capable of explaining the observed celestial
motions as any existing variety of the traditional Ptolemaic
system. The Coppernican system, as it left the hands of
the author, was in fact decidedly superior to its rivals as
an explanation of ordinary observations, an advantage which
it owed quite as much to the mathematical skill with which
it was developed as to its first principles ; it was in many
respects very much simpler; and it avoided certain
fundamental difficulties of the older system. It was how-
ever liable to certain serious objections, which were only
overcome by fresh evidence which was subsequently
brought to light. For the predecessors of Coppernicus
there was, apart from variations of minor importance, but
one scientific system which made any serious attempt to
account for known facts ; for his immediate successors there
were two, the newer of which would to an impartial mind
appear on the whole the more satisfactory, and the further
study of the two systems, with a view to the discovery of
fresh arguments or fresh observations tending to support
the one or the other, was immediately suggested as an
inquiry of first-rate importance.

76. The plan of the De Revolutionibus bears a general
resemblance to that of the A/magest. In form at least
the book’is not primarily an argument in favour of the
motion of the earth, and it is possible to read much of
it without ever noticing the presence of this doctrine.

Coppernicus, like Ptolemy, begins with certain first prin-
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ciples or postulates, but on account of their novelty takes
a little more trouble than his predecessor (cf. chapter 11.,
§ 47) to make them at once appear probable. With
these postulates as a basis he proceeds to develop, by
means of elaborate and rather tedious mathematical reason-
ing, aided here and there by references to observations,
detailed schemes of the various celestial motions ; and it
is by the agreement of these calculations with observations,
far more than by the general reasoning given at the
beginning, that the various postulates are in effect justified.

His first postulate, that the universe is spherical, is
supported by vague and inconclusive reasons similar to
those given by Ptolemy and others; for the spherical form
of the earth he gives several of the usual valid arguments,
one of his proofs for its curvature from east to west being
the fact that eclipses visible at one place are not visible
at another. A third postulate, that the motions of the
celestial bodies are uniform circular motions or are com-
pounded of such motions, is, as might be expected, sup-
ported only by reasons of the most unsatisfactory character.
He argues, for example, that any want of uniformity in
motion

“must arise either from irregularity in the moving power,
whether this be within the body or foreign to it, or from some
inequality of the body in revolution. . . . Both of which things
the intellect shrinks from with horror, it being unworthy to hold
such a view about bodies which are constituted in the most
perfect order.”

77. The discussion of the possibility that the earth may
move, and may even have more than one motion, then
follows, and is more satisfactory though by no means con-
clusive. Coppernicus has a firm grasp of the principle,
which Aristotle had also enunciated, sometimes known as
that of relative motion, which he states somewhat as
follows :—

“For all change in position which is seen is due to a motion
either of the observer or of the thing looked at, or to changes
in the position of both, provided that these are different. For
when things are moved equally relatively to the same things,
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no motion is perceived, as between the object seen and the
observer.” *

Coppernicus gives no proof of this principle, regarding
it probably as sufficiently obvious, when once stated, to
the mathematicians and astronomers for whom he was
writing. It is, however, so fundamental that it may be
worth while to discuss it a little more fully.

Let, for example, the observer be at A and an object at
B, then whether the object move from B to B/, the observer
remaining at rest, or the observer move an eguzal distance
in the opposite direction, from a to a’, the object remaining
at rest, the effect is to the eye exactly the same, since in

B

’

Al
Fic. 37.—Relative motion.

either case the distance between the observer and object
and the direction in which the object is seen, represented
in the first case by a4 B' and in the second by A’ B, are the
same.

Thus if in the course of a year either the sun passes
successively through the positions a, B, ¢, p (fig. 38), the
earth remaining at rest at , or if the sun is at rest and
the earth passes successively through the positions a, 4, ¢, 4,

* Omins enim quee videtur secundum locum mutatio, aut est propler
locum mulatio, aut est propter speclatw rei motum, aut videntis, aunt
certe disparem utriusque mutationem. Nawm inter mota aqualiter
ad eadem non percipitur motus, inter rem visam dico, et videntem (De
Rev., I. v.).

I have tried to remove some of the crabbedness of the original
passage bytranslating freely.
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at the corresponding times, the sun remaining at rest at s,
exactly the same effect is produced on the eye, provided
that the lines as, s, ¢s, 4s are, as in the figure, equal in
length and parallel in direction to EA, EB,EC, ED re-
spectively. The same being true of intermediate points,
exactly the same apparent effect is produced whether the
sun describe the circle A B ¢ D, or the earth describe at
the same rate the equal circle 2 4 ¢ 4. It will be noticed
further that, although the corresponding motions in the
two cases are at the same times in gpposite directions (as
at A and a), yet each circle as a whole is described,

C E A aw’
- ]

F1c. 38.—The relative motion of the sun and moon.

as indicated by the arrow-heads, in the same direction
(contrary to that of the motion of the hands of a clock,
in the figures given). It follows in the same sort of way
that an apparent motion (as of a planet) may be explained
as due partially to the motion of the object, partially to
that of the observer.

Coppernicus gives the familiar illustration of the
passenger in a boat who sees the land apparently moving
away from him, by quoting and explaining Virgil’s line :—

“ Provehimur portu, terreeque urbesque recedunt.”

78. The application of the same ideas to an apparent

rotation round the observer, as in the case of the apparent

daily motion of the celestial sphere, is a little more difficult.
It must be r»membered that the eye has no means of
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judging the direction of an object taken oy itself; it can
only judge the difference between the direction of the
object and some other direction, whether that of another
object or a direction fixed in some way by the body
of the observer. Thus when after looking at a star twice
at an interval of time we decide that it has moved, this
means that its direction has changed relatively to, say, some
tree or house which we had noticed nearly in its direction,
or that its direction has changed relatively to the direction
in which we are directing our eyes or holding our bodies.
Such a change can evidently be interpreted as a change of
direction, either of the star
or of the line from the eye
to the tree which we used
as a line of reference. To
apply this to the case of the
celestial sphere, let us sup-
pose that s represents a star
on the celestial sphere, which
(for simplicity) is overhead
to an observer on the earth
at A, this being determined
by comparison with a line
A B drawn upright on the
earth. Next, earth and ce-
Fi. 39.—The daily rotation of Jestial sphere being supposed
s G, to have a common centre

at o, let us suppose firsily

that the celestial sphere turns round (in the direction of
the hands of a clock) till s comes to s, and that the
observer now sees the star on his horizon or in a direction
at right angles to the original direction A B, the angle
turned through by the celestial sphere being s os’; and
secondly that, the celestial sphere being unchanged, the
earth turns round in the opposite direction, till A B comes
to A’ B, and the star is again seen by the observer on his
horizon. Whichever of these motions has taken place,
the observer sees exactly the same apparent motion in the
sky ; and the figure shews at once that the angle sos'
through which the celestial sphere was supposed to turn
in the first case is equal to the angle A o0 A" through which

«,
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the earth turns in the second case, but that the two
rotations are in opposite directions. A similar explanation
evidently applies to more complicated cases.

Hence the apparent daily rotation of the celestial sphere
about an axis through the poles would be produced equally
well, either by an actual rotation of this character, or by
a rotation of the earth about an axis also passing through
the poles, and at the same rate, but in the opposite
direction, 7.e. from west to east. This is the first motion
which Coppernicus assigns to the earth.

79. The apparent annual motion of the sun, in accordance
with which it appears to revolve round the earth in a path
which is nearly a circle, can be equally well explained by
supposing the sun to be at rest, and the earth to describe
an exactly equal path round the sun, the direction of the
revolution being the same. This is virtually the second
motion which Coppernicus gives to the earth, though, on
account of a peculiarity in his geometrical method, he
resolves this motion into two others, and combines with
one of these a further small motion which is required for
precession.*

8o. Coppernicus’s conception then is that the earth
revolves round the sun in the plane of the ecliptic, while
rotating daily on an axis which continually points to the
poles of the celestial sphere, and therefore retains (save for
precession) a fixed direction in space.

It should be noticed that the two motions thus assigned
to the earth are perfectly distinct; each requires its own
proof, and explains a different set of appearances. It was
quite possible, with perfect consistency, to believe in one
motion without believing in the other, as in fact a very
few of the 16th-century astronomers did (chapter v., § 105).

In giving his reasons for believing in the motion of the

* To Coppernicus, as to many of his contemporaries, as well as to
the Greeks, the simplest form of a revolution of one body round
another was a motion in which the revolving body moved as if
rigidly attached to the central body. Thus in the case of the earth
the second motion was such that the axis of the earth remained
inclined at a constant angle to the line joining earth and sun, and
therefore changed its direction in space. In order then to make the
axis retain a (nearly) fixed direction in space, it was necessary to add
a third motion.
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earth Coppernicus discusses the chief objections which had
been urged by Ptolemy. ‘Lo the objection that if the earth

4-had a rapid motion of rotation about its axis, the earth
would be in danger of flying to pieces, and the air, as well
as loose objects on the surface, would be left behind, he
replies that if such a motion were dangerous to the solid
earth, it must be much more so to the celestial sphere, which,
on account of its vastly greater size, would have to move
enormously faster than the earth to complete its daily
rotation ; he enters also into an obscure discussion of
difference between a “ natural ” and an “artificial ” motion,
of which the former might be expected not to disturb
anything on the earth.

Coppernicus shews that the earth is very small compared
to the sphere of the stars, because wherever the observer
is on the earth the horizon appears to divide the celestial
sphere into two equal parts and the observer appears always
to be at the centre of the sphere, so that any distance
through which the observer moves on the earth is im-
perceptible as compared with the distance of the stars.

81. He goes on to argue that the chief irregularity in the
motion of the planets, in virtue of which they move back-
wards at intervals (chapter 1., § 14, and chapter 11, § 51),
can readily be explained in general by the motion of the
earth and by a motion of each planet round the sun, in its
own time and at its own distance. From the fact that
Venus and Mercury were never seen very far from the sun,
it could be inferred that their paths were nearer to the sun
than that of the earth, Mercury being the nearer to the sun
of the two, because never seen so far from it in the sky as
Venus. The other three planets, being seen at times in a
direction opposite to that of the sun, must necessarily
evolve round the sun in orbits larger than that of the
earth, a view confirmed by the fact that they were brightest
when opposite the sun (in which positions they would be
nearest to us). The order of their respective distances
from the sun could be at once inferred from the disturbing
effects produced on their apparent motions by the motion
of the earth ; Saturn being least affected must on the whole
be farthest from the earth, Jupiter next, and Mars next.
The earth thus became one of six planets revolving round
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the sun, the order of distance—Mercury, Venus, Earth,
Mars, Jupiter, Saturn—being also in accordance with the
rates of motion round the sun, Mercury performing its
revolution most rapidly (in about 88 days*), Saturn most
slowly (in about 3o years). On the Coppernican system

F16. 40.—The solar system according to Coppernicus. From the
De Revolutionibus.

the moon alone still revolved round the earth, being the
only celestial body the status of which was substantially
* In this preliminary discussion, as in fig. 40, Coppernicus gives

80 days; but in the more detailed treatment given in Book V. he
corrects this to 88 days.
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unchanged ; and thus Coppernicus was able to give the
accompanying diagram of the solar system (fig. 40), repre-
senting his view of its general arrangement (though not of
the right proportions of the different parts) and of the
various motions,

82. The effect of the motion of the earth round the sun
on the length of the day and other seasonal effects is

X
Fic. 41.—Coppernican explanation of the seasons. From the
De Revolutionibus.

discussed in some detail, and illustrated by diagrams, which
are here reproduced.*

In fig. 41 A, B, C, D represent the centre of the earth in four
positions, occupied by it about December 23rd, March 21st,
June 22nd, and September 22nd respectively (z.e. at the

* Tig. 42 has been slightly altered, so as to make it agree with
fig. 41.
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beginnings of the four seasons, according to astronomical
reckoning); the circle FG H1 in each of its positions
represents the equator of the earth, .ze. a great circle on
the earth the plane of which is perpendicular to the axis
of the earth and is consequently always parallel to the
celestial equator. This circle is not in the plane of
the ecliptic, but tilted up at an angle of 234° so that r
must always be supposed deloww and H abdove the plane of
the paper (which represents the ecliptic) ; the equator cuts
the ecliptic along ¢ 1. The diagram (in accordance with the
common custom in astronomical diagrams) represents the
various circles as seen from the north side of the equator
and ecliptic. When the earth is at a, the north pole (as is
shewn more clearly in fig. 42, in which p, ?’ denote the
north pole and south pole respectively) is turned away

Partes Borez. g N

H

L E M
F F
% Partes Auftrinz. <

F16. 42.—Coppernican explanation of the seasons. From the
De Revolutionibus.

H

from the sun, E, which is on the lower or south side of the
plane of the equator, and consequently inhabitants of the
northern hemisphere see the sun for less than half the day,
while those on the southern hemisphere see the sun for more
than half the day, and those beyond the line k L (in fig. 42)
see the sun during the whole day. Three months later,
when the earth’s centre is at B (fig. 41), the sun lies in the
plane of the equator, the poles of the earth are turned
neither towards nor away from the sun, but aside, and all
over the earth daylight lasts for 12 hours and night for an
equal time. Three months later still, when the earth’s
centre is at ¢, the sun is above the plane of the equator,
and the inhabitants of the northern hemisphere see the
sun for more than half the day, those on the southern
hemisphere for less than half, while those in parts of the
earth farther north than the line M N (in fig. 42) see the
sun for the whole 24 hours. Finally, when, at the autumn
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equinox, the earth has reached b (fig. 41), the sun is again
in the plane of the equator, and the day is everywhere equal
to the night.

83. Coppernicus devotes the first eleven chapters of the
first book to this preliminary sketch of his system; the
remainder of this book he fills with some mathematical
propositions and tables, which, as previously mentioned
($ 74), had already been separately printed by Rheticus.
The second book contains chiefly a number of the usual
results relating to the celestial sphere and its apparent
daily motion, treated much as by earlier writers, but with
greater mathematical skill. Incidentally Coppernicus gives
his measurement of the obliquity of the ecliptic, and infers
from a comparison with earlier observations that the
obliquity had decreased, which was in fact the case, though
to a much less extent than his imperfect observations
indicated. The book ends with a catalogue of stars, which
is Ptolemy’s catalogue, occasionally corrected by fresh
observations, and rearranged so as to avoid the effects of
precession.*  When, as frequently happened, the Greek
and Latin versions of the A/magest gave, owing to copyists’
or printers’ errors, different results, Coppernicus appears to
have followed sometimes the lLatin and sometimes the
Greek version, without in general attempting to ascertain
by fresh observations which was right.

84. The third book begins with an elabprate discussion
of the precession of the equinoxes (chapter 11, § 42). From
a comparison of results obtained by Timocharis, by later
Greek astronomers, and by Albategnius, Coppernicus infers
that the amount of precession has varied, but that its
average value is 50”2 annually (almost exactly the true
value), and accepts accordingly Tabit ben Korra’s unhappy
suggestion of the trepidation (chapter 1., § 58). An
examination of the data used by Coppernicus shews that
the erroneous or fraudulent observations of Ptolemy
(chapter 11., § 50) are chiefly responsible for the perpetua-
tion of this mistake.

* Coppernicus, instead of giving longitudes as measured from the
first point of Aries (or vernal equinoctial point, chapter 1., §§ 11, 13),

which moves on account of precession, measured the longitudes from
a standard fixed star (a Arie#is) not far from this point,
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Of much more interest than the detailed discussion of tre-
pidation and of geometrical schemes for representing it is
the interpretation of precession as the result of a motion of
the earth’s axis. Precession was originally recognised by
Hipparchus as a motion of the celestial equator, in which
its inclination to the ecliptic. was sensibly unchanged.
Now the ideas of Coppernicus make the celestial equator
dependent on the equator of the earth, and hence on its
axis; it is in fact a great circle of the celestial sphere
which is always perpendicular to the axis about which the
earth rotates daily. Hence precession, cn the theory of
Coppernicus, arises from a slow motion of the axis of the
earth, which moves so as always to remain inclined at the
same angle to the ecliptic, and' to return to its original
position after a period of about 26,000 years (since a
motion of 50”2 annually is equivalent to 360° or a complete
circuit in that period); in other words, the earth’s axis
has a slow conical motion, the central line (or axis) of the
cone being at right angles to the plane of the ecliptic.

85. Precession being dealt with, the greater part of the
remainder of the third book is devoted to a discussion in
detail of the apparent annual motion, of the sun round the
earth, corresponding to the real annual motion of the earth
round the sun. The geometrical theory of the A/magest
was capable of-being immediately applied to the new system,
and Coppernicus, like Ptolemy, uses an eccentric. He
makes the calculations afresh, arrives at a smaller and more
accurate value of the eccentricity (about 4 instead of 54),
fixes the position of the apogee and perigee (chapter 11., § 39),
or rather of the equivalent aphelion and peiihelion (z.. the
points in the earth’s orbit where it is respectively farthest
from and nearest to the sun), and thus verifies Albategnius’s
discovery (chapter 111., § 59) of the motion of the line of
apses. The theory of the earth’s motion is worked out in
some detail, and tables are given whereby the apparent place
of the sun at any time can be easily computed.

The fourth book deals with the theory of the moon. As
has been already noticed, the moon was the only celestial
body the position of which in the universe was substantially
unchanged by Coppernicus, and it might hence have been
expected that little alteration would have been required in
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the traditional theory. Actually, however, there is scarcely
any part of the subject in which Coppernicus did more to
diminish the discrepancies between theory and observation.
He rejects Ptolemy’s equant (chapter i1, § 51), partly on
the ground that it produces an irregular motion unsuitable
for the heavenly bodies, partly on the more substantial
ground that, as already pointed out (chapter 11, § 48),
Ptolemy’s theory makes the apparent size of the moon at
times twice as great as at others. By an arrangement of
epicycles Coppernicus succeeded in representing the chief
irregularities in the moon’s motion, including evection, but
without Ptolemy’s prosneusis (chapter 11, § 48) or Abul
Wafa’s inequality (chapter 1., § 60), while he made the
changes in the moon’s distance, and consequently in its
apparent size, not very much greater than those which
actually take place, the difference being imperceptible by
the rough methods of observation which he used.*

In discussing the distances and sizes of the sun and
moon Coppernicus follows Ptolemy closely (chapter 11., § 49 ;
cf. also fig. 20) ; he arrives at substantially the same estimate
of the distance of the moon, but makes the sun’s distance
1,500 times the earth’s radius, thus improving to some extent
on the traditional estimate, which was based on Ptolemy’s.
He also develops in some detail the effect of parallax on
the apparent place of the moon, and the variations in the
apparent size, owing to the variations in distance ; and the
book ends with a discussion of eclipses.

"'V 86. The last two books (V. and VI.) deal at length with
the motion of the planets.

In the cases of Mercury and Venus, Ptolemy’s explana-
tion of the motion could with little difficulty be rearranged
so as to fit the ideas of Coppernicus. We have seen
(chapter 11., § 51) that, minor irregularities being ignored,
the motion of either of these planets could be represented
by means of an epicycle moving on a deferent, the centre of

* According to the theory of Coppernicus, the diameter of the
moon when greatest was about } greater than its average amount;
modern observations make this fraction about 4. Or, to put it other-
wise, the diameter of the moon when greatest ought to exceed its
value when least by about 8’ according to Coppernicus, and by about 5’
according to modern observations.
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the epicycle being always in the direction of the sun, the
ratio of the sizes of the epicycle and deferent being fixed,
but the actual dimensions being practically arbitrary.
Ptolemy preferred on the whole to regard the epicycles of
both these planets as lying between the earth and the sun.
The idea of making the sun a centre of motion having once
been accepted, it was an obvious simplification to make
the centre of the epicycle not merely lie in the direction
of the sun, but actually be the sun. In fact, if the planet

Fi16. 43.—The orbits of Venus and of the earth.

in question revolved round the sun at the proper distance
and at the proper rate, the same appearances would be
produced as by Ptolemy’s epicycle and deferent, the path
of the planet round the sun replacing the epicycle, and the
apparent path of the sun round the earth (or the path of
the earth round the sun) replacing the deferent.

In discussing the time of revolution of a planet a dis-
tinction has to be made, as in the case of the moon (chap-
ter 11, § 40), between the synodic and sidereal periods of
revolution. Venus, for example, is seen as an evening star

8
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at its greatest angular distance from the sun (as at v in
fig. 43) at intervals of about 584 days. This is therefore
the time which Venus takes to return to the same position
relatively to the sun, as seen from the earth, or relatively
to the earth, as seen from the sun; this time is called
the synodie period. But as during this time the line E s
has changed its direction, Venus is no longer in the
same posilion relatively to the stars, as seen either from
the sun or from the earth. If at first Venus and the

Fic. 44.—The synodic and sidereal fperiods of Venus.

earth are at v, E, respectively, after 584 days (or about
a year and seven months) the earth will have performed
rather more than a revolution and a half round the
sun and will be at E,; Venus being again at the greatest
distance from the sun will therefore be at v, but will
evidently Le seen in quite a different part of the sky,
and will not huve performed an exact revolution round the
sun. It is important to know how long the line s v, takes
to return to the same position, 7.e. how long Venus takes
to return to the same position with respect to the stars,
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as seen from the sun, an interval of time known as the
sidereal period. This can evidently be calculated by a
simple rule-of-three sum from the data given. For Venus
has in 584 days gained a complete revolution on the
earth, or has gone as far as the earth would have gone in
584 + 365 or 949 days (fractions-of days being omitted for
simplicity) ; hence Venus goes in 584 x 34% days as far
as the earth in 365 days, 7.¢. Venus completes a revolution
in 584 x 395 or 225 days. This is therefore the sidereal
period of Venus. The process used by Coppernicus was *
different, as he saw the advantage of using a long period of
time, so as to diminish the error due to minor irregularities,
and he therefore obtained two observations of Venus at
a considerable interval of time, in which Venus occupied
very nearly the same position both with respect to the sun
and to the stars, so that the interval of time contained very
nearly an exact number of sidereal periods as well as of
synodic periods. By dividing therefore the observed
interval of time by the number of sidereal periods (which
being a whole number could readily be estimated), the
sidereal period was easily obtained. A similar process
shewed that the synodic period of Mercury was about 116
days, and the siderecal period about 88 days.

The comparative sizes of the orbits of Venus and
Mercury as compared with that of the earth could easily
be ascertained from observations of the position of either
planet when most distant from the sun. Venus, for
example, appears at its greatest distance from the sun when
at a point v, (fig. 44) such that v, E, touches the circle in
which Venus moves, and the angle E, v, s is then (by
a known property of a circle) a right angle. The angle
S E, v, being observed, the shape of the triangle s E, v, is
known, and the ratio of its sides can be readily calculated.
Thus Coppernicus found that the average distance of
Venus from the sun was about 72 and that of Mercury
about 36, the distance of the earth from the sun being
taken to be 100; the corresponding modern figures are
72°3 and 38°7.

87. In the case of the superior planets, Mars, Jupiter,
and Saturn, it was much more difficult to recognise that
their motions could be explained by supposing them to
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revolve round the sun, since the centre of the epicycle
did not always lie in the direction of the sun, but might
be anywhere in the ecliptic. One peculiarity, however,
in the motion of any of the superior planets might easily
have suggested their motion round the sun, and was either
completely overlooked by Ptolemy or not recognised by
him as important. It is possible that it was one of the
clues which led Coppernicus to his system. This peculi-
arity is that the radius of the epicycle of the planet,
71, is always parallel to the line Es joining the earth
and sun, and consequentlv performs a complete re-
volution in a year. This

N connection between the

\ motion of the planet and
that of the sun received
no explanation from
Ptolemy’s theory. Now
if we draw E ) parallel
to 7 J and equal to it in
length, it is easily seen *
that the line j' y is equal
and parallel to Ej, that
consequently j describes
a circle round ' just as
7 round E. Hence the
F16. 45.—The epicycle of Jupiter. motion of the planet can
equally well be repre-

sented by supposing it to move in an epicycle (represented
by the large dotted circle in the figure) of which j'is the
centre and J' J the radius, while the centre of the epicycle,
remaining always in the direction of the sun, describes
a deferent (represented by the small circle round E) of which
the earth is the centre. By this method of representation
the motion of the superior planet is exactly like that of
an inferior planet, except that its epicycle is larger than
its deferent ; the same reasoning as before shows that the
motion can be represented simply by supposing the centre
J' of the epicycle to be actually the sun. Ptolemy’s epicycle
and deferent are therefore capable of being replaced, with-
out affecting the position of the planet in the sky, by a

* Euelid, L 33.

.
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motion of the planet in a circle round the sun, while the
sun moves round the earth, or, more simply, the earth
round the sun.

The synodic period of a superior planet could best be
determined by observing when the planet was in opposition,
ie. when it was (nearly) opposite the sun, or, more
accurately (since a planet does not move exactly in the
ecliptic), when the longitudes of the planet and sun differed
by 180° (or two right angles, chapter 1., § 43). 'The

F16. 46.—The relative sizes of the orbits ot the earth and of a
superior planet.

sidereal period could then be deduced nearly as in the case
of an inferior planet, with this difference, that the superior
planet moves more slowly than the earth, and therefore Joses
one complete revolution in each synodic period; or the
sidereal period might be found as before by observing
when oppositions occurred nearly in the same part of the
sky.* Coppernicus thus obtained very fairly accurate

* If p be the synodic period of a planet (in years), and s the

: g g I 1 a7 s
sidereal period, then we evidently have -~ + I = 3 for an inferior
P

I T 3
planet, and 1 - g for a superior planet.
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values for the synodic and sidereal periods, z7z. 780 days
and 687 days respectively for Mars, 399 days and about
12 years for Jupiter, 378 days and 30 years for Saturn
(cf. fig. 40). :

The calculation of the distance of a superior planet
from the sun is a good deal more complicated than that
of Venus or Mercury. If we ignore various details, the
process followed by Coppernicus is to compute the position
of the planet as seen from the sun, and then to notice
when this position differs most from its position as seen
from the earth, 7.e. when the earth and sun are farthest apart
as seen from the planet. This is clearly when (fig. 46)
the line joining the planet () to the earth (k) touches the
circle described by the earth, so that the angle s» E is
then as great as possible. The angle pEs is a right
angle, and the angle s P E is the difference between the
observed place of the planet and its computed place as
seen from the sun; these two angles being thus known, the
shape of the triangle s P E is known, and therefore also
the ratio of its sides. In this way Coppernicus found
the average distances of Mars, Jupiter, and Saturn from the
sun to be respectively about 13, 5, and g times that of the
earth ; the corresponding modern figures are 1'5, 52, 9°5.

88. The explanation of the stationary points of the
planets (chapter 1., § 14) is much simplified by the ideas of
Coppernicus. If we take first an inferior planet, say Mercury
(fig. 47), then when it lies between the earth and sun, as
at M (or as on Sept. 5 in fig. 7), both the earth and Mer-
cury are moving in the same direction, but a comparison
of the sizes of the paths of Mercury and the earth, and of
their respective times of performing complete circuits, shews
that Mercury is moving faster than the earth. Consequently
to the observer at E, Mercury appears to be moving from
left to right (in the figure), or from east to west; but this
is contrary to the general direction of motion of the planets,
Z.e. Mercury appears to be retrograding. On the other
hand, when Mercury appears at the greatest distance from
the sun, as at M, and M,, its own motion is directly towards
or away from the earth, and is therefore imperceptible ;
but the earth is moving towards the observer’s right, and
therefore Mercury appears to be moving towards the left,
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or from west to east. Hence between M, and M its motion -
has changed from direct to retrograde, and therefore at
some intermediate point, say 7, (about Aug. 23 in fig. 7),
Mercury appears for the moment to be stationary, and
similarly it appears to be stationary again when at some point
m, between M and M, (about Sept. 13 in fig. 7).

In the case of a superior planet, say Jupiter, the argument

F16. 47.—The stationary points of Mercury.

is nearly the same. When in opposition at j (as on
Mar. 26 in fig. 6), Jupiter moves more slowly than the
earth, and in the same direction, and therefore appears to
be moving in the opposite direction to the earth, i.c. as seen
from E (fig. 48), from left to right, or from east to west, that
is in the retrograde direction. But when Jupiter is in
either of the positions j, or j (in which the earth appears
to the observer on Jupiter to be at its greatest distance
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from the sun), the motion of the earth itself being directly
to or from Jupiter produces no effect on the apparent
motion of Jupiter (since any displacement directly to or
from the observer makes no difference in the object’s
place on the celestial sphere); but Jupiter itself is actually
moving towards the left, and therefore the motion of

Ja
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F16, 48.—The stationary points of Jupiter.

Jupiter appears to be also from right to left, or from west
to east. Hence, as before, between j, and j and between
J and J, there must be points 7, 7, (Jan. 24 and May 27,
in fig. 6) at which Jupiter appears for the moment to be
stationary.

The actual discussion of the stationary points given by
Coppernicus is ‘a good deal more elaborate and more
technical than the outline given_here, as he not only shews
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that the stationary points must exist, but shews how to
calculate their exact positions.

89. So far the theory of the planets has cnly been
sketched very roughly, in order to bring into prominence
the essential differences between the Coppernican and the
Ptolemaic explanations of their motions, and n: account
has been taken of the minor irregularities for which Ptolemy
devised his system of equants, eccentrics, etc., nor of tke
motion in latitude, 7. to and from the ecliptic. Copper-
nicus, as already mentioned, rejected the equant, as being
productive of an irregularity ‘unworthy ” of the celestial
bodies, and constructed for each planet a fairly complicated
system of epicycles. For the motion in latitude dis-
cussed in Book VI. he supposed the orbit of each planet
round the sun to be inclined to the ecliptic at a small
angle, different for each planet, but found it necessary, in
order that his theory should agree with observation, to
introduce the wholly imaginary complication of a regular
increase and decrease in the inclinations of the orbits of
the planets to the ecliptic.

The "actual details of the epicycles employed are of no
great interest now, but it may be worth while to notice that
for the motions of the moon, earth, and five other planets
Coppernicus required altogether 34 circles, »z2. four for the
moon, three for the earth, seven for Mercury (the motion
of which is peculiarly irregular), and five for each of the
other planets ; this number being a good deal less than
that required in most versions of Ptolemy’s system:
Fracastor (chapter 111., § 69), for example, writing in 1538,
required 79 spheres, of which six were required for the
fixed stars.

go. The planetary theory of Coppernicus necessarily
suffered from one of the essential defects of the system of
epicycles., It is, in fact, always possible to choose a system
of epicycles in such a way as to make esz/er the direction of
any body o7 its distance vary in any required manner, but
not to satisfy both requirements at once. In the case of the
motion of the moon round the earth, or of the earth round
the sun, cases in which variations in distance could not
readily be observed, epicycles might therefore be expected
to give a satisfactory result, at any rate until methods of
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observation were sufficiently improved to measure with some
accuracy the apparent sizes of the sun and moon, and so
check the variations in their distances. But any variation
in the distance of the earth from the sun would affect not
merely the distance, but also the direction in which a planet
would be seen; in the figure, for example, when the planet
is at P and the sun at s, the apparent position of the planet,
as seen from the earth, will be different according as the
earth is at £ or E'. Hence the epicycles and eccentrics of
Coppernicus, which had to be adjustéd in such a way that

P
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F16. 49.—The alteration in a planet’s apparent position due to an
altcration in the earth’s distance from the sun.

they necessarily involved incorrect values of the distances
between the sun and earth, gave rise to corresponding
errors in the observed places of the planets. The obser-
vations which Coppernicus used were hardly extensive or
accurate enough to show this discrepancy clearly ; but a
crucial test was thus virtually suggested by means of which,
when further observations of the planets had been made,
a decision could be taken between an epicyclic representa-
tion of the motion of the planets and some other geometrical
scheme.

9t. The merits of Coppernicus are so great, and the part



$§ 91, 92] The Use of Epigycles by Coppernicus 123

which he played in the overthrow of the Ptolemaic system
is so conspicuous, that we are sometimes liable to forget
that, so far from rejecting the epicycles and eccentrics of
the Greeks, he used no other geometrical devices, and was
even a more orthodox *epicyclist” than Ptolemy himself,
as he rejected the equants of the latter.* Milton’s famous
description (Par. Lost, VIII. 82-5) of

“The Sphere

With Centric and Eccentric scribbled o’er,

Cycle and Epicycle, Orb in Orb,”
applies therefore just as well to the astronomy of Copper-
nicus as to that of his predecessors; and it was Kepler
(chapter vi), writing more than half a century later, not
Coppernicus, to whom the rejection of the epicycle and
eccentric is due.

92. One point which was of importance in later
controversies deserves special mention here. The basis
of the Coppernican system was that a motion of the
earth carrying the observer with it produced an apparent
motion of other bodies. The apparent motions of the
sun and planets were thus shewn to be in great part
explicable as the result of the motion of the earth round
the sun. Similar reasoning ought apparently to lead
to the conclusion that the fixed stars would also appear
to have an annual motion. There would, in fact, be a
displacement of the apparent position of a star due to
the alteration of the earth’s position in its orbit, closely
resembling the alteration in the apparent position of the
moon due to the alteration of the observer’s position
on the earth which had long been studied under thé name
of parallax (chapter 1, § 43). As such a displacement
had never been observed, Coppernicus explained the
apparent contradiction by supposing the fixed stars so

* Recent biographers have called attention to a cancelled passage
in the manuscript of the De Revolutionibus in which Coppernicus
shews that an ellipse can be generated by a combination of circular
motions. The proposition is, however, only a piece of pure mathe-
matics, and has no relation to the motions of the planets round the
sun. It cannot, thcrefore, fairly be regarded as in any way an
anticipation of the ideas of Kepler (chapter vir.).
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far off that any motion due to this cause was too small
to .be noticed. 1f, for example, the earth moves in six
months from E to E', the change in direction of a star at
s’ is the angle E' s’ E, which is less than that of a nearer
star at s; and by supposing the star s’ sufficiently remote,
the angle E' s’ E can be made as small as may be required.
For instance, if the distance of the star were 300 times
the distance E E/, 7.e. 600 times as far from the earth as

E S s’
O]

EI

Fic. 50.—Stellar parallax.

the sun is, the angle Es' &' would be less than 12/,
a quantity which the instruments of the time were barely
capable of detecting.* But more accurate observations
of the fixed stars might be expected to throw further light
on this problem.

* It may be noticed that the differential method of parallax
(chapter vi, § 129), by which such a quantity as 12’ could have
been noticed, was put out of court by the general supposition, shared
by Coppernicus, that the stars were all at the same distance from
us.



CHAPTER V.

THE RECEPTION OF THE COPPERNICAN THEORY AND THE
PROGRESS OF OBSERVATION.

 Preposterous wits that cannot row at ease
On the smooth channel of our common seas;
And such are those, in my conceit at least,
Those clerks that think—think how absurd a jest!
That neither heavens nor stars do turn at all,
Nor dance about this great round Earthly Ball,
But the Earth itself, this massy globe of ours,
Turns round about once every twice twelve hours!”
Du Barrtas (Sylvester’s translation®.

93. THE publication of the De Revolutionibus appears to
have been received much more quietly than might have
been expected from the startling nature of its contents.
The book, in fact, was so written as to be unintelligible except
to mathematicians of considerable knowledge and ability,
and could not have been read at all generally. Moreover
the preface, inserted by Osiander but generally supposed
to be by the author himself, must have done a good deal
to disarm the hostile criticism due to prejudice and custom,
by representing the fundamental principles of Coppernicus
as mere geometrical abstractions, convenient for calcu-
lating the celestial motions. Although, as we have seen
(chapter 1v., § 73), the contradiction between the opinions
of Coppernicus and the common interpretation of various
passages in the Bible was promptly noticed by Luther,
Melanchthon, and others, no objection was raised either
by the Pope to whom the book was dedicated, or by his
immediate successors.

The enthusiastic advocacy of the Coppernican views by
Rheticus has already been referred to. The only other

125
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astronomer of note who at once accepted the new views
was his friend and colleague ZErasmus Reinkold (born
at Saalfeld in 1511), who occupied the chief chair of
mathematics and astronomy at Wittenberg from 1536 to
1553, and it thus happened, curiously enough, that the
doctrines so emphatically condemned by two of the great
Protestant leaders were championed principally in what
was generally regarded as the very centre of Protestant
thought.

04. Rheticus, after the publication of the Narratio
Prima and of an Ephemeris or Almanack based on
Coppernican principles (1550), occupied himself principally
with the calculation of a very extensive set of mathematical
tables, which he only succeeded in finishing just before his
death in 1576.

Reinhold rendered to astronomy the extremely important
service of calculating, on the basis of the De Revolutionibus,
tables of the motions of the celestial bodies, which were
published in 1551 at the expense of Duke Albert of Prussia
and hence called Zubule Prutenice, or Prussian Tables.
Reinhold revised most of the calculations made by Copper-
nicus, whose arithmetical work was occasionally at fault;
but the chief object of the tables was the development in
great detail of the work in the De Rewvolutionibus, in such
a form that the places of the chief celestial bodies at any
required time could be ascertained with ease. The author
claimed for his tables that from them the places of all the
heavenly bodies could be computed for the past 3,000 years,
and would agree with all observations recorded during that
period. The tables were indeed found to be on the whole
decidedly superior to their predecessors the A/fonsine
Zables (chapter 111, § 66), and gradually came more and
more into favour, until superseded three-quarters of a cen-
tury later by the Rudolphine Tables of Kepler (chapter vii.,
§ 148). This superiority of the new tables was only
indirectly connected with the difference in the principles
on which the two sets of tables were based, and was largely
due to the facts that Reinhold was a much better computer
than the assistants of Alfonso, and that Coppernicus, if
not a better mathematician than Ptolemy, at any rate had
better mathematical tools at command. Nevertheless the
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tables naturally had great weight in inducing the astro-
nomical world gradually to recognise the merits of the
Coppernican system, at any rate as a basis for calculating
the places of the celestial bodies.

Reinhold was unfortunately cut off by the plague in
1553, and with him disappeared a commentary on the De
Revolutionibus which he had prepared but not published.

95. Very soon afterwards we find the first signs that the
Coppernican system had spread into England. In 1556
Jokn Field published an almanack for the following year
avowedly based on Coppernicus and Reinhold, and a
passage in the IVietstone of Witte (1557) by Robert Recorde
(1510-1558), our first writer on algebra, shews that the
author regarded the doctrines of Coppernicus with favour,
even if he did not believe in them entirely. A few years
later Thomas Digges (?-1595), in his A/lae sive Scalae Mathe-
maticae (1573), an astronomical treatise of no great import-
ance, gave warm praise to Coppernicus and his ideas.

96. For nearly half a century after the death of Reinhold
no important contributions were made to the Coppernican
controversy. Reinhold’s tables were doubtless slowly
doing their work in familiarising men’s minds with the
new ideas, but certain definite additions to knowledge had
to be made before the evidence for them could be regarded
as really conclusive.

The serious mechanical difficulties connected with the
assumption of a rapid motion of the earth which is quite
imperceptible to its inhabitants could only be met by
further progress in mechanics, and specially in knowledge
of the laws according to which the motion of bodies is
produced, kept up, changed, or destroyed ; in this direction
. no considerable progress was made before the time of
Galilei, whose work falls chiefly into the early 17th century
(cf. chapter v1., §§ 116, 130, 133).

The objection to the Coppernican scheme that the stars
shewed no such apparent annual motions as the motion
of the earth should produce (chapter 1v., § 92) would also
be either answered or strengthened according as improved
methods of observation did or did not reveal the required
motion. '

Moreover the Prussiarn Tables, although more accurate
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than the A/fonsine, hardly claimed, and certainly did not
possess, minute accuracy. Coppernicus had once told
Rheticus that he would be extravagantly pleased if he
could make his theory agree with observation to within 10';
but as a matter of fact discrepancies of a much more
serious character were noticed from time to time. The
comparatively small number of observations available and
their roughness made it extremely difficult, either to find
the most satisfactory numerical data necessary for the
detailed development of any theory, or to test the theory
properly by comparison of calculated with observed places
of the celestial bodies. Accordingly it became evident to
more than one astronomer that one of the most pressing
needs of the science was that observations should be taken
on as large a scale as possible and with the utmost
attainable accuracy. To meet this need two schools of
observational astronomy, of very unequal excellence, de-
veloped during the latter half of the 16th century, ana
provided a mass of material for the use of the astronomers
of the next generation. Fortunately too the same period was
marked by rapid progress in algebra and allied branches of
mathematics. Of the three great inventions which have so
enormously diminished the labour of numerical calculations,
one, the so-called Arabic notation (chapter 11, § 64),
was already familiar, the other two (decimal fractions and
logarithms) were suggested in the 16th century and were
in working order early in the 17th century.

97. The first important set of observations taken after
the death of Regiomontanus and Walther (chapter 111., § 68)
were due to the energy of the Landgrave IWilliam IV. of
Hesse (1532-1592). He was remarkable as a boy for his
love of study, and is reported to have had his interest in
astronomy created or stimulated when he was little more
than 20 by a copy of Apian's beautiful Astronomicum
Caesareum, the cardboard models in which he caused to be
imitated and developed in metal-work. He went on with
the subject seriously, and in 1561 had an observatory built
at Cassel, which was remarkable as being the first which had
a revolving roof, a device now almost universal. In this he
made extensive observations (chiefly of fixed stars) during
the next six years. The death of his father then compelled
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him .to devote most of his energy to the duties of govern
ment, and his astronomical ardour abated. A few years
later, however (1575), as the result of a short visit from
the talented and enthusiastic young Danish astronomer
Tycho Brahe (§ 99), he renewed his astronomical work, and
secured shortly afterwards the services of two extremely able
assistants, Christian Rothmann (in 1577) and_Joost Biirgi
(in 1579). Rothmann, of whose life extremely little is
known, appears to have been a mathematician and theo-
retical astronomer of considerable ability, and was the
author of several improvements in methods of dealing
with various astronomical problems. He was at first a
Coppernican, but shetved his independence by calling
attention to the needless complication introduced by
Coppernicus in resolving the motion of the earth into
three motions when two sufficed (chapter 1v., § 79). His
faith in the system was, however, subsequently shaken by
the errors which observation revealed in the Prussian Tables.
Biirgi (1552—1632) was originally engaged by the Landgrave
as a clockmaker, but his remarkable mechanical talents
were soon turned to astronomical account, and it then
appeared that he also possessed unusual ability as a
mathematician.*

98. The chief work of the Cassel Observatory was the
formation of a star catalogue. The positions of stars were
compared with that of the sun, Venus or Jupiter being
used as connecting links, and their positions relatively to
the equator and the first point of Aries (r) deduced;
allowance was regularly made for the errors due to the
refraction of light by the atmosphere, as well as for the
parallax of the sun, but the most notable new departure
was the use of a clock to record the time of observa-
tions and to measure the motion of the celestial sphere.
The construction of clocks of sufficient accuracy for the
purpose was rendered possible by the mechanical genius
of Biirgi, and in particular by his discovery that a clock
could be regulated by a pendulum, a discovery which he

* There is little doubt that he invented what were substantially
legarithms independently of Napier, but, with characteristic inability
or unwillingness to proclaim his discoveries, allowed the invention
to die with him.

9
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appears to have taken no steps to publish, and which had
in consequence to be made again independently before it
received general recognition.* By 1586 121 stars had been
carefully observed, but a more extensive catalogue which
was to have contained more than a thousand stars was
never finished, owing to the unexpected disappearance of
Rothmann in 1590t and the death of the Landgrave two
years later.

99. The work of the Cassel Observatory was, however,
overshadowed by that carried out nearly at the same time
by Tycho (Iyvge) Brake. He was born in 1546 at Knudstrup
in the Danish province of Scania (now the southern
extremity of Sweden), being the eldest child of a nobleman
who was afterwards governor of Helsingborg Castle. He
was adopted as an infant by an_ uncle, and brought up
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