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EDITOR'S PREFACE

Thus Seres 15 primaridy designed to aid the Unmversity Extension
Movement throughout Great Britan and America, and lo supply
the need, so widely felt ly students, of Text-books for study and
veference, in connection weth the awthorised Courses of Lectures

Volumes dealng wnth separate departments of Laterature, Science,
Art, and History have been assigned to wepresentative literary men,
to Unwersity Professors, or to Extension Lecturers connected with

Oxford, Cambridge, London, or the Unwersities of Scotland and
Ireland

The Manuals are not wntended for purposes of Elementary Fdu-
cation, but for students who have made some advance i the sulpect
deali with — The statement of details vs meant to 1llustrate the working
of general laws, and the development of pr anciples, while the lustorical
evolution of the subject dealt with o5 kept in wview, along with uts
phrlosophacal significance

The remarkable swccess which has attended University Exlenszon
wn Britain has been partly due to the combination of screntific treat-
ment with popularity, and to the union of vemplicrly with thoiough-
ness  This movement, however, can only reach those resident in the
larger centres of population, while all over the country theie are
thoughtful persons who deswe the same knd of teaching. It s for
them also that thrs Serwes is dessgned  Its awm s o supply the
general reader with the same land of feaclung as s given wn the
Lectures, and to reflect the spirit whach has charactriscd the move-

ment, vis the combination of princyples with facts, and o) method,
with vesults

The Manuals are also tntended fo be contributions fo the Literature
of the Subjects weth which they sespectrvely deal, quite apart firom
Unmiversety Extenseon., and some of them will be found to meet a general
rather than a special want



PREFACE

I uavr tried to give m this book an outhine of the history
of astronomy from the earliest historical times to the present
day, nd to present 1t m a form which shall be mntelligible
to a rerder who has no special knowledge of either astronomy
or mathematics, and has only an ordinuy educated person s
power of following suentific rewsoning

In order to accomplish my object within the Lmits of
onc small volume 1t has been necessary to pay the strictest
attention to compression , this has been cffected to some
eatent by the omission of all but the scantiest ireatment
of several branches of the subject which would figure
prominently 1n 1 book written on  different plwn or on
a different scale I have deliberately abstuned from giving
any connected account of the astionomy of the Egyptians,
Chaldaeans, Chinese, and othus to whom the early develop
ment of astronomy 1s usually atiributed  On the one
hand, 1t does not appear to me possible to foim an in
dependent opmion on the subject without a first hand
knowledge of the documents and inscriptions from which
our mformation 1s denived , and on the other, the vauious
O1ental scholwrs who have this knowledge still dufer so
widely from one another 1n the mierpretations that they

give that 1t appears premature to embody therr results 1n
v
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the dogmatic form of a text-book It has also seemed
advisable to lighten the book by omitting—except m 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 writlen description
of a scientific instrument before seeing the nstrument
itself, or one very smmilar to 1t, and I have abstained
from attempting to give to my readers what I have never
succeeded 1n obtaining myself The amm of the book
has also necessitated the omussion of a number of mm-
portant astronomical discoveries, which find their natural
expression 1n 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 laid by Newton For
the same reason I have been compelled occasionally
to occupy a good deal of space mn stating n ordinary
English what might have been expressed much more
briefly, as well as more cleaily, by an algebiaical 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 sciupulously from the
use of any mathematics beyond simple anthmetic and a
few technical terms which are explaned in the text. A
good deal of space has also been saved by the total
omussion of, or the briefest possible reference to, a very
large number of astronomucal facts which do not bear on
any well-established general theory, and for similar 1casons
I have geneially abstamed from noticing speculative
theories which have not yet been established or icfuted
In paiticular, for these and for other reasons (stated more
fully at the beginning of chapter xi11 ), I have dealt m the
briefest possible way with the immense mass of observations
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which modern astronomy has accumulated , 1t 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 1n fact only given a page or two to the subject

I have given short biographical sketches of leading astio-
nomers (other than hving ones), whenever the matenal
cxisted, and have attempted mn this way to make ther
personalities and surroundings tolerably wivid, but I
have tried to 1esist the temptation of filing up space
with merely picturesque dctails having no real bearing on
scientific progress  The trial of Kepler’s mother for witch-
craft 15 pirobably quite as wnteresting as that of Galiler
before the Inquisition, but I have entirely omitted the first
and given a good decal of space to the second, because,
while the former appeaied to be chiefly of curious interest,
the latter appeared to me to be not merely a striking inci-
dent 1 the hife of a great astionome:, but a part of the
history of astronomucal thought I have also mserted a
large number of dates, as they occupy veiy hitle space, and
way be found useful by some readers, while they can be
ignoted with great case by others, to facilitate reference
the dates of birth and death (when known) of every
astronomer of note menioned 1n the book (other than
living ones) have been put mnto the Index of Names.

I have not scrupled to give a good deal of space to
desciiptions of such obsolete theories as appeaied to me to
form an tegral pait of astrononucal progicss  One of the
1casons why the history of a science 15 woith studymng 1s
that 1t sheds light on the processes whereby a scientific
theory 15 formed m order to account for certan facts,
and then undergoes successive modifications as new facts
ate gradually biought to bear on 1t, and 15 perhaps
finally abandoned when 1ts disciepancies with facts can
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no longer be explamed or concealed For example, no
modern astronomer as such need be concerned with
the Gieek scheme of epicycles, but the history of 1its
mnvention, of 1ts giadual peifection as fresh obseivations
were obtamned, of 1ts subsequent falure to stand more
stringent tests, and of 1its final abandonment 1n favour of
a mote satisfactory theory, 1s, I think, a valuable and
interesting object-lesson n scientific method I have at
any 1ate written this book with that conviction, and have
decided very laigely fiom that pomnt of view what to omit
and what to include

The book makes no claim to be an original conttibution
to the subject, 1t 15 wrtten largely from second-hand
souices, of which, however, many are not vety accessible to
the general reader. Particulars of the authouties which
have been used are given in an appendix

It 1emams graiefully to acknowledge the help that I have
received 1n my work Mr W W Rouse Ball, Tutor of
Tunity College, whose gieat 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 theieby saved me
fiom several eriors, he has also given me valuable infor-
mation with 1egaid to portraits of astionomers Miss H
M Johnson has undeitaken the laborious and tedious task
of 1eading the whole book mn manuscript as well as in
proof, and of verifying the ciossaefercnces — Miss K
Hardcastle, of Girton College, has also rcad the proofs,
and verified most of the numerical calculations, as well as
the cioss-references To both I am indebted for the
detection of a large number of obscurities 1 expression,
as well as of clerical and other eirors and of misprints
Miss Johnson has also saved me much time by making the
Index of Names, and Miss Hardcastle has rendered me
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a further service of gieat value by drawing a consider-
able number of the diagrams I am also indebted to
M: C E Ingls, of this College, for fig 81, and I have
to thank Mi W H Wesley, of the Royal Astronomical
Society, for vaious references to the literature of the
subject, and 1 particular for help m obtaning access to
various 1llustrations

I am further indebted to the followng bodies and
individual astionomers for permission to reproduce photo-
graphs and diawings, and m some cases also for the gift
of copies of the originals the Council of the Royal Society,
the Council of the Royal: Astionomical Society, the Director
of the Lick Observatory, the Duector of the Instituto
Geographico-Militwe  of Florence, Professor Barnard,
Major Darwmn, 11 Gill, M Janssen, M Locwy, Mr E
W  Maunder, Mr H Pan, Piofesso E C Pickenng,
Dr Schuster, D1 Max Wolf

ARTHUR BERRY

Kine's CoLrgr, CAMBRIDGE,
Septesnber 1898
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A SHORT HISTORY OF ASTRONOMY.

CHAPTER 1
PRIMITIVE ASTRONOMY

“The never-weatied Sun, the Moon exactly round,

And all those Stars with wluch the brows of ample heaven aic
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 Ouion, and ot all the cressets 1n the sky
His golden forehcad never bows to th’ Ocean empery ”

The Ihad (Chapman’s translation)

1 AsTRONOMY 1s the science which treats of the sun, the
moon, the stais, and other objects such as comets which are
seen 1n the sky It dealsto some extentalso with the earth,
but only 1 so far as 1t has properties 1n common with the
heavenly bodies In early times astronomy was conceined
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 then
nature and the material of which they arc 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 influcnce on
human Iife and comfort—gradually became familiar to early
mankind, very much as they are familiar to modern savages,

I
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With these facts 1t 1s convenient to begin, taking them n
the order 1n which they most readily present themselves to
any ordinary observer

3 The sun is dally seen to rise m the eastern part of
the sky, to travel across the sky, to reach 1its highest position
m the south m the muddle of the day, then to sk, and
finally to set in the western part of the sky But its daily
path across the sky 1s not always the same the pomnts of
the horizon at which 1t mises and sets, 1ts height i the sky
at midday, and the time from sunrise to sunset, all go
through a series of changes, which are accompanied by
changes 1 the weather, i vegetation, etc, and we aie
thus able to recognise the existence of the seasons, and
their recurrence after a certam nterval of time which 1s
known as a year

4 But while the sun always appears as a bright circulal
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 ina regular order
and at about the same intervals of time A little more cae,
however, 15 necessary in order to observe the connection
between the form of the moon and her position 1n the sky
with respect to the sun Thus when the moon 1s first
visible soon after sunset near the place where the sun has set,
her form 15 a thin crescent (cf. fig 11 on p 31), the hollow
side bemng turned away from the sun, and she sets soon
after the sun Next might the moon 1s farther from the
sun, the ciescent 1s 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 giown into a complete
disc, the moon 1s now nearly n the opposite direction to
the sun, and theiefore rises about at sunset and sets about
at sunuse. She then begms to apploach the sun on the
other side, rismg before 1t and settng n the daytime,
her size again diminshes, until after another week she 1s
agan semicircular, the flat side bemng still turned away
fiom the sun, but bemg now turned towards the west
nstead of towards the east The semicucle then becomes
a gradually dimmishing crescent, and the time of rsing
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approaches the time of sunrise, until the moon becomes
altogether invisible  After two or thiee mights the new
moon reappears, and the whole series of changes 1s 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 natuially suggest itsclf 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 1t could also
clearly be seen that they too, like the sun and moon,
changed their positions 1n the sky, those towards the east
being seen to nse, and those towards the west to sk and
finally set, while others moved acioss the sky from east to
west, and those in a certain noithern part of the sky, though
also m motion, were never seen either to rise or set. Although
anything ike a complete classification of the stars belongs
to a more advanced stage of the subject, a few star groups
could easily be 1ecognised, and ther position m the sky
could be used as a rough means of measuring time at night,
just as the position of the sun to indicate the tume of day.

6 To these rudimentary notions important additions
were made when rather more caieful and prolonged obser-
vations became possible, and some lttle thought was
devoted to theiwr interpretation

Several peoples who reached a high stage of civilisation
at an early period claum to have made mmportant progress
in astionomy  Gieek traditions assign considerable astro-
nomical knowledge to Egyptian priests who lived some
thousands of years Bc, and some of the pecuhaiities of
the pyramids which were built at some such period are at
any 1ate plausibly mterpreted as evidence of pretty accurate
astronomical observations, Chinese records describe observa-
tions supposed to have been made 1n the 25th century s c.,
some of the Indian sacred books icfer to astronomical
knowledge acquired several centunies before this time , and
the first observations of the Chaldacan priests of Babylon
have been atiributed to times not much later

On the other hand, the eaitliest 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 1t 15 not woith while to
make any attempt to disentangle from the mass of doubtful
tradition and conjectural nterpretation of mscriptions, bear-
ing on this early astionomy, the few facts which lie embedded
therem , and we may proceed at once to give some account
of the astionomical knowledge, other than that alieady dealt
with, which 1s discovered i the possession of the carhest
really historical astronomers—the Greeks—at the beginning
of therr scientific history, leaving 1t an open question what
portions of 1t were derived from Egyptians, Chaldaeans, their
own ancestors, or other sources

. If an observer looks at the stars on any clear night
he sees an apparently mnumerable * host of them, which
seem to lie on a portion of a sphercal surface, of which he
1s the centie  This spherical surface 15 commonly spoken
of as the sky, and 1s known to astionomy as the celestial
sphere. The visible part of this sphere 1s bounded by the
earth, so that only half can be seen at once, but only the
slightest effort of the imagmation 1S required to think of
the other half as lying below the earth, and contaning other
stars, as well as the sun. This sphere appears to the
observer to be very large, though he 1s ncapable of forming
any precise estumate of its size |

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 mn consequence no real existence The early
peoples had no knowledge of this, and for them the celestial
spheie really existed, and was often thought to be a sohd
sphere of crystal.

Moreover modern astionomers, as well as ancient, find
1t convenient for very many purposes to make use of this
sphere, though 1t has no material existence, as a means
of repiesenting the directions i which the heavenly bodies
are seen and thewr motions  For all that direct observation

* In our chmate 2,000 1s about the greatest number ever visible
at once, even to a keen-sighted person

t+ Owing to the greater brightness of the stais ovethead they
usually seem a little nearer than those near the horizon, and con-
sequently the visible poition of the celestial sphere appears to be
Lather less than a half of a complcte sphere  This 1s, however, of no
importance, and will for the futuie be 1ignored
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can tell us about the position of such an object as a star
18 1ts directon , 1ts distance can only be ascertained by
indirect methods, 1f at all If we diaw a sphere, and
suppose the observer’s eye placed at 1its centre o (fig 1),
and then draw a straight line from o to a star s, meeting
the surface of the sphere in the powts, then the star
appears exactly m the same position as if 1t were at s,
nor would 1its appaient position be changed 1if it were
placed at any other pomt, such as s’ or s”, on this same

%P F1c 1 —The celestial spheie

line  When we speak, therefoie, of a star as bemng at
a pomnt s on the celestial sphere, all that we mean 1s that
it 15 1 the same dircction as the pont s, or, 1 othet
words, that it 1s situated somewhere on the straight Ime
through o ands The advantages of this method of repre-
senting the position of a star become cvident when we wish
to compaie the positions of several stars  The difference
of direction of two stars 1s the angle betwcen the lines
drawn fiom the eye to the stars, ¢ g., if the stars are R, s, 1t
1s thc angle R 0 s Similarly the duference of direction of
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another pair of stars, », Q,1s the angle P 0 @  The two stars
» and Q appear nearer together than do r and s, or farther
apart, according as the angle P 0 Q 15 less or greater than
the angle Ros But if we represent the stais by the
corresponding pomnts #, ¢, 7, s on the celestial sphere, then
(by an obwvious property of the spheie) the angle P 0 Q
(which 1s the same as 0 ¢) 1s less or greater than the
angle Ros (o1 70 s) according as the arc jomng p ¢
on the sphere 15 less or greater than the arc joning » s,
and mn the same proportion , 1if, for example, the angle R 0 §
1s twice as great as the angle P 0 Q, so also 1s the arc p ¢
twice as gleat as the arc »s We may therefore, n all
questions relating only to the directions of the stars, 1eplace
the angle between the directions of two stars by the aic
joming 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 1s therefore
of great value, apart from 1ts historical origin It 15 1m-
portant to note that this apparent distance of two stas,
¢ therr distance from one another on the celestial sphere,
15 an entirely different thing from their actual distance from
onc another in space In the figwe, for example, Q 1s
actually much nearer to s than 1t 1s to p, but the apparent
distance measured by the arc ¢ s 15 several times greater
than ¢ » The apparent distance of two poimts on the
celestial sphere 15 measured numecrically by the angle
between the lnes jomnng the eye to the two ponts,
expressed 1n degrees, minutes, and seconds.¥

We might of course agree to regaid the celestial sphere
as of a particular size, and then express the distance be-
tween two pomts on 1t n miles, feet, or mches, but 1t 1s
practically very mconvenment to do so  To say, as some
people occastonally do, that the distance between two stars
1s so many feet 1s meaningless, unless the supposed size of
the celestial sphere 15 given at the same time

It has already been pomted out that the observer 15
always at the centre of the celestial spheie, this remains

* A n1ght angle 1s divided into ninety degrecs (90°), a degree into
sixty minutes (60'), and a mnute nto sixty seconds (60")
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true even if he moves to another place. A sphere has,
however, only one centre, and theiefore 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
msignificant n comparison with the radius of the sphere and
could be neglected. It 1s often more convement—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
sky (§ 5), and their rates of motion differ, yet the distance
between any two stars remains unchanged, and they weie
consequently regarded as bewng 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 about an axis passing
through the centre and through a pomt in the northern
sky close to the famihar pole-star. This pont 1s called
the pole. As, however, a straight line drawn through the
centre of a sphere meels it n two points, the axis of
the celestial sphere meets 1t agan m a second pont,
opposite the fiist, lymg i a part of the celestial sphere
which 1s permanently below the horizon  This second
pomnt 1s also called a pole, and if the two poles have to
be distinguished, the one mentioned first 1s called the
north pole, and the other the south pole. The direction
of the rotation of the celestial spherc about its axis 1s
such that stars near the noith polc are scen to move round
it 1n circles mn the direction opposite to that in which the
hahds of a clock move, the motion 1s umiform, and a
complete revolution 1s performed mn four mmutes less than
twenty-four hours, so that the position of any stax n the
sky at twelve o’clock to-night 1s the same as its position at
four minutes to twelve to-moriow might.

The moon, like the stars, shares this motion of the
celestial sphere, and so also does the sun, though this
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1s more difficult to recogmse owing to the fact that the sun
and stais 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 cucles of the celestial sphere.

Each star describes n 1ts daily motion a circle, the size
of which depends on 1its distance from the poles Fig. 2
shews the paths described by a number of stars near the
pole, 1ecorded photographically, during part of a mnight.
The pole-star describes so small a cicle that 1ts 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 1s described by any one of them daily 1s called the
equator. By looking at a diagram such as fig 3, or, better
still, by looking at an actual globe, 1t can easily be scen
that half the equator (z Q w) lies above and half (the
dotted part, w R &) below the horizon, and that 1n conse-
quence a star, such as s, lyng on the equator, 1s 1n 1ts daily
motion as long a tume above the hoizon as below If
a star, such as s, lies on the noith side of the equator, z e
on the side on which the notth pole P lics, more than half
of 1ts daily path lies above the horizon and less than half
(as shewn by the dotted line) les below, and if a star
1s near enough to the noith pole (morc precisely, if 1t 1s
neaier to the north pole than the nearest pomt, X, of the
horizon), as o, it nevel sets, but 1emains contmually above
the horizon. Such a star 1s called a (northern) eircumpolar
star. On the other hand, less than half of the daily path of
a star on the south side of the equator, as ', 1s above the
horizon, and a star, such as ¢, the distance of which fiom
the north pole 1s gieater than the distance of the farthest
pomnt, 1, of the horizon, or which 1s nearer than 1 to the
south pole, remams continually below the horizon

10. A shght famihianty with the stars 1s enough to shew
any one that the same stars are not always visible at the



F1c 2 —The paths ol cincumpolar stars, shewing thar move-
ment during seven homts  Fiom a photogiaph by M

IT Pamn The thickest hine 1s the path of the pole star
[1o face p 8
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same time of mght  Rather more caieful observation,
carried out for a considerable time, 1s necessaiy in order
to see that the aspect of the sky changes in a regular way
from mght to might, and that after the lapse of a year the
same stais bccome again visible at the same time The
explanation of these changes as due to the motion of
the sun on the celestial spherc 1s more difficult, and the

Z

Fic 3 —The eudes of the cclestial spheie

unknown discovercr of this fact certanly made once of
the most mportant steps m carly astronomy

If an observer notices soon afier sunset a star somewhete
in the west, and looks for 1t again a few evemings later at
about the same time, he finds 1t lower down and ncarer to
the sun, a few cevenings later still it 15 mvisible, while 1ty
place has now heen taken by some other star which was at
first farther cast in the shy  This stn can n twn be
observed to approach the sun cvemng by eveming  Or of
the stas wisible after sunsct low down i the cast are
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noticed a few days later, they are found to be higher up
n the sky, and thewr place 1s taken by other stars at
first too low down to be seen  Such observations of
stars rising or setting about sunrise oOr sunset shewed to
early observers that the stais were giadually changing thewr
position with respect to the sun, or that the sun was
changing 1ts position with respect to the stais

The changes just described, coupled with the fact that
the stars do not change their positions with respect to one
another, shew that the stais asa whole perform theu daily
revolution rather more rapidly than the sun, and at such a
rate that they gam on 1t one complete revolution in the
course of the year. This can be expressed otherwise In
the form that the stars aie all moving westwaid 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, agan, the same
facts can be expressed with equal accuracy and greater
simplicity 1f we regard the stars as fixed on the celestial
sphere, and the sun as moving on 1t from west to east
among them (that 1s, mn the direction opposite t0 that of
the daily motion), and at such a rate as to complete a
crrcuit of the celestial sphere and to retuin to the same
posttion after a year

This annual motion of the sun 1s, however, readily scen
not to be merely a motion from west to east, for if so the
sun would always rse and set at the same points of the
horizon, as a star does, and 1ts midday height 1n the sky
and the time from susrise to sunset would always be the
same We have already seen that 1f a star lies on the
equator half of 1ts daily path 1s above the horizon, 1if
the star 15 north of the equator more than half, and 1f south
of the equator less than half , and what 1s tiue of a star 1s true
for the same reason of any body sharmg the daily motion of
the celestial sphere  During the summer months theiefore
(March to September), when the day 1s longer than the night,
and morc than half of the sun’s daily path 15 above the
horizon, the sun must be notth of the cquator, and dung
the winter months (September to Maich) the sun must be
south of the equator The change in the sun’s distance
from the pole 1s also evident from the fact that the winter
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months the sun 1s on the whole lower down 1 the sky than
In summer, and that in particular its mudday height 1s less

11 The sun’s path on the celestial sphere 1s theiefore
oblique to the equator, lying partly on one side of 1t and
partly on the other A good deal of caieful observation
of the kind we have been describing must, however, have
been necessary befoie 1t was ascertained that the sun’s
annual path on the celestial sphere (see fig 4) 15 a great
carcle (that 1s, a circle having 1ts centre at the centre of
the sphere) Ths great cucle 1s now called the ecliptie
(because echipses take place only when the moon 1s 1n
or near 1t), and the angle at which 1t cuts the equator 1s
called the obliquity of the ecliptic  The Chinese claim to
have measured the obliquity in 1100 B ¢, and to have found
the remarkably accurate value 23° 52 (cf chapter 11, § 35).
The truth of this statement may reasonably be doubted, but
on the other hand the statement of some late Greek writers
that either Pythagoras or Anaximander (6th century B C ) was
the jirst to discover the
obliquity of the ecliptic 15 NORTH POLE
almost certamnly wrong It
must have been known with
reasonable accuracy to hoth
Chaldacans and Egyptians
long bhefore

When the sun crosses the
equator the day 1s cqual to
the night, and the times
when this occmis are con-
sequently  known as the
equinoxes, the vernal equi-

nox occurring when the sun SOUTH POLE
crosses the equator fiom  Fio 4—The equator and the
south to notth (about Maich echiptac

21st), and the autumnal

equmox when 1t crosses back (about September 23rd)
The pomnts on the cclestial sphere where the sun crosses
the cquator (a, ¢ m fig 4), 2 ¢ wheie echiptic and cquator
cross onc¢ another, aic called the equinoctial points,
occasionally also the cquinoxcs.

After the veinal cquinox the sun s path along the
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ecliptic recedes from the equator towards the north, until 1t
reaches, about thiee months afterwards, 1ts greatest distance
from the equator, and then approaches the equator again.
The time when the sun 1s at 1ts greatest distance from the
equator on the north side 1s called the summer solstice,
because then the northward motion of the sun 1s arrested
and 1t temporarily appeais to stand still ~ Smmilarly the sun
1s at 1ts greatest distance from the equator towards the
south at the winter solstice The pomnts on the ecliptic
(8, D 1 fig 4) where the sun 1s at the solstices aic called
the solstitial points, and are half-way between the equinoctial
points

1z The earliest observers piobably noticed particular
groups of stars remaikable for themr form or for the presence
of bright stars among them, and occupied therr fancy by
tracing resemblances between them and famihai objects, etc
We have thus at a very early period a rough attempt at
dwiding the stars into groups called constellations and at
naming the latter

1n 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 1t 1s named 1s often very shght
The seven bright stars of the Great Beai, for cxample, form
a group which any observer would veiy soon notice and
naturally make mto a constellation, but the 1esecmblance
to a bear of these and the famnter stars of the constcllation
1s sufficiently remote (see fig. 5), and as a matter of fact
this part of the Bear has also been called a Waggon and
1s 1n Ametica famuliarly known as the Dipper, another
constellation has sometimes been called the Lyre and
sometimes also the Vultuie In very many cases the choice
of stars seems to have been made in such an arbitraiy
manner, as to suggest that some fanciful figure was first
imagined and that stais were then selected so as to represent
1t 1 some rough sort of way In fact, as Sir John Herschel
remarks, ¢ The constellations scem 1o have been purposely
named and delineated to cause as much confusion and
mconvenience as possible  Innumerable snakes twine
through long and contorted areas of the heavens where no
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§§ 12, 19 The Constellations the Zodiac 13

memory can follow them , bears, lions, and fishes, large and
small, )confuse all nomenclature.” (OQutlines of Astronomy,
§ 301

The constellations as we now have them are, with the
exception of a certam number (chiefly mn the southein
skics) which have been added m modern times, substantially
those which existed m early Greek astronomy, and such
information as we possess of the Chaldacan and Egyptian
constellations shews resemblances mdicating that the Greeks
borrowed some of them  The names, as far as they are
not those of amimals or common objects (Bear, Seipent,
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, 15 one of the few which com-
memorate a historical personage ¥

13 Among the constellations which first recerived names
were thosce through which the sun passes in its annual
arcuit of the celestial sphere, that 15 those through which
the eclipticpasses  The moon’s monthly path 1s 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
fa1 from the ecliptic  Conscquently the sun, the moon,
and the five planets weie always to be found within a 1egion
of the sky catending about 8° on cach side of the ecliptic
This strip of the cclestial spheie was called the zodiae,
because the constellations n 1t weie (with one exception)
named after living things (Greek {gov, an anmmal), 1t was
divided 1nto twelve cqual patts, the signs of the zodiae,
thiough one of which the sun passed cvery month, so that
the position of the sun at any time could be roughly
desenibed Dy stating m what “sign” 1t was  The stars in
cach “sign” were formed mto a constellation, the “sign”
and the constellation cach 1ccetving the same name.  Thus

* 1 have made no attempt ertha hue or elsewhere to descube the
constellations and thewr positions, as I believe such verbal desciip-
tions io be almost useless  TFor a begmner who wishes to become
fanliar with them the best plan 15 to get some better mfoimed
friend to pomt out a few ot the moie conspicuous ones, n diffcient
paits of the sky, Othas can then be readily added by means of a
slat-atlas, or of the stai-maps given i many textbooks
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arose twelve zodiacal constellations, the names of which
have come down to us with ummportant changes from
early Greek times * Owing, however, to an alteration of
the position of the equator, and consequently of the
equmoctial points, the sign Anes, which was defined by
Hipparchus m the second centuty o ¢ (see chapter1i, § 42)
as beginning at the vernal equmnoctial pomnt, no longer
contams the constellation Aries, but the preceding one,
Pisces , and there 1s 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 pomnt of Libra (=), are still the recognised
names for the equinoctial poimnts

In some cases individual stars also recewved special
names, or were called after the part of the constellation i
which they were situated, e g Sirws, 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, 1etan
mvariable positions on the celestial sphere,t whereas the
sun and moon change their positions It was, however,
discovered m prehistoric times that five bodies, at first
sight barely distinguishable fiom 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 Jatin forms, are Aries, Taurus,
Gemuny, Cancer, Leo, Virgo, Libra, Scorpio, Sagittarius, Capricornus,
Aquarius, and Pisces, they are easily remembered by the doggercl
verses —

The Ram, the Bull, the Heavenly Twins,

And next the Ciab, the Lion shines,
The Virgin and the Scales,

The Scorpion, Aichel, and He-Goat,

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

+ This statement leaves out of account small motions nearly o1
quite 1nvisible to the naked eye, some of which aie among the most
mteresting discoveries of telescopic astronomy, sec, for example,
chapter x, §§ 207-215

{ The custom of calling the sun and moon planets has now died
out, and the modern usage will be adopted henceforwaid in this
book,
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Mercury 1s nevel seen except occasionally near the horizon
just after sunset or before sunrse, and 1 a climate like
ours requires a good deal of looking for, and 1t 1s rather
remarkable that no record of its discovery should exist.
Venus 1s conspicuous as the Evemng Star or as the
Morning Star ~ The discovery of the 1dentity of the
Evening and Morning Stars 1s attubuted to Pythagoras
(6th century Bc), but must almost certamly have been
made earlier, though the Homeric poems contain references
to both, without any indication of their 1dentity ~ Jupiter 1s
at times as conspicuous as Venus at her brightest, while
Mars and Saturn, when wellsituated, 1ank 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 fiom the echptic, but
whereas the sun and moon move continuously along their
paths from west to east, the motion of a planet 1s some-
times from west to east, or direct, and sometumes from east
to west, or retrograde. If we begin to watch a planet when
1t 1s moving eastwards among the stars, we find that aftex
2 time the motion becomes slower and slower, until the
planet hardly seems to move at all, and then begins to
move with giadually increasing speed in the opposite
duection, after a time this westward motion becomes
slower and then ceases, and the planet then begins to move
eastwards agan, at first slowly and then faster, until 1t
returns to 1ts original condition, and the changes are
repeated When the planct 1s just reversing its motion 1t
1s smd to be stationary, and 1its position then 15 called a
stationary point. The time durnng which a planet’s motion
15 retrogiade 1s, however, always consideiably less than that
dunng which 1t 1s direct, Jupiter's motion, fol cxample,
1s direct for about 39 weeks and 1ctrograde for 17, while
Mercury’s direct motion lasts 13 or 14 weeks and the retio-
grade motion only about 3 wecks (sec figs. 6, 7}  On the
whole the planets advance from west to east and describe
crreuits round the cclestial sphere mn periods which are
different for cach planct The explanation of these mrregu-
laritics 1n the planctary motions was long onc of the great
difficultics of astionomy.

15 The 1dea that some of the heavenly bodies arc
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nearer to the earth than others must have been suggested
by echipses (§ 17) and occultations, ze¢ 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 bemng available for
determining the distances, rapidity of motion was employed
as a test of probable nearness Now Saturn returns to the
same place among the stars m about 29} years, Jupiter m
12 years, Mais 1n 2 years, the sun 1n one year, Venus 1n 225
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days, Mercury 1n 88 days, and the moon 1in 27 days, and
this order was usually taken to be the order of distance,
Saturn bemng the most distant, the moon the neaiest The
stars being seen above us 1t was natural to thmk of the
most distant celestial bodies as bemng the highest, and
accordmngly Saturn, Jupiter, and Mars being beyond the
sun were called superior planets, as distinguished from the
two inferior planets Venus and Mercury. This division
corresponds also to a difference m the observed motions,
as Venus and Mercury seem to accompany the sun 1n its
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annual journey, being never more than about 47° and 29°
respectively distant from 1t, on either side, while the other
plancts are not thus restricted in their motions.

16 One of the purposes to which applications of
astronomical knowledge was fiist appliecd was to the
measurement of time. As the alternate appearance and
disappeaiance of the sun, bringing with 1t Light and heat,
1s the most obvious of astionomical facts, so the day 15
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the sumplest umt of time.* Some of the early civilised
nations divided the time fiom sumise to sunset and also
the might each mto 12 equal hows. According to this
airangement a day-how was m summer longer than a

* It may be noted that our ward “day” (and the corresponding,
woid n other languages) 1 commonly used 1in two senses, either foi
the time belween suniise and sunset (day as distinguished hom
mght), or for the whole penod of 24 hours or day-and-might. The
Grecks, however, uscd for the latter a special word, vuxfsjuepor,

2
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mght-hour and 1n 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 mudwinter, and
in London 1t would be about twice as long It was there-
fore a great improvement when the Gieeks, in comparatively
late times, divided the whole day mto 24 equal hours
Other early nations divided the same period 1nto 12 double
hours, and others again mto 6o hours

The next most obvious unit of time 1s the lunar month,
or period during which the moon goes through her phases
A third independent unit 1s the year Although the year
15 for oidmary life much more important than the month,
yet as 1t 1s much longer and any one time of year 1s harder
to 1ecognise than a patticular phase of the moon, the length
of the year 15 more difficult to determine, and the earliest
known systems of time-measurement were accoidingly
based on the month, not on the yea: The month was
found to be neaily equal to 29} days, and as a period
consisting of an exact number of days was obwviously con-
venient for most oidmary purposes, months of 29 o1 30
days were used, and subsequently the calendar was brought
mnto 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 365} days, and the latter,
for whom the mmpoitance of the year was emphasised by
the rising and falling of the Nile, were probably the first
nation to use the year imn preference to the month as a
measuie of time They chose a year of 365 days

The ongm of the week 1s quite different from that of
the month or year, and rests on certain astrological 1deas
about the planets To each houw 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 fist hour  The planets being taken in the order
already given (§ 15), Saturn ruled the first hour of the
fiist day, and theiefore also the 8th, 15th, and 22nd hours
of the first day, the 5th, 12th, and 19th of the second day,
and so on, Jupiter ruled the 2nd, gth, 16th, and 231d
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
recogmsed 1n 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
Frea #

17. Eclipses of the sun and moon must from very early
times have excited great nterest, mingled with superstitious
terro1, and the hope of acquiring some knowledge of them
was probably an immportant stimulus to early astronomical
work That echpses 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 m front
of 1t must have been only a lttle less obvious, but the
discovery that eclipses of the moon aie caused by the
earth’s shadow was probably made much later In fact
even in the time of Anaxagoras (sth centwy tc) the 1dea
was so unfamihiar 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 centunies Bc) of the recurrence of eclipses
after a period, known as the saros, consisting of 6,585 days
(or cighteen of our yems and ten or eleven days, according
as five or four leap-yeais are included) It 1s probable
that the discovely was made, not by calculations based on
knowledge of the motions of the sun and moon, but by
mete 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) 1s only visible over a small
part of the swiface of the earth, and eclipses of the sun
occurring at intervals of cighteen yeais are not geneially
visible at the same place, 1t 1s not at all easy to see how
the Chaldaeans could have cstablished their cycle for this
casc, nor 1s 1t in fact clear that the saros was supposed to
apply to solar as well as to lunar eclipses The saros may

* Compare the Fiench. Mardi, Mercreds, Jeuds, Vendred:, or
better still the Italian. Marted:, Mercoleds, Gioveds, Venerds,
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be illustrated mn modern times by the eclipses of the sun
which took place on July 18th, 1860, on July 29th, 1878,
and on August oth, 1896, but the first was wisible mn
Southern Europe, the second in North America, and the
third m 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 affaus, 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 1n some form of astrology has always
prevailed 1n oriental countries, 1t flourished at times among
the Greeks and the Romans, 1t formed an important pait
of the thought of the Middle Ages, and 1s not even quite
extinct among ourselves at the present day.* It should,
however, be remembered that 1f the history of astrology 1s
a pamnful one, owing to the numerous ilustrations which
it affords of human credulity and knavery, the belief
it has undoubtedly been a powerful stimulus to genuine
astronomical study (cf. chapter 111, § 56, and chapter v.,

§§ 99, 100)

* See, for example, Old Moore's or Zadkiel's Almanack.



CHAPTER 1II

GREEK ASTRONOMY

“The astionomer discovers that gcometiy, a puie abstraction of the
human mind, 1s the measure of planctaiy motion ”
Emrcrson

19 In the earlier period of Greek history one of the
chief functions expected of astionomers was the proper
regulation of the calendar The Greeks, Iike 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 mtioduced To Solon 15 attributed the ment of
having introduced at Athens, about 594 Bc, the practice
of adding to cvery alternate year a “full” month Thus a
pettod of two yeais would contan 13 months of 3o days
and 12 of 29 days, o1 738 days 1 all, distributed among
25 months, giving, for the average length of the year and
month, 369 days and about 29} days respectively. Thus
arrangement was further mmpioved by the mtroduction,
probably during the sth century Bc, of the octaeteris, or
eight-year cycle, 1n three of the years of which an additional
“full” month was ntroduced, while the remaming years
consisted as before of 6 “full” and 6 “empty” months
By this arrangement the average length of the year was
1educed to 3657 days, that of the month remaining neaily
unchanged  As, however, the Greeks laid some stress on
begmning the month when the new moon was first visible,
it was necessary to make from tune to time arbitiary
alterations 1n the calendar, and considerable confusion
T
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resulted, of which Aristophanes makes the Moon complain
in his play 77%e Clouds, acted 1n 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 i chorus shower reproaches on her head,
When, 1n bitter disappointment, they go supperless to bed,
Not obtainmng festal banquets, duly on the festal day "

20 A httle later, the astronomer Mefon (born about
460 BC) made the discovery that the length of 19 yeas
15 very neaily equal to that of 235 lunar months (the
difference being imn fact less than a day), and he dewised
accordingly an arrangement of 12 years of 12 months and
7 of 13 months, 125 of the months 1n the whole cycle
bemng “full” and the others “empty” Nearly a century
later Callippus made a shight improvement, by substituting
mn every fourth period of 19 years a “full” month fo1 one of
the “empty ” ones. Whether Meton’s cycle, as 1t 1s called,
was ntroduced for the civil calendar or not 1s unceitan,
but if not 1t was used as a standard by reference to which
the actual calenda: was from time to time adjusted The
use of this cycle seems to have soon spread to other paits
of Greece, and 1t 1s the basis of the present ecclesiastical
rule for fixing Easter The dufficulty 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 tume to time tables (wapamjypara)-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 (eg¢ Hesiod) fixed the dates for agricultural
operations, not by the calendar, but by the times of the
rising and setting of constellations, z¢ the times when
they first became visible before sunrise or were last visible
immediately after sunset—a practice which was contmued
long after the establishment of a fairly satisfactory calendar,
and was appaiently by no means extinct in the tume of
Galen (2nd century a D.)

21 The Roman calendar was 1 early times even more
confused than the Greek There appeais to have been
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Giegory XIII introduced therefore, 1n 1582, a shight change;
ten days were omutted from that year, and 1t was arranged
to omit for the future three leap-years in four centuiles
(viz m 1700, 1800, 1900, 2100, etc, the years 1600, 2000,
2400, etc , remaining leap-years) The Gregorian Calendar,
o1 New Style, as 1t was commonly called, was not adopted
m England tll 1752, when 11 days had to be omitted ,
and has not yet been adopted in Russia and Gieece,
the dates there being now 12 days behind those of
Western Europe

23. While thewrr oriental predecessors had confined
themselves chiefly to astronomical observations, the eailie
Greek philosophers appear to have made next to no
observations of importance, and to have been far moie
mterested i mquiring mto causes of phenomena  ZViales,
the founder of the Ioman school, was credited by later
writers with the introduction of Egyptian astronomy mto
Greece, at about the end of the 4th century Bc , but both
Thales and the majority of his immedate successors appear
to have added little or nothing to astronomy, except some
rather vague speculations as to the form of the carth
and 1ts relation to the rest of the world On the other
hand, some real progress seems to have been made by
FPythagoras®* and his followers  Pythagoras taught that
the earth, in common with the heavenly bodies, 1s a sphere,
and that 1t rests without requuning support in the middle
of the umverse Whether he had any real evidence in
support of these views 1s doubtful, but 1t 1s at any 1ate
a reasonable conjecture that he knew the moon to be
bright because the sun shines on 1t, 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 mterpreted by him as ewidence that
the moon was spherical, and not a flat disc, as 1t appears
at first sight  Analogy would then piobably 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 defimite knowledge of lus hfe. He was boin 1n
the earlier part of the 6th century sc, and died at the end of the
same century or beginning of the next,
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Greek thought, and was m later times an establhshed part
of Greek systems, whence 1t has been handed down,
almost unchanged, to modern times This belief 1s thus
2,000 years older than the belief m the 1olation of
the earth and 1its 1evolution 10und the sun (chapter 1v ),
doctrines which we are sometimes inclined to couple with
1t as the foundations of modern astionomy.

In Pythagoras occuis also, pethaps for the first time, an
1dea which had an extremely important influence on ancient
and mediaeval astionomy  Not only weie the stars supposed
to be attached to a crystal spheie, which revolved daily
on an axis thiough the earth, but each of the seven
planets (the sun and moon being mcluded) moved on a
sphete of 1ts own The distances of these sphercs from
the earth were fixed mn accordance with certam 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 hem this
1s the origin of the 1dea of the music of the spheres which
recurs continually mn mediaeval speculation and 1s found
occasionally in modern literature At a later stage these
sphetes of Pythagoras weic developed mto a scientific
repiesentation of the motions of the celestial bodies, which
remamned the basis of astronomy till the time of Kepler
(chapter vir)

24 The Pythagorean Ahulolaus, who lived about a
century later than his master, mntroduced for the fiist time
the 1dea of the motion of the camith he appears to have
1egarded the earth, as well as the sun, moon, and five
planets, as 1evolving round some central fire, the earth
lotating on 1ts own axis as 1t icvolved, appaiently i order
to enswic that the central fiie should always remain in-
visible to the mhabitants of the known parts of the earth
That the scheme was a purely fanciful one, and entirely
diffeient from the modern doctune of the motion of the
earth, with which later writers confused 1t, 15 sufficiently
shewn by the invention as part of the scheme of a purely
unagmnary body, the counter-earth (arrifdv), 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 eath, an 1dea so
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repugnant to uninstructed common sense, although piesented
1 such a crude form, without any of the evidence required
to win general assent, was, however, undoubtedly a valuable
contribution to astronomical thought It 1s well worth
notice that Coppernicus 1 the great book which 1s the
foundation of modern astionomy (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¢, Huetas of
Syracuse, Herachitus, and Ecphantus, are explicitly mentioned
by later writers as having believed 1n the rotation of the
earth.

An obscure passage in one of Plato’s dialogues (the
Zumaeus) has been nterpreted by many ancient and modern
commentators as implymng a behef in the 1otation of the
earth, and Plutaich also tells us, paitly on the authority
of Theophrastus, that Plato n old age adopted the belef
that the centre of the umverse 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 Arzstarchus of Samos, who
lived 1n the fust half of the 3rd century nc, and 1s best
known by his measwements 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 1ts axis, but also described an orbit 1ound the sun
Seleucus of Seleucia, who belonged to the middle of the
2nd century Bc, also held a smular opmion  Unfor
tunately we know nothing of the giounds of this belief n
either case, and therr views appear to have found lttle
favour among their contemporaiies 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 ether of the stars or
of the earth, but that he rejected the latter explanation

25 Plafo (about 428-347 Bc) devoted no dialogue
especially to astronomy, but made a good many references

“ Theophrastus was born about half a century, Plutarch neaily
five centuries, later than Plato,



§$ 25, 26] Awnistarchas  Plato 27

to the subject mn various placcs He condemned any
careful study of the actual celestial motions as degrading
rather than elevating, and apparently 1cgaided the subject
as worthy of attention chiefly on account of its connection
with geometiy, and because the actual celestial motions
suggested 1deal motions of gieater beauty and intcrest
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
otheis a knowledge of times and scasons ' At the end
of the same dialogue he gives a shoit account of the
celestial bodues, according to which the sun, moon, plancts,
and fixed stais revolve on eight concentric and closely
fitting wheels or circles 10und an axis passing thiough the
carth  Beginning with the body neaest to the carth, the
order 1s Moon, Sun, Mercury, Venus, Mars, Jupiter, Satun,
stars  The Sun, Mercury, and Venus are said to petform
then revolutions 1n 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 hght received from
the sun

Plato 1s said to have suggested to his pupils as a worthy
problem the explanation of the celestial motions by means
of a combmation of umform cucular or spherical motions
Anything hke an accurate theory of the celestial motions,
agieeing with actual observation, such as Hipparchus and
Ptolemy afterwaids constructed with fawr success, would
hardly scem to be m accordance with Platos 1deas of the
true astronomy, but hc may well have wished to sce
established some smmple and hamonious geometrical
scheme which would not bec altogether at variance with
known facts

26 Acting Lo some extent on this 1dea of Plato’s, Zudoaus
of Cmdus (about 409-356 B c) attempted to caplan the
most obvious peculiarities of the celestial motions by means
of a combmation of uniform circular motions  He may be
regarded as representative of the tiansition from speculative

¥ Republe, VIL 529, 530,
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to scentific Greek astronomy As mn the schemes of
several of his predecessors, the fixed stais lie on a sphere
which revolves daily about an axis through the earth, the
motion of each of the other bodies 15 produced by a com-
bination of other spheies, the centre of each spherc lying
on the surface of the preceding one For the sun and
moon three spheres were i each case nccessary one to
produce the daily motion, shared by all the celestial
bodies, one to produce the annual or monthly motion 1n
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 Eudoxus
evidently was well aware that the moon’s path 1s not
comcident with the ecliptic, and even that its path s not
always the same, but changes continuously, so that the third
spheie was 1 this case necessary, on the other hand, he
could not possibly have been acquainted with the minute
dewviations of the sun from the ecliptic with which modern
astronomy deals  Either therefore he used erioneous
observations, o1, as 1s more probable, the sun’s third sphere
was ntroduced to explamn 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 werc
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 fo1
the sun and moon, zo for the planets There 1s no clear
evidence that Eudoxus made any serious attempt to arrange
etther 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 1s no reason
to suppose that Eudoxus regarded his spheres (with the
posstble exception of the sphere of the fixed stars) as
material , his known devotion to mathematics rendeis 1t
probable that in his eyes (as in those of most of the
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scientific Gieek astronomers who succeeded him) the
spheres were mere geometrical figures, useful as a means
of resolving highly complicated motions 1nto 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, to him the first systematic
description of the constellations (see below, §42), though
1t was probably based, to a large extent, on rough observa-
tions borrowed from his Gieek predecessors or from the
Egyptians  He was also an accomplished mathematician,
and skilled 1n various other branches of learning.

Shortly aftetwards Callippus (§ 20) further developed
Eudoxus’s scheme of revolving spheres by adding, for
1casons 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
views of drustotle (384-322 BC), both by means of mci-
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 cflects on one another, and
Lo counteract thesc found it necessaty to add 22z fresh
spheies, making 56 1 all At the samc time he treated the
spheres as matenal bodies, thus converting an mngenious and
beautiful geometiical scheme 1nto a confused mechanism.”
Austotle’s spheies were, however, not adopted by the
leading Greek astronomers who succeeded hum, the systems
of Hipparchus and Ptolemy being geometical schemes
based on 1deas more like those of Eudoxus.

28 Anstotle, in common with other philosophers of his
time, beheved the heavens and the heavenly bodies to be
sphenical.  In the casc of the moon he supports this belief
by the mgument attributed to DPythagoias (§ 23), namely
that the obseived appeaances of the moon m 1ts seveial

* Confused, because the mcchameal knowledge ol the time was

quie unequal to giving any explanation of the way m which these
spheies aclted on one another,
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phases are those which would be assumed by a spherical
body of which one half only 1s illuminated by the sun.
Thus the visible portion of the moon 1s bounded by two
planes passing nearly through its centie, perpendicular
respectively to the lines joining the centre of the moon to
those of the sun and earth  In the accompanying diagram,
which repiesents a section through the centres of the sun

Iic 8 —The phases of the moon

(s), earth (E), and moon (M), A B c D representing on a
much enlarged scale a section of the moon itself, the
portion D 4 B which 1s turned away from the sun 1s dark,
while the portion A D¢, bemg turned away from the
observer on the eaith, 1s 1n any case mvisible to him  The
part of the moon which appears bright 1s therefore that of
. which & C1s a section, or the poition

i represented by F 5 6 ¢ in fig ¢ (which

HNW ( | 1epresents the complete moon), which
W”H ‘ consequently appears to the eye as
I \;‘ﬂ JIH- bounded by a semucircle F ¢ G, and a
WHHMW”]’ ﬂ portion F B G of an oval curve (actually
G an ellipse) The breadth of this bright
Fic 9 —The phases Surface clearly varies with the 1clative
of the moon positions of sun, moon, and eaith , so
that i 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
fig 10, 1ts appearances are those represented by the cor-
responding numbers 1 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 *

3
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F16¢ 10 —The phases of the moon

Ausstotle then argues that as one heavenly body' 1s
spherical, the others must be so also, and supports! this
conclusion by another argument, equally nconclusive to

A AN L

Fi¢ 11 —The phases of the moon

us, that a spherical foum 1s appropriate to bodies moving as
the heavenly bodies appear to do

29 His proofs that the carth is spherical are moie -
teresting  After discussing and rejecting various other
suggested forms, he points out that an eclipse of the moon
1s caused by the shadow of the eaith cast by the sun, and

* I have mtroduced here the lamiliar explanation ot the phases of
the moon, and the aigument based on 1t for the spherical shape ot
the moon, hecausc, although probably known before Austotle, there
15, as far as I know, no clear and definite statement of the maticr
any cather wiiter, and after his time 1t becomes an accepted pait ot
Greek clementary astronomy It may be noticed that the explanation
1s unaffected either by the question of the rotation of the carth or
by that of its motion round the sun
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aigues fiom the crcular form of the boundary of the shadow
as seen on the face of the moon duung the progress of the
eclipse, or 1n a partial eclipse, that the earth must be
spherical , for othetwise 1t would cast a shadow of a dif-
ferent shape A second reason for the spherical form of
the earth 1s that when we move noith and south the stais
change thewr 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, noith
and south of one another, arc 1n different directions, and the
eatth 1s therefore curved For
B .g example, if a star 1s visible to an
observer at a (fig 12), while to
an observer at B1t1s at the same
A time 1nvisible, ze¢ hidden by the
earth, the surface of the earth
Fic 12 —The curvature of at A must be in a different direc-
the eaith tion from that at B Austotle
quotes further, n confirmation of
the roundness of the eaith, that travellers from the far
East and the far West (practically India and Morocco)
alike reported the presence of elephants, whence 1t may be
inferred that the two regions mn question are not very far
apart He also makes use of some rather obscuie arguments
of an a priorz character
There can be but lttle doubt that the readiness with
which Aristotle, as well as other Greeks, admitted the
spheiical form of the earth and of the heavenly bodics,
was due to the affection which the Grecks always scem
to have had for the circle and sphere as bemng ¢ perfect,”
2.e perfectly symmetrical figures
30 Anstotle argues against the possibility of the revo-
lution of the earth round the sun, on the ground that this
motion, 1f 1t existed, ought to produce a corresponding
apparent motion of the stars We have heie the first
appearance of one of the most sertous of the many objections
ever brought against the belief mn the motion of the earth,
an objection really only finally disposed of during the
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present century by the discovery that such a motion of
the stars can be seen 1n a few cases, though owing to the
almost 1nconcevably great distance of the stars the motion
1s 1mperceptible except by extremely 1efined methods of
observation (cf chapter xir, §§ 278, 279) The question
of the distances of the several celestial bodies 15 also
discussed, and Aristotle airives 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 (z¢ a passage of the moon 1n front of Mars), and
by the fact that similar observations had been made i the
case of other planets by Egyptians and Babylonians It
15, 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 mwisible m 1ts neigh-
bourhood, and that no occultations of planets by the sun
could really have been seen even 1f they had been reported
to have taken place. He quotes also, as an opmion of
“the mathematicians,” that the stars must be at least nine
times as far off as the sun

There are also m Anstotle’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 m other subjects, Anstotle appears
to have collected and systematised the best knowledge of
the time, but his origmal contributions are not only not
comparable with his contuibutions to the mental and moral
sciences, but are inferio1 1 value to his work 1n other
natuial sciences, ¢ ¢ Natural History  Unfortunately the
Greck astronomy of his time, still n an undeveloped state,
was as 1t were crystallised m his writings, and his gicat
authority was invoked, centuries afterwards, by comparatively
unintelhgent or ignorant disciples mn support of doctimes
which were plausible enough 1n his time, but which subse-
quent 1escarch was shewing to be untenable The advice
which he gives to his readeis at the begmning of his ex-
position of the planetary motions, to compare his views
with those which they arrived at themselves o1 met with

3
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elsewhere, might with advantage have been noted and
followed by many of the so-called Arstotehians of the
Middle Ages and of the Renaissance *

31 After the time of Anstotle the centre of Gieck
scientific thought moved to Alexandiia Founded by
Alexander the Great (who was for a time a pupil of
Anstotle) in 332 B, Alexandria was the capital of Lgypt
during the reigns of the successive Ptolemics These
kings, especially the second of them, surnamed Phila-
delphos, were patrons of learning, they founded the
famous Museum, which contamed a magnificent hibrary
as well as an observatory, and Alexandria soon became
the home of a distingwished body of mathematicians and
astronomers ~ During the next five centuries the only
astronomers of importance, with the great caception of
Hippaichus (§ 37), were Alexandrines

32 Among the earher members of the Alexandrnne
school were Aristarchus of Samos, Aristyllus, and Zimo-
charss, three nearly contemporay astronomers belonging

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

to the first half of the 3rd centmy Bc The views of
Arnstarchus on the motion of the earth have already been
mentioned (§ 24) A treatise of his On #4e Magnitudes
and Distances of the Sun and Moon 15 still extant . he theie
gives an extiemely mgemous method for ascertaming the
comparative distances of the sun and moon. If, m the
figure, E, s, and M denote respectively the centres of the
earth, sun, and moon, the moon evidently appcais to an
observer at E half full when the angle E M s 15 a nght
angle If when this 1s the case the angular distance
between the centres of the sun and moon, ze the angle
M E S, 15 measuted, two angles of the tuangle M 1 s are

* See, for example, the account of Galiler's controveisics,
chapter vi



§8 31, 10 Aristarchus 35

known, 1ts shape 1s therefore completely deteimimed, and
the 1atio of its sides 1 M, L s can be calculated without
much difficulty In fact, 1t being known (by a well-known
tesult m clementay geometiy) that the angles at & and s
are togethar cqual to a ught angle, the angle at s 1s
obtamed by subtiacting the angle s & M fiom a night angle.
Anstarchus made the angle at s about 3% and hence
calculated that the distance of the sun was fiom 18 to 20
times that of the moon, whercas, 1n fact, the sun 1s about 400
times as distant as the moon  The enormous ciror 1s duc
to the difficulty of detetmining with sufficient accuiacy the
moment when the moon 1s half full  the boundary separating
the bnight and dak paits of the moon’s face 15 1n reality
(owmg to the nregularitics on the sutface of the moon) an 1ll-
definedand bioken lme (cf fig 53 and thefrontispiece), so that
the obseivation on which Anstaichus based his work could
not have been made with any accuiacy even with our modern
mstruments, much less with those available in his time.
Anstarchus further estimated the appaient sizes of the sun
and moon to be aboutl equal (as 1s shewn, for example, at
an echipse of the sun, when the moon sometimes rather more
than hides the suiface of the sun and sometimes does not
quite cover 1t), and mferred correctly that the real diameters
of the sun and moon weie i propoition to thewr distances
By a method based on cchpse observations which was
afterwards developed by Ihippaichus (§ 41), he also found
that the diameter of the moon was about } that of the
carth, a 1esult very near to the ttuth, and the same
method supphied data fiom which the distance of the moon
could at once have been expressed 1 terms of the 1adws
of the earth, but s work was spoilt at this pomnt by a
grossly nacaunate estimate of the apparent size of the moon
(2" mstead of 1°), and s conclusions seem to contradict
one another.  He appears also to have believed the dis-
tance of the fived stars to be immeasurably gicat as
compared with that of the sun  Both his speculative
opumions and his actual results mark theretoie a decaided
advance n astronomy.

Timocharts and Austyllus weie the first to ascertain and
to acecord the positions of the chief stars, by means of
numerteal measurements of then distances fiom  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 astionomers, notably Hippaichus
and Ptolemy, were able to make good use

33 Among the mmportant contributions of the Giecks
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 ndi-
vidual steps of which 1t 15 difficult to tiace We have,

S

Fic 14 —The equator and the ecliptic.

however, a series of minor treatises or textbooks, writien
for the most part during the Alexandime peuiod, dealing
with this branch of the subject (known geneially as
Spheries, or the Doctrine of the Spherc), of which the
Phenomena of the famous geometer Zuclid (about 300 1.C)
1s a good example In addition to the pomts and crcles
of the sphere already mentioned (chapter 1, §§ 8-11), we
now find esplicitly recognmsed the horizom, or the great
carcle 1n which a hoizontal plane through the obscrver
meets the celestial spheie, and 1ts pole,* thc zenitht o

* The poles of a great circle on a sphere aie the ends of a diameter
perpendicular to the plane of the great arcle Every pont on the

great circle 1s at the same distance, 90° from cach pole
t The word “zemth ” 15 Aiabic, not Greek of chapter 1x, § 61
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pomt 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 zemith and the poles
The well-known Milky Way had been noticed, and was
regarded as forming another greal circle There are also
traces of the two chief methods 1 common use at the
present day of indicating the position of a star on the
celestial sphere, namely, by 1eference either to the equatol
or to the eciptic If through a star s we draw on the
sphere a portion of a great circle s N, cutting the echiptic v~
at right angles in N, and another great circle (a declination
circle) cutting the equator at M, and if * be the first point of
Anes (§ 13), where the ecliptic crosses the equator, then
the position of the star 1s completely defined ezzzer by the
lengths of the arcs v, N S, which are called the celestial
longitude and latitude respectively, o7 by the arcs v, u s,
called respectively the mght ascension and declmation *
For some purposes 1t 15 more convenient to find the
position of the star by the first method, z¢ by reference
to the ecliptic, for other puiposes 1n the second way, by
making use of the equator

34 One of the applications of Sphetics was to the con-
struction of sun-dials, which were supposed to have been
ougally intioduced mto Gieece from Babylon, but which
were much 1improved by the Greeks, and extensively used
both 1n Greck and 1n mediaeval times The proper gradua-
tion of sun-dials placed n various positions, horizontal,
vertical, and oblhque, required considerable mathematical
skill  Much attention was also gtven Lo the tume of the
nsmg and sctung of the vaous constellations, and to
sinular questions

35 The discovery of the spheuical form of the carth
led to a scientific treatment of the differences between the
scasons in different parts of the carth, and to a corespond-
ng division of the carth nto zones We have alieady
seen that the height of the pole above the horizon varies in

" Most of these names are not Greek, but of later origin
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different places, and that 1t was recognised that, 1f a traveller
were to go far enough mnoith, he would find the pole to
comncide with the zenith, whereas by gomng 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, m
regions still farther south the north pole would be per-
manently mnvisible, and the south pole would appear above
the horizon.

Turther, if 1n the figure HL K W 1epresents the hornzon,
meeting the equator Q E R W10 the cast and west pomnts E W,
and the mendian H Q z P K 1n the south and north pomnts
H and X, z being the zcnith
and P the pole, then 1t 18
casily seen that Q z 15 equal
to P X, the height of the
pole above the horion
Any celestial body, there-
fore, the distance of which
from the equator towaids
the north (dechnation) 1
less than r» K, will cioss
the meridian to the south
of the zemith, whereas 1f
its declination be greater
Fie 15 —lhe cquator, the hoiizon, than P K, 1t will cross Lo

and the mendian the noith of the zenith
Now the greatest distance
of the sun fiom the equator 1s equal to the angle between
the ecliptic and the equator, or about 231° Consequently
at places at which the height of the pole 1s_less than 233°
the sun will, duiing part of the year, cast shadows at midday
towaids the south  This was known actually to be the case
not very far south of Alexandria. It was similarly recog-
msed that on the other side of the equator there must be
a region 1 which the sun ordinarily cast shadows towards
the south, but occasionally towards the noith  These two
regons are the torid zones of modein geographers.

Agam, 1if the distance of the sun from the cquator
15 2349 1ts distance from the pole 1s 663°, theiefore in
regions so far north that the height P ¥ of the north pole
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1s more than 661° the sun passes in summer nto the
region of the cucumpolar stais which never set (chapter 1,
§9), and therefore during a portion of the summer the sun
remains contmuously above the hoiuizon  Similarly in the
same regions the sun 1s 1 winter so near the south pole
that for a time 1t 1emains continuously below the hoiizon
Regions m which this occurs (our Arctic regions) were
unknown to Gieek travellers, but their existence was clealy
indicated by the astronomeis

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

Z

Fic 16 —The measurement of the earth

that at the summer solstice the angular distance of the
sun from the zenith at Alexandria was at mudday '5th of
a complete circumference, or about 7° whereas at Syene
m Upper Egypt the sun was known to be vertical at
the same time From this he mferred, assuming Syene
to be due south of Alexandria, that the distance fiom
Syene to Alexandria was also Jjth of the circumference
of the earth. Thus if m the figure s denotes the sun, a
and B Alexandria and Syene respcctively, ¢ 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, 1s sensibly equal to the angle s C 4,
to be 7° and hence mnfeired that the arc A B was to the
circumference of the earth in the proportion of 7°to 360°
or 1to 5o The distance between Alexandria and Syene
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being known to be 5,000 sfadza, Eratosthenes thus arnved
at 250,000 stadia as an estunate of the circumference
of the earth, a number altered nto 252,000 1n order to
give an exact number of stadia (700) for each degree on the
earth It 15 evident that the data employed were rough,
though the principle of the method 1s perfectly sound ,
1t 15, however, difficult to estimate the correctness of the
result on account of the uncertainty as to the value of
the stadusm used If, as seems probable, 1t was the
common Olympic stadium, the result 1s about 2o per cent
too great, but according to another mterpretation ! the
1esult 1s less than 1 per cent 1n error (cf chapter x, § 221)

Another measurement due to Eiatosthenes was that
of the obhquity of the ecliptic, which he estimated at
22 of a night angle, or 23° 51/, the ewror which 1s only
about 7',

37 An mmense advance 1n astronomy was made by
Hhipparchus, 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 ttme Unfortunately only one umimportant
book of his has been preserved, and our knowledge of
his work 1s derived almost entirely fiom the wrtings 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 Bithynmia or in Rhodes, mi'which 1sland he erected an
observatory and did mmost of lis work. There 15 no
evidence that he belonged to the Alexandrine school,
though he probably visited Alexandria and may have made
some obseivations there Ptolemy mentions observations
made by him m 146 BC, 126 BC, and at many imter-
mediate dates, as well as a rather doubtful one of 161 BC
The period of his greatest activity must therefore have been
about the middle of the 2nd century B C

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

* That of M Paul Tannery Recherches sur IHistowe de I'Astio-
nonue Ancienne, chap v
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matics,* which enabled processes of numerical calculation
to be applied to geometrical figures, whether 1n a plane or
on a spheie  He made an extensive series of observations,
taken with all the accuracy that his istruments would
permut  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 mert of suggesting that the motions of the
heavenly bodies could be represented more simply by com-
binations of uniform czreular motions than by the revolv-
ing spheres of Eudoxus and his school (§ 26) 1s generally
attuibuted to the great Alexandrine mathematician Apol-
lonzus of Perga, who hived 1n the latter half of the 3rd
century B C, but there 1s no clear evidence that he worked
out a system 1n any detail.

On account of the important part that this 1dea played
1 astronomy for neaily 2,000 years, 1t may be worth
while to exammme m some detail Hipparchus’s theory of
the sun, the simplest and most successful application of
the 1dea.

We have already seen (chapter 1, § 10) that, in addition
to the daily motion (from east to west) which 1t 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 1n the reverse direction (from west
to east) in a path obhque to the equator, which was eaily
recognised as a great circle, called the echiptic It must
be 1cmembered further that the celestial sphere, on which
the sun appeais to lie, 1s a mere geometucal fiction
introduced for convenience, all that direct observation
gives 1s the change i the sun’s direction, and therefore
the sun may consistently be supposed to move 1n such a
way as o vary 1is distance from the carth in any arbitrary
manner, provided only that the altelations mn the apparcnt
size of the sun, caused by the vamations m 1ts distance,
agree with those observed, o1 that at any rate the differences

* Tiigonomeiry
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are not great enough to be peiceptible It was, moreover,
known (probably long before the tume of Hipparchus) that
the sun’s apparent motion n the echptic 1s not quite
uniform, the motion at some times of the year being
shightly 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 1ts position
from day to day, how should we set to work to record and
describe 1ts 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 1t would
not be difficult to vernfy that the motion of the sun 1s (after
allowing for the wregularities 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 1t 1s clear that such a description would not only
be long, but would be felt as unsatisfactory by any one
who appioached the question from the pomt of view of
mtellectual curiosity or scientific interest Such a person
would feel that these delailed facts ought to be capable
of being exhibited as consequences of some simpler gencial
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 1its
distance from some fixed pomt 1n its path by some
symbolic cxpression repiesenting a quantity undergoing
changes with the time n a ceitain defimte way, and
enabling an expert to compute with ease the required
position of the sun at any assigned 1instant ¥

The Gieeks, however, had not the requisite algelraical
knowledge for such a method of :epicsentation, and IHip-
parchus, like his predecessois, made usc of a geomctrical

* The process may be worth 1illustrating by mecans of a sumplar
problem A heavy body, falling treely under grawity, 1s found (the
tesistance of the an being allowed for) to fall about 16 fcct m
I second, 64 feel 1mn 2 seconds, 144 lcet 1n 3 scconds, 256 lect m
4 seconds, 400 feet 1in 5 scconds, and so on  This serics of figuies
carried on as far as may be required would satisfy practical 1¢-
quirements, supplemcnted 1f desned by the corresponding figures
for fractions ot scconds, but the mathematician represents the samc
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Tepresentation of the 1equued variations in the sun’s motion
in the ecliptic, 2 method of representation which 1s 1n some
respects more ntellhigible and vivid than the use of algebra,
but which becomes unmanageable 1 complicated cases
;[t 1uns 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 1tself requue a special representation, the
idea of Apollonius, adopted by Hipparchus, was to devise
a proper combination of uniform circular motions

_ 39 The sumplest device that was found to be satisfactory
in the case of the sun was the use of the eccentric, ze a
circle the centre of which (c) does not comncide with the
position of the observer on the earth () If mn fig 17 2
point, s, describes the eccentric circle A F G B uniformly,
so that 1t always passes over equal arcs of the cucle 1n
equal times and the angle a ¢ s 1ncreases umformly, then
it 1s evident that the angle A E s, or the apparent distance
of s from 4, does not increase uniformly  When s 1s near
the pomt a, which 1s farthest from the earth and hence
called the apogee, 1t appears on account of its greater
distance from the obseiver to move more slowly than when
near ¥ or ¢, and 1t appears to move fastest when near B,
the pomt neatest to 1, hence called the perigee  Thus the
motion of s varics m the same soit of way as the motion
of the sun as actually obscrved Before, however, the
eccentric could be considered as satisfactory, it was neces-
saly to show that 1t was possible to choose the direction
of the ne b E ¢ A (the line of apses) which deteimmes the
positions of the sun when moving fastest and when moving
most slowly, and the magnitude of the ratio of . ¢ to the
radwus c A of the circle (the eccentrieity), so as to make
the calculated positions of the sun m various paits 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 fect fallen, and
# the number of seconds By giving # any assigned value, the
coutesponding space fallen through 1s at once obtaned Similatly
the motion of the sun can be repiesented approximately by the
moie complcated foimula Z = st + 2 ¢ sm af, where L1s the

distance from a fixed pomt m the orbit, Zthe time, and #, ¢ certam
numeiical quantitics
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times of year by quantities so small that they might fanly
be attributed to errors of observation.

This problem was much more difficult than might at first
sight appear, on account of the great cifficulty 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, 1t 15 not possible to measure
directly the distance of the sun from neighbouring stars
and so to fix its place on the celestial sphere. But 1t

F

F1¢ 17 —lhe cccentric

1s possible, by measuring the length of the shadow cast by
a rod at midday, to ascertan with fair accuracy the height
of the sun above the horwzon, and hence to deduce its
distance from the cquator, or the dechnation (figs 3, 14)
This one quantity does not suffice to fix the sun’s position,
but 1f also the sun’s nght ascension (§ 33), or 1ts distance
east and west from the stars, can be accurately ascertained,
its place on the cclestial spheie 1s completely determmed
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 acioss some fixed
position 1n the sky (¢ ¢. the mendian), 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 bemg
known to turn through 15° in an how), a method which
with modern clocks 1s 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 Iink between sun and stars, her position relative

P
Fic 18,—The position of the sun’s apogee

to the latter being obseived by might, and with respect to
the former by day, but owing to the rapid motion of the
moon 1n the interval between the two observations, this
method also was not susceptible of much accuracy

In thc case of the particular problem of the detei-
mination of the lme of apses, Hipparchus made use of
another method, and his skill 1s shewn 1n a stiiking mannet
by his recognition that both the eccentuicity and position
of the apsc line could be determmed from a knowledge of



46 A Short History of Astronomy [Cm II

the lengths of two of the seasons of the year, z.e of the
intervals into which the year 1s divided by the solstices
and the equinoxes (§ 11) By means of his own observa-
tions, and of otheis made by his predecessors, he ascer-
tained the length of the spring (from the vernal equimnox to
the summer solstice) to be g4 days, and that of the summer
(summer solstice to autumnal equinox) to be gz3 days, the
length of the year bemng 3654 days As the sun moves
i 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 1s longer than the
summer, 1t follows that the sun must, on the whole, be
moving more slowly during the spring than mn any other
season, and that it must therefore pass through the apogee
in the spring. If, therefore, m fig 18, we diaw 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 hie 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 1s
a matter of some complexity The angle P E Ao was found
to be about 65° so that the sun would pass through 1ts
apogee about the begmning of June ; and the eccentricity
was estimated at S

The motion bemng thus represented geometrically, 1t
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 ¢ s E of fig 17, which 1s the excess of the actual
longitude of the sun over the longitude which it would
have had if moving umifoimly

Owmng 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 1ideas, very accurate, but the theory represented
the sun’s motion with an accuracy about as gieat as that
of the observations It 1s 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 etror never exceeds about 1/, a quantity sensible
to the naked eye

The theory of Hipparchus iepresents the variations in
the distance of the sun with much less accuiacy, and
whereas 1n fact the angular diameter of the sun varies by
about %5th part of itself, or by about 1’ 1n the course of
the year, this variation according to Hipparchus should be
about twice as great  But this erro1 would also have been
quite imperceptible with his instruments

Hipparchus saw that the motion of the sun could equally
well be represented by the other device suggested by
Apollonius, the epi-
cycle. The body the
motion of which 1s to be
represented 1s 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 15 m fact
evident that if a circle
equal to the eccentric,
but with its centre at & ===
(ﬁg 19), be taken as Fic 19.—The epicycle and the dcferent
the deferent, and if &'
be taken on this so that & s’ 1s parallel to cs, then s’ s 1s
parallel and equal to & ¢, and that therefore the sun s, moving
unifoimly on the eccentric, may equally well be regarded
as lying on a circle of radius s’ s, the centie 8 of which
moves on the defeient The two constructions lead 1n
fact in this paiticular problem to exactly the same result,
and Hipparchus chose the eccentric as bemng the simpler

40 The motion of the moon beng much more com-
plicated than that of the sun has always piesented difficulties
to astronomers,’ and Hipparchus required for 1t a more
elaborate construction  Some turther desciption of the

* At the present time there 1s still a small discrepancy bctween the
observed and calculated places of the moon  Sce chapter xni., § 290.
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moon’s motion 1s, 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 piecisely this
peniod (about 294 days) 1s 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
moon returns to the same position with respect to the
stars m a somewhat shorter time, this period (about 27
days 8 hours) 1s known as the sidereal month. Agamn, the
moon’s path on the celestial sphere 1s slightly inclined to
the ecliptic, and may be regarded approximately as a great
circle cutting the ecliptic n two nodes, at an angle which
Hipparchus was probably the first to fix definmitely at
about 5°% Moreover, the moon’s path 1s always changing
in such a way that, the inclination to the ecliptic remamning
nearly constant (but cf chapter v, § 111), the nodes move
slowly backwards (from east to west) along the ecliptic,
performing a complete revolution n about 19 years. It 1s
therefore convenient to give a special name, the dracomtic
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, 1s
not uniform, the variations being greater than in the case
of the sun  Hippaichus appears to have been the first to
discover that the part of the moon’s path m which the
motion 1s most rapid 1s not always in the same position on
the celestial sphere, but moves continuously , or, in other
words, that the lme of apses (§ 39) of the moon’s path
moves The motion 1s an advance, and a complete circuit
15 described n about nine years Hence arises a fourth
kind of month, the anomalistic month, which 1s the peiiod
1 which the moon returns to apogee or perigee

To Hipparchus 1s due the ciedit of fixing with gicate:

* The name 1s nteresting as a 1emnant of a very eaily supersti-
tion Echpses, which always occul near the nodes, were at oune
time supposed to be caused by a dragon which devomied 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 obseivations 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 obseivations, 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 eccentiic, the centre of
which described a circle round the earth in about nme
yeais (corresponding to the motion of the apses), the plane
of the eccentric being inchined to the ecliptic at an angle
of 5° and shding back, so as to iepiesent the motion of
the nodes already described

The result cannot, however, have been as satisfactory as
mn the case of the sun The variation 1n the rate at which
the moon moves 1s not only greater than in the case of
the sun, but follows a less sunple law, and cannot be ade-
quately 1epresented by means of a single eccentuc, so
that though Hipparchus’ work would have represented the
motion of the moon 1n certain paits of her orbit with fair
accuracy, there must necessarily have been elsewhere dis-
crepancies between the calculated and observed places.
There 1s some indication that Hipparchus was aware of
these, but was not able to reconstruct his theory so as to
account for them

41 In 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 eccentiics to repiesent their motion, but
collected fiesh observations for the use of his successors
He also made use of these observations to determine with
more accuracy than before the aveiage times of revolution
of the several planets

He also madc a satisfactory cstimate of the size and
distance of the moon, by an cclipse method, the leading
1dea of which was due to Anstaichus (§ 32), by observing
the angular diameter of the carth’s shadow (Q R) 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
mnoon, which gives either when

* In the figure, which 1s taken
from the D¢ Revoluiromibus of
Coppernicus (chapter 1v, § 85),
let b, X, M represent respectively
the centres of the sun, earth, and
moon, at the time of an eclipse of
the moon, and let sQ G, s R Edenote
the boundaries of the shadow-cone
cast by the earth, then g R, drawn
at right angles to the axis of the
cone, 1s the breadth of the shadow
at the distance of the moon We
have then at once from similar
triangles

GK—QM AD—GK MK XD
Hence if xop=#n Mx and
also AD = n (radius of moon), 7
being 19 according to Arstarchus,
¢k—oM 2 (radius of moon)—G x

1.1
2 (radius of moon)—Gx
=N GK—HN QM

raaius of moon + radius of
shadow

= (1 + %) (radius of earth).
Byobscrvation the angular 1adius
of the shadow was found to bc
about 40’ and that of the moon to
be 15/, so that
radius of shadow = j1adius of moon,
. radius of moon

= % (1+ th) (radius of caith).

But the angular radins of the moon

being 15’ 1ts distance 1s nceessarnily

about 220 times its radius,

and  distance of the moon

=60 (1 + ’31) (1aduus of the earth),

which 1s 1oughly Hippaichus’s
S resull, if # be any farly laige

Fic 20 —The eclipse method number

of connecting the distances
of the sun and moon
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the other 15 known Hippaichus knew that the sun was
vety much more distant than the moon, and appears to
have tried more than one distance, that of Aristarchus among
them, and the result obtamned m each case shewed that
the distance of the moon was nearly 59 times the radius
of the earth  Combining the estimates of Hipparchus and
Arnstarchus, we find the distance of the sun to be about 1,200
times the radius of the earth—a number which remained sub-
stantially unchanged for many centuries (chapter viu , § 161)

42 The appearance mn 134 Bc of a new star m the
Scorpion 1s said to have suggested to Hipparchus the
construction of a new catalogue of the stats. He included
1,080 stars, and not only gave the (celestial) latitude and
longitude of each star, but divided them according to then
brightness mto six magnitudes The constellations to which
he refers are nearly identical with those of Eudoxus (§ 26),
and the hst has undergone few alterations up to the present
day, except for the addition of a number of southern con-
stellations, nvisible 1n the civilised countries of the ancient
world. Hipparchus recorded also a number of cases mn
which three or more stars appeaied to be in line with one
another, or, more exactly, lay on the same gieat circle,
his object bemng to enable subsequent observers to detect
more easily possible changes m the positions of the stars.
'The catalogue remained, with slight alterations, the standard
one for nearly sixteen centuries (cf chapter 111, § 63)

The construction of this catalogue led to a notable
discovery, the best known probably of all those which
Hipparchus made In comparnng his observations of certain
stars with those of Timocharis and Anstyllus (§ 33), made
about a century and a half catlier, Hipparchus found that
then distances from the equinoctial pomts had changed
Thus, in the case of the bright star Spica, the distance
from the equinoctial pomnts (measured eastwards) had
ncreased by about 2° mn 150 yeas, or at the rate of 48" per
annum  Further inquiry showed that, though the roughness
of the obscivations produced consideiable variations m the
case of ciflerent stars, there was cvidence of a general
increase 1 the longitude of the stars (measured 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 stais was enough to
justify him 1n concluding that the change could be
accounted for, not as a motion of mdividual stars, but
rather as a change in the position of thc equmoctial
pomts, from which longitudes were measured Now these
points are the intersection of the equator and the ecliptic
consequently one or another of these two cucles must have
changed But the fact that the latitudes of the stars had
undergone no change shewed that the ecliptic must have
retained 1ts position and that the change had been caused

g

EQuaTor

N
Fic 21 —The increase of the longitude of a star

by a motion of the equator Again, Hipparchus measued
the obhiquity of the ecliptic as several of his predecessors
had done, and the results indicated no appreciable change.
Hipparchus accordingly mnferred that the equator was, as
it were, slowly shding backwards (z¢ from east to west),
keeping a constant inchination to the echiptic

The argument may be made clecarer by figmes In
fig 21 let v denote the ecliptic, v N the equator, s a
star as seen by Timochans, s M a gieat cucle drawn per-
pendicular to the ecliptic. Then s M 15 the latitude, v™
the longitude Let ' denote the sta: as seen by Hippaichus,
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then he found that s M was equal to the former s,
but that v was gieater than the former rm, o1 that M’

Nl

Frc 22 —The movement of the equator

was shightly to the east of M This change m M bemng
nearly the same for all stars, it was simpler to attribute it

to an cqual motion m the
opposite direction of the
pomnt T, say from T to '
(fig 22), 7¢. by a motion of
the cquator from +N to
v/, 1its mclmation N v’ u
remaining equal to its foimer
amount ¥ M. The general
effect of this change 1s shewn
m a different way n fig. 23,
whete © v/ = 2’ being the
ecliptic, A B ¢ D 1cpresents
the equator as 1t appeared
mn the time of Timochaiis,
A'3'cp (pmted m red)
the same 1n the time of
Hipparchus, 1, = being the

F1e. 23 —Ihe precession of the
Lquinoxes

earlier positions of the two cquinoctial pomts, and 1/, o'

the later positions.
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The annual motion T ' was, as has been stated, estimated
by Hipparchus as beng at least 36" (equivalent to one
degree 1n a century), and probably more. Its true value 15
considerably more, namely about 50

An mmportant consequence of the motion of the equator
thus discovered 1s that the sun 1n 1its annual journcy round
the ecliptic, after starting fiom the equinoctial point, returns
to the new position of the equinoctial pomt a httle before
returning to 1ts origmal position with respect to the stars,
and the successive equinoxes occur shghtly earlier than they

v’

Y
Fic 24 —The precession of the equinoxes

otherwise would From this fact 15 derived the namc pre-
cession of the equinoxes, or more shortly, precession, which
1s applied to the motion that we have been considering
Hence 1t becomes necessary to recognise, as Hippaichus
did, two different kinds of year, the tropical year or period
required by the sun to ieturn to the same position with
respect to the equinoctial pomts, and the sidereal year o
pertod of return to the same position with respect to the
stars If T v’ denote the motion of the equimnoctial pont
during a tropical year, then the sun after startmg fiom the
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equinoctial pomnt at 7 arrives—at the end of a tropical
year—at the new equinoctial point at +', but the sidereal
year 15 only complete when the sun has further described
the arc r'r and returned to its onginal starting-pomnt .
Hence, taking the modern estimate 50" of the arc + v/, the
sun, m the sidereal yeai, describes an arc of 360°% 1n the
tropical year an arc less by 50", or 359° 59’ 10", the lengths
of the two years are therefore i 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
3653 X 50

It
1,296,000"), and 1s theiefore 1296000

days or about 20

minutes

Another way of expressing the amount of the precession
15 to say that the equmoctial pomnt will describe the
complete crcuit of the ccliptic and 1eturn to the same
position after about 26,000 years

The length of each kind of year was also fixed
by Hipparchus with considerable accuracy  That of
the tropical year was obtammed 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 Arstaichus of Samos, with that
of the year 135 BcC, that the cuirent estimate of 3652
days for the length of the year had to be diminished
by dsth of a day or about five minutes, an estimate
confirmed roughly by other cases It 1s intercsting to
note as an 1illustation 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
erroneous to the extent of about 3 day, while that of an
cqumox may be expected to be within # day of the truth
In the illustration given, this would indicatc a possible
ciror of 1] days in a period of 145 years, or about 15
minutes in a year Actually his estimate of the length of
the year 1s about six minules too great, and the crror 15
thus much less than that which he indicated as possible.
In the coutse of this work he considered also the possibility
of a change 1n the length of the year, and arrived at the
conclusion that, although his observations weie not precise
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enough to show definitely the invariability of the year, there
was no evidence to suppose that 1t had changed.

The length of the tiopical year bemng 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 asceitaned to exceed
3654 days by about 1o minutes, a result agrecing 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 crroneous times of
the several equinoxes and solstices employed, the cirors
in them would tend to produce errors of opposite kinds
mn the tropical year and 1n precession, so that they would 1n
part compensate one another. This estimate of the length
of the sidereal year was probably also to some extent
verfied by Hipparchus by comparing eclipse obseivations
made at different epochs

43 The great improvements which Hippaichus effected
1 the theories of the sun and moon naturally enabled him
to deal more successfully than any of his predecessors with
a problem which 1n 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 thiown 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
m the time of Aristotle (§ 29), and probably much ealier
(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 weie 1dentical with the ecliptic, then, once evely
month, at new moon, the moon (M) would pass exactly
betwcen the earth and the sun, and the latter would ho
eclipsed, and once every month also, at full moon, the
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moon (') 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 1s 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, ;¢
when they have the same longitudes, or when they are

Fic 25 —The caith’s shadow

i opposition, ze when then longitudes differ by 180°,
and they will then n either case be too far apart for an
echipse to occur Whether then at any full or new moon
an echpse will occur or not, will depend primarly on the
latitude of the moon at the time, 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 ECLIPTIC s’
F1e. 26 —The ccliptic and the moon’s path

to be near onc of the nodes (N), as at s M 1n fig 26, the
sun and moon will be so close together that an eclipse
will occur , but if 1t occurs at a considerable distance fiom
a node, as at s' v/, therr centres are so far apart that no
eclipse takes place.

Now the appaient diameter of either sun or moon 1s,
as we have seen (§ 32), about 1°, consequently when their
discs just touch, as in fig 2%, the distance between their
centres 15 also about 1° If then at conjunction the dis-
tance betwcen then centres 1s less than this amount, an
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echipse of the sun will take place, 1f not, there will be no
echipse It 15 an easy calculation to determine (in fig 26)
the length of the side w s or N M of the triangle N M s,
when s M has this value, and hence to
detetmine the greatest distance from the
node at which conjunction can take place
if an eclipse 1s 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 carth at the
distance of the moon The apparent siz¢
Fic 27 —Thesun Of the shadow 1s, however, considerably
and moon greater than the apparent size of thc moon,
and an eclipse of the moon takes place 1if

the distance between the centre of the moon and the centre
of the shadow 1s less than about 1° As before, 1t 15 casy
to compute the distance of the moon or of the centre of the
shadow from the node when opposition occurs, 1f an eclipse
just takes place As, however, the apparent sizes of both
sun and moon, and consequently also that of the carth’s
shadow, vary according to the distances of the sun and

Fic 28 -—Partial eclipse of Fic 29 — l'otal eclipse ot
the moon the moon

moon, a variation of which Hippaichus had no accurate
knowledge, the calculation becomes 1eally a good deal morc
complhcated than at first sight appeais, 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 averlap partially (as m fig 28), the latter
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when the moon’s disc 1s completely immersed 1n the
shadow (fig 29) In the same way an eclipse of the sun
may be partial o1 total; but as the sun’s disc may be at
times shghtly larger than that of the moon, 1t scmetimes
happens also that the whole disc of the sun 1s hidden
by the moon, except a narrow ring iound the edge (as
m fig 30) such an echipse 1s called annular. As the
earth’s shadow at the distance of the moon
1s always larger than the moon’s disc, annular
eclipses of the moon cannot occur

Thus echipses take place 1f, and only 1f,
the distance of the moon from a node at
the time of conjunction o1 opposition lies . 30 —Annulat
within certamn limits approximately known ,  cclipse of 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 Hippaichus
possessed ~ Moreover, the length of the synodic and
draconitic months (§ 40) being once ascertained, 1t became
merely a matter of arnthmetic to compute one or more
periods after which eclipses would 1ecur nearly in the same
manner  For if any period of time contans 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
1s at the same distance as before from the node and the
eclipse recuis very much as before  The saros, for example
(chapter 1, § 17), contained very nealy 223 synodic o
242 draconitic months, differng from cither by less than
an hour Hipparchus saw that this period was not com-
pletely reliable as a means of predicting echipses, and
showed how to allow for the iregularities in the moon’s
and sun’s motion (§§ 39, 40) which were ignored by 1,
but was unable to deal fully with the difficulties arisimng
from the variations in the appaient diameters of the sun
or moon

An mmportant complication, howevel, arises in the case
of eclipses of the sun, which had been noticed by eailier
wiiters, but which Hipparchus was the fiist to deal with
Since an eclipse of the moon 1s an actual darkening of the
moon, 1t 1s visible to anybody, whercver situated, who can
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see the moon at all, for example, to possible inhabitants
of other planets, just as we on thc earth can see preciscly
similar eclipses of Jupiter's moons. An cclhipse of the sun
1s, however, merely the screening off of the sun’s hght from
a particular observer, and the sun may thetefore be echipsed
to one observer while to another elsewhere 1t 15 visible as
usual Hence m computing an eclipse of the sun 1t 15
necessary to take mto account the position of the observer
on the earth. The simplest way of domng this 1s 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 1n some standaid position on the earth, preferably
M

Fic 31 —Parallax

an 1deal observer at the centre of the emth If, 1n
fig 31, M denote the moon, ¢ the centie of the carth,
A a pomnt on the earth between ¢ and v (at which therefore
the moon 15 overhead), and B any other point on the carth,
then observers at ¢ (or o) and B see the moon 1 shghtly
different directions, ¢ M, B M, the difference between which
1s an angle known as the parallax, which 1s equal to the
angle 8 M ¢ and depends on the distance of the moon,
the size of the earth, and the position of the observer
at 3 In the case of the sun, owing to 1its great distance,
even as estimated by the Greeks, the paiallax was in all
cases too small to be taken into account, but i 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 carth could be
deduced by allowing for parallax, and the conditions of
an echipse of the sun visible theie could be computed
accordingly

From the time of Hippaichus onwards lunar eclipses
could easily be predicted to within an how or two by
any ordinary astronomer, solar eclipses probably with lecss
accuracy , and 1 both cases the prediction of the extent of
the eclipse, ze of what portion of the sun o1 moon would
be obscured, probably left very much to be desired

44 The great services rendered to astionomy by Hippai-
chus can hardly be better expiessed than in the words of
the great Fiench historian of astronomy, Delambie, who 1s
1n general no lenient critic of the work of his predecessors —

“When we consider all that Hipparchus mvented or periccted,
and reflect upon the number of his works and the mass ot
calculations which they 1mply, we must regard um as one of
the most astonishing men of antiquity, and as the greatest of all
mn the sciences which are not puiely speculative, and which
requue a combination of geometrical knowledge with a
knowledge of phenomena, to be obscrved only by dihigent
attention and refined instruments ” *

45 For nearly three centuries after the death of Hippai-
chus, the history of astionomy 1s almost a blank Sevcral
textbooks wutten duning this period aie extant, shewing
the gradual populansation of his great discoverics  Among
the few things of interest i these books may be noticed
a statement that the stars are not necessaily on the sur-
face of a sphae, but may be at difleient distances fiom
us, which, however, there are no means of cstimating, a
conjecturce that the sun and stars are so far off that the caith
would be a meie pomnt seen fiom the sun and mvisible
from the stars, and a re-statement of an old opmion
traditionally attributed to the Iigyptians (whether of the
Alexandrme period or earlier 15 uncertan), that Venus and
Meicury revolve round the sun It scems also that m this
period some attempts were made to eaplan the planctary

* Ihistone de st onomie ducienne, Vol 1, p 185
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motions by means of epicycles, but whether these attempts
matked any advance on what had been done by Apollonius
and Hipparchus 1s uncertain

It 1s mteresting also to find 1 Py (AD 23-79) the
well-known modern aigument for the spherical form of the
earth, that when a ship sails away the masts, etc, 1emain
visible after the hull has disappeared from view

A new measurement of the circumference of the eaith by
Posidonus (born about the end of Hipparchus’s life) may
also be noticed, he adopted a method simlar 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 1t

46. The last great name mn Greek astronomy 1s that
of Claudius Ptolemaeus, commonly known as Plolemy, of
whose life nothing 1s known except that he lived 1n
Alexandria about the middle of the 2nd century ap
His reputation 1ests chiefly on his gieat astronomical
treatise, known as the Abmagest* which 15 the source
from which by far the greater part of our knowledge of
Greek astronomy 1s denved, and which may be faurly
regarded as the astronomical Bible of the Middle Ages
Several other minor astronomical and astrological treatises
are attnbuted to him, some of which are probably not
genuine, and he was also the author of an unportant work
on geography, and possibly of a treatise on Opfus, which
15, however, not certunly authentic and maybe of Aiabian
origin ~ The Opfws discusses, among other topics, the
refraction o1 bending of light, by the atmosphere on the
carth 1t 15 pomnted out that the hight of a sta o1 other
heavenly body s, on entering our atmosphere (at a) and on
penctrating to the lower and denser portions of 1t, must
be gradually bent or refracted, the 1esult bemg that the

¥ The chiet MS bears the title ueyddy oivrakis, or great composi-
tion though the author refers to his book elsewhere as pednuarich
otrrafs (mathematical compos: tion) The Arabian translators, cithe:
thiough admuration o1 caiclessness, converted weydAn, great, 1into
ueylorn, greatest, and hence 1t became known by the Aiabs as
Al Magist, whence the Latin Absagestuz: and om A4 hinagest
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sta1 appeais to the observer at B nearer to the zenith z
than 1t actually s, z¢ the light appeais to come from s
mstead of from s, 1t 1s shewn further that this effect must
be gieater for bodies near the horizon than for those near
the zenith, the Iight fiom the former travelling thiough
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 o1 moon
when rising or setting, the lower edge bemng raised by

Fic 32 —Refraction by the atmospheic

refraction more than the upper, so that a contraction of
the veitical diameter 1esulls, the horizontal contiaction
being much less.

47 The dimageszrs avowedly based largely on the work
of cailict astionomers, and m particular on that of Hippai-
chus, for whom Ptolemy continually cxpresses the greatest
admiration and respect Many of 1ts contents have there-
fore alrcady heen dealt with by anticipation, and need not
be discussed agan m detail.  The Dook plays, however,
such an mmpoitant part m astronomical history, that 1t
may be worth while to give a shoit outhne of 1ts contents,

* The better known apparent enlaigement of the sun or moon
when nsmg o1 setting has nothing 1o do with 1cfiaction  Ii 18 an

optical allusion not veiy satistactorily explaned, but probably due to
the lesser biilhancy of the sun at the tune,
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mn addition to dealing more fully with the parts in which
Ptolemy made important advances

The Abmagest 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 nsing and setting of the stais in different zones of the
earth , there aie also given the solutions of some important
mathematical problems,* and a mathematical tablet of
considerable accuracy and extent But the most intercst-
ing parts of these ntroductory books deal with what may
be called the postulates of Ptolemy’s astronomy (Book I,
chap 1.) The first of these 1s that the earth 1s spherical ,
Ptolemy discusses and 1ejects 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 m Anstotle (§ 29), possibly
as bemng too 1econdite and difficult, and adding the
argument based on the mcrease 1 the aiea of the earth
visible when the observer ascends to a height. In his
geography he accepts the estumate given by Posidonius
that the circumference of the earth 1s 180,000 stadia The
other postulates which he enunciates and for which he
argues are, that the heavens are sphercal and revolve like
a sphere, that the earth 1s in the centre of the heavens,
and 1s merely a pomnt 1n comparison with the distance of
the fixed stars, and that 1t 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 piLo-
bable than any otheis with which the author was acquainted,
on which to base mathematical calculations which should
explan observed phenomena.f His attitude 1s thus

* In sphercal trigonometry

T A table of choids (or double smes of half-angles) for every 1°
from o° to 180°

I His proceduie may be compared with that of a political
economist of the school of Ricardo, who, 1n order to establish somc
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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 Galiler (chapter v ), 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 mnquiry The arguments which
Ptolemy produces in support of his postulates, arguments
which were probably the commonplaces of the astronomical
wiiting 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, mn fact, scarcely capable of
either proof or disproof with the evidence which Ptolemy
had at command His argument m favour of the immo-
bility of the earth 1s interesting, as 1t shews his clear
perception that the more obvious appearances can be
explamned equally well by a motion of the stais or by a
motion of the earth, he concludes, however, that 1t 1s
easier to attribute motion to bodies like the stars which
seem to be of the nature of fie than to the solid earth,
and pomts 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 1evolve round
the sun

The thud book of the 4Zmagest 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 fowth book of the Almagest, which treats of
the length of the month and of the thcoiy of the moon,
contains one of Ptolemy’s most impoitant discoveries We
have seen that, apait from the motion of the moon’s orbit
as a whole, and the rcvolution of the lmne of apses, the
chief uregularity or mequalily 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 any1atc aic more plausible
than any other equally simple set, and deduces hom them a number
of abstiact conclusions, the apphicabiity of which to 1cal hife has
to be considered 1in mdividual cases  But the peifunctory discussion
which such a witer gives ot the quahties ol the “cconomic man”

cannot of course be 1egarded as lis dehberate and final estimate
of human natuie,

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 theie
was a further mequality i the moon’s motion—to which
the name evection was afterwaids 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 1elative
to the sun and apogee, and found that, although there was
a satisfactory agreement at new and full moon, theie was a
considerable error when the moon was half-full, provided
1t was also not very nea perigee or apogee Hipparchus
based his theory of the moon chiefly on observations of
eclipses, z¢ on observations taken necessarily at full or new
moon (§ 43), and Ptolemy’s discovery 1s due to the fact
that he checked Hipparchus’s theory by observations taken
at other times. To represent this new mequality, 1t was
found necessary to use an epicycle and a deferent, the latter
being itself a moving eccentric circle, the centie of which
revolved round the earth To account, to some extent, for
certain remaming discrepancies between theory and obser-
vation, which occuired neither at new and {ull moon, nor
at the quadratures (half-moon), Ptolemy ntroduced fuither
a certain small to-and-fro oscillation of the cpicycle, 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 m the cxpiession for the moon’s
longitude, a stz 6 + bsm (2 ¢ — §), where @, b aie two numerical
quantities, m round numbecrs 6°and 1° 61s the angular distance of
the moon fiom perigee, and ¢ 1s the angular distance fiom the sun
At conjunction and opposition ¢ 1s 0° or 180° and the two leims
1educe to (@—b) sm @ This would be the form i which the
equation of the centre would have presented itself to Hipparchus
Ptolemy’s correction 1s therefore equivalent to adding on

b[sm 6 + sz (2 ¢—0)), or 2 b stn ¢ cos (p—0),
which vanishes at comyjunction or opposition, but reduces at the
quadratures to 2 4 szzz 6, which agam vamshes if the moon 1s at apogee
or perigee (f = o° or 180°, but has its gieatest value half-way
between, when 6 = 9o° Ptolemy’s construction gave rise also to
a still smaller term of the type,
csm2¢ [cos(2¢ + 0) + 2cos (2 ¢ — 0)],

which, 1t will be observed, vanishes at quadratures as well as at
conjunction and opposition,
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Ptolemy thus succeeded 1n fitting his theory on to his
observations so well that the crror seldom excecded 10/,
a small quantity in the asttonomy of the time, and on
the basis of this constiuction he calculated tables from
which the position of the moon at any requued time could
be easily deduced

One of the inherent weaknesses of the system of epi-
cycles occurred m this theory in an aggiavated foom It
has already been noticed 1n connection with the theory of
the sun (§ 39), that the eccentric or epicycle produced an
erroneous variation m the distance of the sun, which was,
however, imperceptible in Greek tumes Ptolemy’s system,
however, repiesented the moon as being sometimes nearly
twice as far off as at others, and consequently the appaient
diameter ought at some times to have been not much moie
than half as great as at others—a conclusion obviously
mconsistent with observation It seems piobable that
Ptolemy noticed this difficulty, but was unable to deal with
1t, 1t 15 at any 1ate a sigmificant fact that when he 15 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 obtamned fiom his lunai theory and
appeals to duect observation (cf also § 51, note)

49 The fifth book of the Almagest contamns an account
of the construction and use of Ptolemy’s chief astronomical
mstiument, a combination of graduated circles known as
the astrolabe. *

Then follows a detaled discussion of the moon’s
patalla (§ 43), and of the distances of the sun and moon
Ptolemy obtains the distance of the moon by a parallax
method which 15 substantially identical with that still in use
If we know the direction of the line ¢ M (fig 33) joming the
centres of the earth and moon, o1 the direction of the
moon as secn by an observer at 4, and also the direction
of the line B M, that 15 the dnection of the moon as scen
by an observer at B, then the angles of the triangle c 8 M
are known, and the 1atio of the sides ¢ B, ¢ M 15 known

* Hete, as clsewhere, I have given no detailed account of astro-
nomical nstruments, beheving such descriptions to be n geneial
neirther interesting nor mtelligible to those who have not the actual
mstiuments before them, and to be of hittle use to those who have
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Ptolemy obtamed the two directions 1equired by means
of observations of the moon, and hence found that ¢ m
was 59 times C B, or that the distance of the moon was
equal to 59 times the radws 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 1s substantially the same
as that obtamned by Hippaichus (§ 41), 1s, however, only

M

Fie 33.—Parallax

about % of the tiue number, as indicated by modein
work (chapter xir, § 284)

The sixth book 1s devoted to eclipses, and contains no
substantial additions to the work of Hippaichus

so The seventh and eighth books contam a catalogue of
stars, and a discussion of precession (§ 42) The catalogue,
which contains 1,028 stais (three of which are duplicates),
appears to be nearly identical with that of Hipparchus
It contamns none of the stars which were visible to Ptolemy
at Alexandua, but not to Hipparchus at Rhodes Morc-
over, Ptolemy professes to deduce fiom a comparison of
his observations with those of Hippaichus and others the
(erroneous) value 36" for the precession, which Hipparchus
had given as the least possible value, and which I’tolemy
regards as his final estimate. But an exammation of
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the positions assigned to the stars in Ptolemy’s catalogue
agrees better with thewr actual positions m the time of
Hipparchus, corrected for precession at the supposed rate of
36" annually, than with their actual positions 1n Ptolemy’s
time It 1s therefore probable that the catalogue as a
whole does not represent genume observations made by
Ptolemy, but 1s substantially the catalogue of Hipparchus
coriected 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 origmnal contribu-
tions to asttonomy The problem of giving a satisfactory
explanation of the motions of the planets was, on account
of their far greater mregulanty, a much more difficult one
than the corresponding problem for the sun or moon The
motions of the latter are so nearly umform that therr
irregulanties may usually be regarded as of the natwie of
small corrections, and for many purposes may be ignoied
The planets, however, as we have seen (chapter 1, § 14), do
not even always move from west to east, but stop at mtervals,
move 1n the reverse dnection for a time, stop again, and
then move again 1n the original direction It was probably
recognised 1n early times, at latest by Eudoxus (§ 26), that
In the case of three of the planets, Mats, Jupiter, and Satuin,
these motions could be represented roughly by supposing
each planct to oscillate to and fro on each side of a fictitious
planet, moving umiformly round the celestial spheie 1 or
near the ecliptic, and that Venus and Mercury could
similaily be regarded as oscillating to and fro on each side
of the sun These 10ugh motions could easily be mter-
preted by means of revolving spheres or of epicycles, as was
done by Eudoxus and piobably agan with more precision
by Apollonmus In the case of Jupiter, for example, we
may rcgaid the planct as moving on an epicycle, the centre
of which, ;, describes uniformly a deferent, the centre of
which 1s the emth  The planct will then as seen from the
carth appear alternately to the cast (as at 1,) and to the
west (as at 1,) of the fictitious planet 7, and the extent of
the oscillation on cach side, and the inteival between suc-
cessive appearances 1n the extieme 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 1s moreover
evident that with this arrangement the appaient motion
of Jupater will vary considerably, as the two motions—that
on'the epicycle and that of the centre of the epicycle on
the defeient—are sometimes n the same direction, so as
to increase one anothers effect, and at other times m
opposite directions  Thus, when Jupiter 1s most distant
from the earth, that s at J, the motion 15 most rapid, at
J; and J, the motion as seen from the earth 1s nearly the

same as that of 7, while at J, the two motions ar¢ mn
opposite directions, and the

j. size and motion of the epr-
cycle having been chosen m
u the way mndicated above,
it 1s found 1n fact that the
motion of the planet m the
epicycle 1s the gieater of the
two motions, and that there-
fore the planct when i
this position appeas to be
moving from cast to west
(from left to nght mn the
figure), as 1s actually the
Fic 34 —Jupiter’s epicycle case As then at n and
and deferent J: the planct appears to
be moving fiom west to
east, and at j, m the opposite direction, and sudden
changes of motion do not occui in astronomy, there must
be a position between j, and Jj, and another between
j, and J, at which the planet 1s just reveising its direction
of motion, and therefore appears for the nstant at rest
We thus arrive at an explanation of the stationaiy pomts
(chapter 1, § 14) An exactly smular scheme explans
roughly the motion of Metcuy and Venus, except that
the centre of the epicycle must always be 1n the direction
of the sun
Hipparchus, as we have seen (§ 41), found the current
1epresentations of the planetary motions maccurate, and
collected a number of fresh obscrvations  These, with
fresh observations of his own, Ptolemy now cmployed
in order to construct an improved planctary system.
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As 1 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
mtroduced a new pomnt called an equant (&), situated at
the same distance from the centie of the deferent as the
earth but on the opposite side, and 1egulated 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 '
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 1 a small
crcle  The deviations of the
planets from the ecliptic
(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
echiptic at various small angles

By means of a system of this Fic 35 —Thc equant
kind, worked out with gicat
care, and evidently at the cost of enormous labour, Ptolemy
was able to repiesent with very fan exactitude the motions
of the planets, as given by the obscrvations 1n his possession.

It has becn powmted out by modern cutics, as well as by
some mediaeval writers, that the use of the equant (which
played also a small part n Plolemy’s lunar theory) was a
violation of the principle of employmg only uniform cncular
motions, on which the systems of Hipparchus and Ptolemy
were supposed to be based, and that Ptolemy himself
appeared unconscious of his nconsistency It may, how-
ever, fairly be doubted whether Hipparchus or Itolemy
ever had an abstract belief 1n the exclusive virtue of such
motions, except as a convenicnt and easily mtelligible
way of 1cpresenting certain more complicated motions,
and 1t 15 difficult to conceive that Hipparchus would have
scrupled any mowe than his great follower, m using an
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equant to represent an wregular motion, if he had found
that the motion was thereby represented with accuracy
The criticism appears to me 1n fact to be an anachronism
The earlier Gieeks, whose astronomy was speculative rather
than scientific, and agam many astronomers of the Middle
Ages, felt that 1t was on @ priworz grounds necessary to re-
present the ““perfection” of the heavenly motions by the
most “perfect” or regular of geometrical schemes, so that
1t 1s hghly probable that Pythagoras or Plato, or even
Arnstotle, would have objected, and certain that the
astronomers of the 14th and 1s5th centuries ought to have
objected (as some of them actually did), to this mnnova-
tion of Ptolemy’s But there seems no good reason fou
attributing this a preor: 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 m fact the appaient
motions are unaffected by any alteration 1 the scale on
which defeient and epicycle aie constructed, provided that
both are altered proportionally Ptolemy expiessly states that
he had no means of estimating numerically the distances of
the planets, or even of knowing the order of the distance of
the several planets He followed tracition n accepting
conjecturally 1apidity of motion as a test of nearness, and
placed Mars, Jupiter, Satwin (which perform the cncuit
of the celestial sphere n about 2, 12, and 29 years re-
spectively) beyond the sun in that order As Venus and

® The advantage dernived from the use of the equant can be made
clearer by a mathematical comparison with the elliptic motion n-
troduced by Kepler In elliptic motion the angular motion and
distance are 1epresented approximately by the formulee 5z + 2¢ sn 1,
a (I — ¢ cos nt) 1espectively, the correspondmng formule given by
the use of the simple eccentric aie nf + ¢ sue ndy @ (1 — ¢ cos nt)
To male the angular motions agree we must thercfore take ¢/ = 2¢,
but to make the distances agrec we must take ¢’ = ¢, the two con-
ditions are theictore inconsistent But by the intioduction of an
equant the formulac become nf + 2¢' sm uty a (1 — ¢ cos nt), and
both agree 1t we takc ¢ = ¢ Ptolemy’s lunar theory could have
been neaily ficed fiom the scrious difficulty ahcady noticed (§ 48)
if he had used an equant to represent'the cluet mequality of the
moon, and his planetaiy theory would have becn made accuiate
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 1egarded
as on the aveiage performing thewr revolutions 1 a year,
the test to some extent failled n their case, but Plolemy
agan accepted the opinion of the “ancient mathematicians ”
(2 ¢ probably the Chaldaeans) that Mercuiy and Venus lie
between the sun and moon, Mercury bemng the nearer to
us (Cf chapter:, § 135)

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 Anstotle Modern
cnticism has made clear, a fact which indeed he nevei
conceals, that his work 1s to a large extent based on that
of Hipparchus, and that his observations, 1f not actually
fictitious, weie at any rate 1n 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 contiibutions to astronomy were the discovery
of evection and his planetary theory, but we ought probably
to rank above these, important as they are, the seivices
which he tendered by pieserving and developing the great
1deas of Hipparchus—ideas which the other astronomers
of the time weie probably ncapable of appreciating, and
which might casily have been lost to us if they had not
been embodied m the Almagest

53 The history of Gieek astronomy practically ceascs
with Ptolemy The practice of observation died out so
completely that only eight obseivations are known to have
been made during the eight and a half centuries which
sepatate him from Albategnius (chapter 1, § 59) The
only Greck wuters after Plolemy’s time are compilers and
commentatois, such as Z%eon (# av 365), to none of
whom origmal 1deas of any mportance can be attributed.
The murder of his daughter Hypatia (oD 415), herself
also a writer on astionomy, maiks an cpoch m the decay
of the Alexandrine school ; and the end came in \ b 640,
when Alexandiia was captured by the Aiabs

* De Morgan classes nm as a geomcter with Arclhimedes, Euclid,

and Apollonius, the thice great geometars of antiquily
+ The legend that the books 1 the hibiary scived for s1x months as
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54 It remains to attempt to estimate buefly the value of
the contributions to astronomy made by the Greeks and of
therr method of mvestigation It 1s obviously umeasonable
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 1t 1s 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 then 1deas were not clear In habuts
of thought and scientific aims the contrast between Pytha-
goras and Hipparchus 1s probably greater than that between
Hipparchus on the one hand and Coppernicus or even
Newton on the other, while 1t 1s not unfan to say that the
fanciful 1deas which peivade the work of even so great a
discoverer as Kepler (chapter vir, §§ 144, 151) place his
scientific method 1n some respects behind that of his great
Greek predecessot

The Gieeks inherited from their predecessors a number
of observations, many of them executed with considerable
accuracy, which were nearly suffictent for the 1equirements
of piactical life, but in the matter of astrononucal theory
and speculation, in which thewr Dest thinkers were very
much more interested than in the detailed facts, they
recewved virtually a blank sheet on which they had to write
(at first with indifferent success) thewr speculative idcas
A considerable interval of time was obviously necessaty to
bridge over the gulf separating such data as the eclipsc
observations of the Chaldaeans from such 1deas as the
harmomcal spheres of Pythagoras, and the necessary
theoretical structuie could not be erected without the usc
of mathematical methods which had giadually to be n
vented That the Greeks, paiticularly 1n carly times, paid
Iittle attention to making observations, 15 tiue cnough, buf
it may fanly be doubted whether the collection of fiesl
material for observations would 1eally have cainec
astronomy much beyond the pomt reached by the
Chaldaean observers  When once speculative 1deas, mad
fuel for the furnaces of the public baths 1s 1¢jected by Gibbon anc

otheis One good 1eason for not accepting 1t 1s thal by this tum
therc were probably very few books left to burn
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definite by the aid of geometiy, had been sufficiently
developed to be capable of comparison with observation,
rapid progress was made The Greek astronomers of the
scientific period, such as Arstarchus, Eiatosthenes, and
above all Hipparchus, appear moieover to have followed
in their researches the method which has always been
fruitful n physical science—namely, to frame provisional
hypotheses, to deduce therr mathematical consequences,
and to compare these with the 1iesults of observation
There are few better illustrations of genuine scientific
caution than the way m which Hipparchus, having tested
the planetary theories handed down to him and having
discovered therr sufficiency, delibeiately abstained from
building up a new theory on data which he knew to be
insufficient, and patiently collected fresh maternial, never to
be used by himself, that some future astronomer nught
thereby be able to arrive at an mmpioved theory

Of positive additions to our astronomical knowledge
made by the Greeks the most stuking 1n some ways 1s the
discovery of the approximately spherical form of the earth,
a result which later work has only shghtly modified But
then explanation of the chief motions of the solai system
and their resolution of them mto a compaiatively small
number of simpler motions was, 1n reality, a far more 1m-
portant contribution, though the Greek epicyclic scheme
has been so remodelled, that at first sight 1t 1s dafficult to
recognise the relation between 1t and our modern views
The subscquent history will, however, show how completely
each stage m the progress of astronomical science has
depended on thosc that preceded

When we study the gieat conflict m the time of Copper-
nicus between the ancient and modern 1deas, our sympathies
naturally go out towards those who supported the latter,
which are now known to he moie accuiate, and we are apt to
forget that those who then spoke m the name of the ancient
asttonomy and quoted Ptolemy weie mdeed believers 1n
the doctrines which they had deiwved fiom the Greeks, but
that then mecthods of thought, ther ficquent refusal to face
facts, and thewr appeals to authorty, weic all entircly
foreign to the spirtt of the great men whose disciples they
believed themselves to be



CHAPTER IIL
THE MIDDLE AGES

“The lamp burns low, and through the casement bais
Grey morming ghmmers fecbly ”
BrowNING's Paracelsus

55 ABoUT fourteen centuries elapsed between the publica-
tion of the A/magest and the death of Coppernicus (1543),
a date which 1s 1 astronomy a convenient landmaik on the
boundary between the Middle Ages and the modern world
In this petiod, nearly twice as long as that which separated
Thales from Ptolemy, almost four times as long as that
which has now elapsed smce the death of Coppernicus, no
astronomical discovery of first-rate importance was made.
There were some impoitant advances n mathematics, and
the art of observation was mproved, but theoretical
astronomy made scarcely any piogress, and in some respects
even went backwaid, the current doctrines, 1f 1 somec
pomts shightly moie coriect 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 centuiics after Ptolemy
After that time ensued an almost total blank, and scveral
more centuties clapsed before therc was any appreciable
revival of the interest once felt in astronomy

56 Meanwhile a remaikable development of science had
taken place m the Hast during the 7th century The
descendants of the wild Aiabs who had cairied the banner
of Mahomet over so large a part of the Roman empue, as
well as over lands lying farther east, soon began to fcel the
influence of the civilisation of the peoples whom they had
subjugated, and Bagdad, which 1 the 8th century became

76
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the capital of the Caliphs, rapidly developed nto a centre of
literary and scientific activity = Al Mansur, who 1eigned
from AD 754 to 773, 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 arrval at his
court 1n 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 remamed the standard
treatise for nearly half a centuiy TFiom Al Mansur’s time
onwards a body of scholais, 1n the first mnstance chiefly
Syrian Christians, were at work at the court of the Caliphs
translating Gieck wuitings, often through the medium of
Syriac, mto Arabic The first translations made were of
the medical tieatises of Hippocrates and Galen, the
Aunstotelian 1deas contamed m the latter appear to have
stimulated mterest 1n the wrtings of Austotle himself, and
thus to have enlarged the range of subjects 1egarded 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 apphcations  Certain Mahometan
certemonial obscivances requued a knowledge of the
duection of Mecca, and though many woishippers, living
anywhere between the Indus and the Stiatts of Gibraltar,
must have satisfied themsclves with 1ough-and4eady
solutions of this problem, the assistance which astionomy
could give n fixmg the tiue dircction was welcome n
larger centics of population The Mahometan calendai,
a lunar one, also required some attention i order that
fasts and feasts should be kept at the proper times  More-
over the belief m the possibility of predictng the futwe
by mecans of the stas, which had floutished among the
Chaldaeans (chapter 1, § 18), but which remained to a gieat
extent 1n abeyance among the Giecks, now revived rapidly
on a congenial oriental soil, and the Caliphs were probably
quite as much mterested 1 sceing that the learned men of

* The data as to Indian astronomy aic so unceitamn, and the
evidence of any mmpoitant original contnibutions 1s so shght, that I
have not thought it woith whilc to enter mto the subject n any
detail  The chiel Indian treatises, ncluding the one 1eferied to mn
the text, bear strong maiks of having been based on Gieck wriings
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thewr courts were proficient in astrology as in astronomy
proper

The first translation of the AZmagest was made by oider
of Al Mansur’s successor Harun al Rasid (Ap 765 o1 766
-AD. 809), the hero of the Arabian Nights 1t secms,
however, to have been found difficult to tianslate , fresh
attempts weire made by Homewn ben Ishak (-873) and
by his son Zskak ben Honein (-gio or gir), and a final
version by Zabit ben Korra (836-9o1) appearcd towaids
the end of the gth century Ishak ben Honem translated
also a number of other astionomical and mathematical
books, so that by the end of the gth century, after which
translations almost ceased, most of the more mmportant
Greek books on these subjects, as well as many mno:
treatises, had been translated. To this activity we owe
our knowledge of several books of which the Greek originals
have perished.

57 Duung the peurod in which the Caliphs lived at
Damascus an observatory was erected there, and another on
a moie magnificent scale was built at Bagdad 1n 829 by the
Caliph Al Mamun The nstruments used were superior both
1n size and 1n workmanship to those of the Greeks, though
substantially of the same type. The Arab astronomers
introduced moreover the excellent piactice of making
regular and as far as possible nearly continuous observa-
tions of the chief heavenly bodies, us well as the custom
of noting the positions of known stars at the begmning
and end of an eclipse, so as to have afterwards an exact
record of the times of their occuirence  So much import-
ance was attached to conect observations that we are told
that those of special interest weie 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 lus 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 haidly
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 1ssued, based on much the same
principles as those in the AZmagest, but with changes m
such numencal data as the relative sizes of the vauous
circles, the positions of the apogees, and the iclations
of the planes, etc

To Tabit ben Korra, mentioned above as the translator of
the AZimagest, belongs the doubtful honour of the discovery
of a supposed variation mn the amount of the piccession
(chapter 11, §§ 42, 50) To account for this he devised a
complicated mechanmism which produced a certain alteration
in the position of the ecliptic, thus introducing a puely
mmaginary complication, known as the trepidation, which
confused and obscured most of the astronomical tables
issued during the next five o1 six centuries

59 A far greater astronomer than any of those mentioned
m the pieceding articles was the Arab prince called
from his birthplace Al Battani, and better known by the
Latimised name A4Zategniuns, who carried on observations
from 878 to 918 and died mn 929 He tested many of
Ptolemy’s 1esults by fiesh observations, and obtained
mole accuiate valucs of the obliquity of the echptic
(chapter 1, § 11) and of precession He wrote also a
treatise on astronomy which contamed mmproved tables
of the sun and moon, and included his most notable dis-
covery—namely, that the direction of the pomt in the
sun’s orbit at which 1t 1s farthest from the caith (the
apogec), or, i other woids, the direction of the centie of
the eccentiic 1epresenting the sun’s motion (chapter 11,
§ 39), was not the same as that given m the Almagest,
from which change, too great to be attnbuted to meae
cirors of obscivation or calculation, 1t might fauly be
mferred that the apogee was slowly moving, a 1esult which,
however, he did not cxplicitly state  Albategnius was also
a good mathematician, and the author of some notable
mprovements i methods of calculation !

Go. The last of the Bagdad astronowmers was Adbul 1V afa

" Ile mntioduced mto tugonometiy the usc of szues, and made also
some lttle use of ‘tangents, without apparcntly 1eahsing then im-
portance  he also used some new formulee for the solution of
sphencal tnangles,
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(939 or 940—998), the author of a voluminous treatise on
astronomy also known as the A/lmagess, which contained
some new 1deas and was written on a different plan from
Ptolemy’s book, of which 1t 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 fo1 the evection, there remained a fuither
wregularity in the moon’s motion which was imperceptible
at conjunction, opposition, and quadrature, but appieciable
at the intermediate points It 1s possible that Abul Wafa
here detected an inequality rediscovered by Tycho Biahe
(chapter v., § rr1) and known as the variation, but it
1s equally likely that he was merely restating Ptolemy’s
prosneusis (chapter 11, § 48) * In either case Abul Wafa’s
discovery appears to have been entirely ignored by his
successors and to have borne no fruit. He also carned
further some of the mathematical improvements of his
predecessois

Another neaily contemporary astronomer, commonly
known-as /bn Yunos (P-1008), worked at Cauo under
the patronage of the Mahometan 1ulers of Egypt He
published a set of astronomical and mathematical tables,
the Hakemte Tables, which remained the standaid ones for
about two centuries, and he embodied 1in the same book
a number of his own observations as well as an cxtensive
series by earlier Arabian astronomers

61 About this time astronomy, mn common with other
branches of knowledge, had made some progress m the
Mahometan dominions m Spamn and the opposite coast
of Africa A great library and an academy were founded
at Cordova about 970, and centres of education and learning
were established 1n rapid succession at Cordova, ‘Toledo,
Seville, and Morocco

The most mmportant work produced by the astronomers
of these places was the volume of astronomical tables
published under the direction of Arzackel mn 1080, and
known as the Zvletan Zuables, because calculated for an
observer at Toledo, where Aizachel probably hived To

* A prolonged but mndecisive contioversy has been caired on,

chiefly by Fiench scholars, with regard to the 1elations of Ptolemy,
Abul Wafa, and Tycho in this matter,
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the same school are due some improvements in instru-
ments and 1 methods of calculation, and scveral writings
wete published n criticism of Ptolemy, without, however,
suggesting any improvements on his i1deas

Giadually, however, the Spanish Christians began to drive
back then Mahometan neighbouts Coidova and Seville
were captuted 1 1236 and 1248 respectively, and with ther
fall Arab astronomy disappeaied fiom hustory

62 Before we pass on to consider the piogress of
astionomy m Euiope, two more astronomical schools of
the East deserve mention, both of which illustrate an
extiaordinaily rapid growth of scientific interests among
barbaious peoples  Hulagu Khan, a giandson of the
Mongol conqueror Genghis Khan, captuied Bagdad in 1258
and ended the rule of the Caliphs there  Some years
before this he had recewved nto favour, partly as a political
adwiser, the astionomer Nassiz Zddin (boin 1n 1201 at Tus
in Khoiassan), and subsequently provided funds for the
establishment of a magnificent observatory at Meraga, near
the north-west fiontier of modern Persia  Hete 2 number
of astionomers worked under the general supeuntendence
of Nassir Eddin ~ The instruments they used were 1emark-
able for ther size and careful construction, and weie
probably better than any used in Europe 1n the time of
Coppernicus, being surpassed fiist by those of Tycho Brahe
(chapter v )

Nassir Eddin and his assistants tianslated or commented
on nearly all the more 1mportant available Greck writings
on astionomy and allied subjects, including Euchd’s
Llements, several books by Archimedes, and the 4 /Zmnagest
Nassu Eddin also wrote an abstract of astronomy, maiked
by some little originality, and a tieatise on geometry He
does not appear to have accepted the authoiity of Ptolemy
without question, and objected mn paiticulam to the use
of the equant (chapter 11, § 51), which he teplaced by
a new combination of spheies Many of these tieatises
had for a long time a gieat 1eputation m the East, and
became 1n their turn the subject-matter of commentary.

But the gicat work of the Melaga astionomers, which
occupied them 12 years, was the 1ssuc of a 1evised set of
astronomical tables, based on the Hakemite Tables of Ibn

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

An 1mportant result of the obseivations of fixed stars
made at Meraga was that the precession (chapter 11, § 42)
was fixed at §1”, or within about 1” of 1ts tiue value Nassn
Eddm also discussed the supposed tiepidation (§ 58), but
seems to have been a little doubtful of its reality He died
n 12473, soon after his patron, and with him the Meiaga
School came to an end as rapidly as 1t was formed

63 Nearly two centuries later Ulugh Begl (born n 1394),
a grandson of the savage Tartar Tamecilane, developed a
great personal interest 1n astronomy, and built about 1420 an
observatory at Samarcand (in the present Russian Turkestan),
wheie 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 obseived afresh  This was probably
the first substantially independent catalogue made simnce
Hipparchus  The places of the stais were given with
unusual piecision, the munutes 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 munutes, 1t 1s
probable that the instruments used were extremely good
Ulugh Begh was muidered by his son m 1449, and with
him Tartar astronomy ceased

64 No great original 1dea can be attiibuted to any of the
Arab and other astronomers whose work we have sketched
They had, however, a remarkable aptitude for absorbing
foreign 1deas, and canymng them shghtly further. They
were patient and accurate observers, and shilful calculators.
We owe to them a long series of observations, and the
mvention or introduction of several mmportant improve-
ments 1 mathematical mcthods * Among the most
mportant of their services to mathematics, and hence to
astronomy, must be counted the imtroduction, from India,

* For esample, the practice of ticating the trigonometrical functions

as algebrarc quantilies to be manipulated by tormula, not meiely
as geometrical lines.
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of our present system of writmng numbers, by which the
value of a numeral 1s altered by 1ts position, and fiesh
symbols are not wanted, as i the clumsy Greek and
Roman systems, for higher numbers An immense sim-
phfication was thereby itroduced mnto aithmetical work *
More mportant than the actual origmal contitbutions of
the Aiabs to astronomy was the service that they performed
mn keeping alive interest 1 the science and preserving the
discoveries of therr Greek predeccssors.

Some curious relics of the time when the Aiabs wecie
the great masters in astronomy have becn preserved 1n
astronomical language  Thus we have denved from them,
usually 1n very coriupt foims, the curient names of many
mdividual stars, e ¢ Aldebaran, Altan, Betelgeux, Rigel,
Vega (the constellations bemng mostly known by Latin
translations of the Greek names), and some common
astionomical teims such as zenith and nadir (the mvisible
pomt on the celestial sphere opposite the senith); while
at least one such woid, almanack, has passed into common
language. ,

65 In Europe the period of confusion following the hreak-
up of the Roman empne and preceding the definite formation
of feudal Europe 15 almost a blank as regards astronomy,
or indeed any other natural science  The best ntellects
that were not absorbed in practical lifc were occupied
with theology. A few mecn, such as the Venerable Bede
(672-735), living for the most part n secluded monasteries,
were noted for then leaining, which mcluded 1n general
some portions of mathematics and astronomy, none were
noted for theu addiions to scientific knowledge. Some
advance was made by Chalemagne (74 2-814), who, 1n
addition to ntroducing something like oider mto his
extensive dominions, made encrgetic attempts to develop
cducation and leaining  In 782 he summoned to his court
out learned countryman 4/Zcuin (735-804) to give instiuction
In astronomy, arithmetic, and thetorie, as well as m other
subjects, and mvited other scholais to jom him, formmg
thus a kind of Academy of which Aleun was the head.

¥ Any one who has not realised this may do so by petlorming

with Roman numetals the simple oper ation of multiplying by itsclf
a number such as Mpcccxevin
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Charlemagne not only founded a higher school at his
own court, but was also successful i urging the ecclesi-
astical authorities m all parts of his domimons to do
the same. In these schools were taught the seven hiberal
arts, divided into the so-called trivium (grammar, rhetotic,
and dialectic) and quadrivium, which included astronomy
1n addition to arithmetic, geometry, and music

66. In the 1oth century the fame of the Arab lcaining
began slowly to spread through Spain mto other paits of
Europe, and the mmmense leaining of Gerbert, the most
famous scholar of the century, who occupied the papal
chair as Sylvester II from 999 to 1003, Was attributed 1n
large part to the time which he spent 1n Spain, either
or near the Moorish dominions He was an ardent student,
indefatigable 1n collecting and reading 1aie books, and
was especially interested in mathematics and astronomy
His skill 1n making astiolabes (chapter 11, § 49) and other
nstruments was such that he was popularly supposed to
have acquired his powers by selling hus soul to the Ewil
One Other scholars shewed a smlar interest m Aiabic
learning, but 1t was not till the lapse of another centuty
that the Mahometan influence became mmportant

At the beginning of the 12th century began a scrics of
translations from Arabic mto Latin of scientific and
philosophic treatises, paitly original woiks of the Arabs,
partly Arabic translations of the Gieek books Onc of the
most active of the translators was Plato of 1'woli, who
studied Arabic m Spam about 1716, and translated Alba-
tegnius’s Astzonomy (§ 59), as well as other astionomical
books At about the same time Euchd’s Llements, among
other books, was translated by Azkelard of Balk — Glerardo
of Cremona (1114-1187) was even morc industuous, and
s said to have made tanslations of about 7o scicntiic
treatises, mncluding the Almagest, and the Zvltan Zables
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 Inederick 1T,
who had come mto contact with the Mahometan learning
mn Sicily, gathered together a number of scholars whom he
duected to make a fiesh series of translations from the
Arabic.
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Arnstotle’s writings on logic had been preserved 1n
Latin translations from classical times, and were already
much esteemed by the scholars of the rrth and 12th
centuries  His other writings were first met with 1 Arabic
versions, and were translated into Latin during the end
of the rzth and during the 13th centuries, 1n one or two
cases tianslations were also made from the original Greek
The nfluence of Aristotle over mediceval 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 Aiab astronomy was very much
mcreased by the activity of A2fonso X ot T eon and Castile
(1223-1284), who collected at Toledo, a recent conquest
fiom the Arabs, a body of scholars, Jews and Christians,
who calculated under his general superintendence a set of
new astronomical tables to supeisede the Zvletan 7Tubies
These Aifonsine Tables were published 1n 1252, on the
day of Alfonso’s accession, and spread 1apidly through

tutope  They embodied no new 1deas, but several
numerical data, notably the length of the year, were
given with greater accuiacy than before To Alfonso 1S
due also the publication of the Zuros del Saber, a volu-
minous encyclopeedia of the astionomical knowledge of
the time, which, though compiled largely fiom Arab sources,
was not, as has sometimes been thought, a mere collection
of translations  One of the cunosities m this book 1s a
diagram repiesenting Mercmy’s o1bit as an cllipse, the
carth bemg m the centre (cf chapter vir, § 140), this
bemg probably the first trace of the 1dea of repiesenting
the celestial motions by means of cwives other than circles

67 To the r3th century belong also several of the great
scholars, such as A/bertus Magnus, Roger Bacon, and
Cecco & Ascols (from whom Dante leaint), who took all
knowledge for their province. Roger Bacon, who was born
mn Somersctshire about 1214 and died about 1204, wrote
three prmcipal books, called 1espectively the Opus Majus,
Opus Minus, and Opus Tertum, which contamed not only
tieatiscs on most existing branches of knowledge, but also
some extremcly interesting discussions of therr relative
mportance and of the nght method for the advancement
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of learming. He mveighs warmly agamst excessive acher-
ence to authorty, especially to _that of Anstotle, whose
books he wishes burnt, and speaks strongly of the mmport
ance of experrment and of mathematical 1casoning In
scientific mquiries  He evidently had a good knowledge
of optics and has been supposed to have been acquamnted
with the telescope, a supposition which we can haidly
regard as confirmed by his story that the invention was
known to Caesar, who when about to mvade Diitain sui-
veyed the new country from the opposite shores of Gaul
with a telescope '

Another famous book of this peitod was written by the
Yorkshireman John Halifax or Holywood, better known
by his Latimsed name Sacrobosco, who was for some tie
a well-known teacher of mathematics at Pans, wheie he
died about 1256 His Sphaera Mund: was an clementary
treatise on the easier parts of cuirent astronomy, dealing
mn fact with httle but the more obvious results of the
daily motion of the celestial sphere It enjoyed mmmense
populanty for three or four centuries, and was frequently
re-edited, translated, and commented on 1t was onc of
the very first astronomical books ever punted , 25 cditions
appeared between 1472 and the end of the century, and
40 more by the muddle 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 , theie were
no serious attempts at making progress, and no obscrvations
of importance were made A new school, however, giew
up in Germany during the 15th century which succeeded
in making some additions to knowledge, not in themselves
of first-rate impoitance, but significant of the gieater inde-
pendence that was beginning to inspire scientific work
George Purback, born mn 1423, became 1 1450 professol
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 Lpetonte
of Astronomy based on the Almagest, and also a latin
veision of Ptolemy’s planetary thcory, miended patly
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as a supplement to Sacrobosco’s textbook, from which
this part of the subject had been omitted, but m part
also as a treatise of a higher ovder » but he was hindered
m both undertakings by the badness of the only available
veisions of the Almagest—Latin translations which had
been made not duectly from the Gieek, but thiough
the medum at any 1ate of Arabic and vely possibly of
Synac as well (cf § 56), and which consequently swarmed
with mistakes He was assisted 1n this work by his more
famous pupil John Muller of Komgsberg (in Franconia),
hence known as Regumontanus, who was attracted to
Vienna at the age of 16 (1452) by Purbach’s reputation
The two astronomers made some observations, and were
strengthened 1n then conviction of the necessity of astio-
nomical reforms by the serious maccuracies which they
discovered 1n the A/fonsine Zabtes, now two centunes old,
an eclipse of the moon, for example, occuriing an hour late
and Mais being seen 2° from 1ts calculated place  Purbach
and Regliomontanus were mvited to Rome by one of the
Cardmals, laigely with a view to studying a copy of the
Almagest contained among the Greek manuscripts which
since the fall of Constantinople (1453) had come mto ITtaly
n considerable numbers, and they were on the pomnt of
starting when the elder man suddenly died (1461)
Regromontanus, who decided on gomng notwithstanding
Purbach’s death, was altogether seven years m Italy, he
there acquued a good knowledge of Greek, which he had
already Degun to study i Vienna, and was thus able to read
the dlmagest and other tieatises in the original, he completed
Puibach’s Zpitome of Astr onomy, made some obseivations,
lectured, wrote a mathematical ticatise ! of considerable
metit, 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
mvitation fiom the King of Hungary to arrange a valuable
collection of Greek manuscripts  The king, howeve1, soon

' On tngonometty He 1emtroduced the stne, which had been
forgotten, and made some use of the langent, but hke Albategnius
(§ 5972) did not 1calise 1its mmportance, and thus jemamed belnnd
Ibn Yunos and Abul Wata An important contiibution to mathe-
matics was a table of smcs calculated for evary minute fiom 0° to 9o,
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turned his attention from Greek to fighting, and Regiomon-
tanus moved once more, setthing this time mn Nurnberg, then
one of the most flourishing cities 1n Germany, a special
attraction of which was that one of the early printing
presses was established there  The Nurnberg citizens
received Regiomontanus with great honour, and one 1ich
man 1n particular, Bernard [Valther (1430-1504), not only
supplied him with funds, but, though an older man, became
his pupil and worked with him  The skilled artisans of
Nurnberg were employed 1n constructing astronomical
instruments of an accuracy hitherto unknown i Europe,
though probably still inferior to those of Nassir Eddmn and
Ulugh Begh (§§ 62, 63) A number of observations weie
made, among the most interesting bemng those of the comet
of 1442, the first comet which appears to have been
regarded as a subject for scientific study rather than for
superstitious terror Reglomontanus recogmsed at once the
mmportance for his wortk 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 hus own Here he brought out mn 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.
Arnstotle’s onginal view was that sun, moon, the five
planets, and the fixed stais were attached respectively to
eight spheres, one nside the other, and that the outer
one, which contamed the fixed stars, by 1its revolution was
the primary cause of the apparent daily motion of all the
celestial bodies The discovery of precession requred on
the part of those who cairied on the Aistotehan 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 Len
Koira 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 1n the obliquity of the ecliptic A few
writers invented a larger number OQutside these spheres
mediaeval thought usually placed the Empyrean or Heaven
The accompanying diagram illustiates the whole ariange-
ment

J\E‘JZV\
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F1c 36 —The cclestial spheres. Fiom Apian's Cosmographia

These spheics, which weie almost entinely fanciful and
In no seitous way even professed to account for the details
of the celestial motions, are of comse quite diffeient fiom
the cucles known as deferents and epicycles, which I Tippa-
chus and Ptolemy used These were meie geometical
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abstiactions, which enabled the planetary motions to be
represented with tolerable accuracy Each planet moved
freely in space, 1ts motion bemg represented ot described
(not” controlled) by a particular geometrical anangemnent
of circles  Purbach suggested a compiomise by hollowmng
out Austotle’s ciystal sphcaies till there was r1oom [fo
Ptolemy’s epicycles mside !

From the new Nurnberg press were 1ssued 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, 1n addition, a volume of
less popular Zphemerides, with astionomical information
of a fuller and more exact character for a period of about
3o years This contained, among other things, astionomical
data for finding latitude and longitude at sea, fo1 which
Regiomontanus had mvented 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 himsell
on his first voyage to Ametica

In 1475 Regiomontanus was wmvited to Rome by the
Pope to assist m a reform of the calendar, but died theie
the next year at the early age of forty

Walther carried on his fitend’s work and took a numba
of good observations, he was the first to male any
successful attempt to allow for the atmospheric refiaction
of which Ptolemy had probably had some knowledge (chap-
ter 1, § 46), to him 15 due also the practice of obtamning
the position of the sun by comparison with Venus mstead of
with the moon (chapter 11, § 39), the much slower motion
of the planet rendering greater accuiacy possible

After Walther’s death other observers of less menit carnied
on the work, and a Nurnbeig astionomuical school of some
kind lasted nto the 17th century

69 A few minor discoveries n asttonomy belong to this
or to a shghtly later period and may conveniently be dealt
with here

Lwnardo da Vina (1452-1519), who was not only a
gieat pamnter and sculptol, but also an anatomist, ecngimeer,
mechanician, physicist, and mathematician, was the finst

" That of “lunat distances,”
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to explain correctly the dim illumnation seen over the
rest of the swiface of the moon when the bright part 1s
only a thmn ciescent He pomied out that when the
moon was nearly new the half of the earth which was
then ilummated by the sun was turned nearly duectly
towaids the moon, and that the moon was 1n conscquence
illumnated shghtly by this earthshine, just as we arc by
moonshine. The explanation 1s mteresting m 1tself, and
was also of some value as shewing an analogy between
the eaith and moon which tended to bicak down the
supposed bariier between teriestrial and celestial bodies
(chapter v1, § 119)

JSerome Fracastor (1483-1543) and Peter Apian (r495-
1552), two volummous writels on astronomy, made obser-
vations of comets of some interest, hoth noticing that
a comet’s tail continually points away from the sun, as
the comet changes its position, a fact which has been
used m modern times to throw some light on the structure
of comets (chapter xu1, § 304)

Peter Nomus (1492-1577) deseives mention on account
of the knowledge of twilight which he possessed , several
problems as to the duration of twilight, 1ts vanation m
different latitudes, etc, were correctly solved by him, but
otherwise his numerous books are of no great mterest ¢

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 Sohn Fernel (1497-1558),
who airived at a 1csult the enor 1n which (less than 1 per
cent) was far less than could reasonably have been ex-
pected fiom the 10ugh methods employed

The Iife of Regiomontanus overlapped that of Copper-
nicus by threc years, the four writcis last named woic
neaily his contemporaries , and we may theicfore be said to
have come to the end of the compaiatively stationary period
dealt with 1n this chapter

* He did not nvent the measuiing instrument called the veriner,
often attubutcd to him, but something quite different and of very
nferior value,



CHAPTER 1IV.
COPPLRNICUS

“But m this our age, one 1aie witte (scemng the contmuall cirors
that {rom time to time morc and more continually have been dis-
coveled, besides the infinite absurditics in their Theoricks, which
they have been forced to admit that would not confesse any Mobihtie
i the ball of the Earth) hath by long studye, paynfull piactise,
and rare mnvention dchvercd a new Theorick o1 Model of the woild,
shewing that the Earth resteth not i the Center of the whole woild
or globe of elements, which encircled and enclosed 1n the Moone’s
orbit, and togethe:r with the whole globc of moitality 1s cairled
yearly round about the Sunne, which hike a king 1n the middest of
all, rayneth and giveth laws of motion to all the rest, sphaerically
dispersing his gloilous beames of hght thiough all this sacied
coelestiall Temple ”

Tiomas DiceEs, 1590

70 THE growng interest m astronomy shewn Dby the
work of such men as Regiomontanus was one of the caily
results m the 1egion of science of the gicat movement of
thought to different aspects of which aie given the names
of Revival of Leaining, Renaissance, and Xeformation
The movement may be rcgaded pumanly as a general
quickening of ntelligence and of nterest in matters of
thought and knowledge The nvention of printing caily
n the r5th century, the stimulus to the study of the Greel
authois, due 1n part to the scholais who were driven west-
wards after the captuie 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 intelhigence natmally brings with 1t
a tendency towaids inquiry into opmions recewved through
tiadition and based on some great authonty  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 gieat philosopher, just as the Reformers
shook the authonty of the Church by pomnting out what
they considered to be nconsistencies 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 1ndepend-
ently by the light of reason, the new scholars replaced
the authority of Anistotle by that of Plato or of Greek and
Roman antiquity 1n general, and the religious Reformers
teplaced the Chuich by the Bible Naturally, however,
the conflict between authorities produced 1n some minds
scepticism as to the principle of authonty itself, when
fieedom of judgment had to be exeicised to the extent
of deciding between authorities, 1t was but a step further
—a step, 1t 1s true, that comparatively few took—to use
the mdividual judgment on the matte: at 1ssue 1tself

In astronomy the conflict between authonties had already
ausen, paitly i connection with certain divergencies be-
tween Ptolemy and Austotle, partly 1in connection with
the various astronomical tables which, though on sub-
stantially the samc lines, differed 1n minor pomnts 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 great astionomer whose work has next to be
considered

71 Nicholas Coppermic or Coppes nius* was born on
Iebruary 19th, 1473, 1n a house sull pomted out n the little
trading town of Thorn on the Vistula Thorn now lies
just within the eastern frontier of the present kingdom of
Prussia, 1n the time of Coppernicus 1t lay m a 1egion over
which the King of Poland had some sort of suzerainty, the

* The name 15 spelled 1 a laige number of difterent ways both by
Coppernmicus and by his contcmporaties  He lumself usually wiote
lhis name Coppuinic, and in learned productions commonly used the
Latin foom Coppernicus  The spelling Copernicus 1s so much less
commonly used by him that I have thought 1t better to discard 1ty
cven al the usk of appearing pedantic
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precise nature of which was a contual 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 Koppermigk) was a merchant who came to Thorn
from Cracow, then the capital of Poland, in 1462 Whether
Coppernicus should be counted as a Pole or as a German
1s an 1ntricate question, over which his biographers have
fought at great length and with some acrimony, but which
1s not worth further discussion heie

Nicholas, after the death of his father 1n 1483, was unde:
the care of his uncle, Lucas Watzeliode, afterwards bishop
of the neighbouting diocese of Eimland, and was destined
by him from a very early date for an ecclesiastical carcer
He attended the school at Thorn, and at the age of 17
entered the Univeisity of Cracow  Here he seems to have
first acquired (or shewn) a decided taste for astionomy
and mathematics, subjects m which he probably received
help from Albert Brudzewsk:, who had a great 1eputation
as a learned and stimulating teacher, the lectuie lists of
the University show that the comparatively modern treatises
of Purbach and Regiomontanus (chapter 11, § 68) were
the standard textbooks used Coppernicus had no intention
of graduating at Cracow, and probably left after thiee
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 1n an unsuccessful candidature
for a canonry at Frauenburg, the cathedral city of his
uncle’s diocese

The next nme or ten years of his life (from 1496 o
1505 or 1506) weie devoted to studying mn Italy, his stay
there being broken only by a short visit to Frauenbuig in
1501 He worked chiefly at Bologna and Padua, but
graduated at Feriara, and also spent some tune at Rome,
where his astronomical knowledge evidently made a favour-
able mmpression  Although he was supposed to be m
Italy primanly with a view to studymng law and medicine,
1t 15 evident that much of his best work was bemng put
into mathematics and astronomy, while he also paid a good
deal of attention to Greek.

During his absence he was appomnted (about 149%) to



2
o
R
AR
XN
R
ALK
XA
OSO

iy
R,
AR RCRRRRX
AR

it

| M‘“:'
i

ALY

LA
N

et

R

XRURRE

QRTXRREROE

PRARARR

DR

)

\\“. f“"}'\\\‘\ X

RN

RO R
AL

O

NN
R
DR
X

SRR
W

X

COPPERNICUS [ Lojace p oq






§ 72] Life of Coppernscus 95

a canonry at Frauenburg, and at some uncertan date
he also received a sinecure ecclesiastical appomntment at
Breslau.

72 On retuning to Frauenburg from Italy Coppernicus
almost immediately obtamed fresh leave of absence, and
jomed 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 1deas 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 dishke of the contioversy to which the
publication of his book would almost certamnly give 11se
In 1509 he published at Ciacow his first book, a Latin
translation of a set of Greek letters by T heophylactus,
nteiesting as being probably the fist translation from the
Greek ever published m Poland or the adjacent districts.
In 1512, on the death of hus uncle, he finally settled n
Frauenburg, 1n a set of rooms which he occupied, with short
intervals, for the next 31 years Once fairly 1n residence,
he took his share in conducting the business of the
Chapter he acted, for example, moie than once as therr
lepresentative 1n various quarrels with the King of Poland
and the Teutonic kmights, m 1 523 hc was gencral
administrator of the diocese for a few months after the
death of the bishop, and for two periods, amounting alto-
gether to s1x years (1516-1519 and 1520-15271), he lived at
the castle of Allensten, admmistering some of the outlying
propeity of the Chapter. In r52r he was commissioned to
draw up a statement of the grievances of the Chapter
aganst the Teutonic kmights for presentation to the
Prussian Estates, and 1n the following year wrote a memo-
randum on the dcbased and confused state of the colnage
in the district, a paper which was also laid before the
Estates, and was afterwards rewritten in Latin ai the special
request of the hishop He also gave a certain amount
of medical advice to his fitends 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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1t 15 probable that a very large part of his ime duumng the
last 30 years of his Iife was devoted to astronomy

73. We are so accustomed to associate the revival of
astronomy, as of other branches of natural science, with
mncreased care n the collection of observed facts, and to
think of Coppernicus as the chief agent in the revival, that
1t 1s worth while here to emphasise the fact that he was n
no sense a great observer His instiuments, which were
mostly of his own construction, werc fa1 inferio1 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 1f he had wished fiom the workshops of Nurnberg,
his observations were not at all numerous (only 27, which
occur 10 his book, and a dozen or two besides being known),
and he appears to have made no serious attempt to securc
great accuracy ~ His determination of the position of onc
star, which was extensively used by him as a standard of
reference and was therefore of special impoitance, was m
error to the extent of nearly 40’ (more than the apparent
bieadth of the sun o1 moon), an crror which Hippaichus
would have considered very scrious His pupil Rhbeticus
(§ 74) reports an imnteresiing discussion between his master
and himself, in which the pupil urged the umportance of
making observations with all imaginable accumacy, Coppei-
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 hc could hope to attan
Coppernicus moreover pomts out i more than one place
that the high latitude of Fraucnbuig and the thickness of
the an were so detimental to good observation that, for
example, though he had occasionally been able to sce the
planet Mercury, he had never been able to obscive it
properly

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

In 1515 he was consulted by a commuittee appomnted by
the Lateran Council to consider the refonn of the calendar,
which had now fallen into some confusion (chapter 11,
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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 {riends, in reply to a
tract on precession, 1n which, after the manner of the time,
he used strong language about the ertors 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 doctine which was sufficiently
startling to attract notice outside astionomuical circles
About 1531 he had the distinction of being ridiculed on
the stage at some popular peiformance n the neighbour-
hood, and 1t 1s interesting to note (especially mn view of
the famous persecution of Galiler at Rome a century later)
that Lutherin his Zuble Zalk frankly described Coppernicus
as a fool for holding such opinions, which were obviously
contraiy to the Bible, and that Melanchthon, perhaps the
most learned of the Reformers, added to a somewhat similar
criticism a bioad hint that such opimons should not be
tolerated  Coppernicus appears to have taken no notice of
these or sumilar attacks, and still continued to publish nothing
No observation made later than 1529 occuts in his gieat
book, which seems to have been nearly 1n 1ts final form by that
date, and to about this time belongs an extiemely mterest-
ing paper, known as the Commentariolus, which contains a
short account of his system of the woild, with some of the
evidence for 1t, but without any calculations It was
appaiently written to be shewn or lent to friends, and was
not published , the manuscript disappeared after the death
of the author and was only rcdiscovered in 1878 The
Commentarwlus was probably the basis of a lectuie on
the 1deas of Coppernicus given m 1533 by one of the
Roman asttonomers at the request of Pope Clement VII
Thieec years later Cardmal Schomberg wrote to ask
Coppernicus for fuither mnformation as to his views, the
letter showing that the chief features weie already pietty
accuiately known

U Nullo denunn loco weption est quam wube nunus pucithier

hallwematiy  Nowhcie 1s hie more loohsh than where he sufters
from delusions of too childish a character
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74 Similar requests must have been made by others, but
his final decision to publish his 1deas seems to have been
due to the arnval at Frauenburg in 1539 of the enthusiastic
young astronomer generally known as RZeficus ' Boin n
1514, he studied astronomy under Schoner at Nurnberg,
and was appomnted m 1536 to one of the chans of
mathematics created by the mfluence 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
i them that he decided to visit the great astionomer at
Frauenburg  Coppernicus received him with catreme
kindness, and the visit, which was origmally intended to
last a few days or weeks, extended over nearly two ycars
Rheticus set to work to study Coppernicus’s manuscript,
and wrote within a few weeks of his arrival an extremely
mnteresting and valuable account of 1t, known as the First
Narrative (Prima Narratiwo), 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 1t printed as a teatbook
of the subject (Trigonometry) , 1t had probably been already
settled that he was to superintend the printing of the com-
plete book 1itself Coppernicus, who was now an old man
and would natuially feel that his end was appioaching, sent
the manuscript to his fiiend Giese, Bishop of Kulm, to do
what he pleased with  Giese sent 1t at once to Rheticus,
who made arrangements for having 1t printed at Nurnberg
Unfortunately Rheticus was not able to see 1t all thirough
the press, and the work had to be entrusted to Osiander,
a Lutheian preacher interested m astronomy  Osiander

* His real name was Geoig Joachim, that by which he 1s known
having been made up by himself from the Latin name of the district
where he was born (Rheetia)

t The Commentariolus and the Pruma Navratio give most 1caders
a better 1dea of what Coppernicus did than his larger book, in which
1t 1s comparatively difficult to disentangle his leading 1deas 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 1deas of Coppernicus would
cause, and added a prefatory note of his own (which he
onmutted to sign), praising the book m a vulgar way, and
declaring (what was quite contrary to the views of the
author) that the fundamental principles laid down 1n 1t
were merely abstract hypotheses convement for purposes
of calculation, he also gave the book the title De
LRevolutionsbus Orbuum Celestium (On the Revolutions of
the Celestial Spheres), the last two words of which were
probably his own addition The printing was finished 1n
the winter 1542-3, and the author receved 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 1dea with which the name of Coppernicus
1s associated, and which makes the De Revofutionibus one
of the most important books m all astronomical literature, by
the side of which perhaps only the Almagest and Newton’s
Lrincpa (chapter 1x, §§ 177 Seqq ) can be placed, 1s 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 1t Coppernicus tells us
that he had long been struck by the unsatisfactory nature
of the current explanations of astronomical observations,
and that, while searching 1n philosophical writings for some
better explanation, he had found a reference of Cicero to
the opmion of Hicetas that the emth turned round on its
axis duly He found similar views held by other Pytha-
goreans, while Philolaus and Arstarchus of Samos had
also held that the eaith not only 1otates, but moves
bodily round the sun or some other centre (cf chapter 11,
§ 24) The opmion that the eath 1s 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 Martionus Capella, who wrote a compendium of
science and philosophy n the sth or 6th century A.D
A more modern authonty, Nickolas of Cusa (1401-1464), a
mystic writer who refers to a possible motion of the earth,
was 1ignored or not noticed by Coppernicus None of
the wrters here named, with the possible exception of
Aunstaichus of Samos, to whom Coppernicus  apparently
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paid lttle attention, presented the opmions 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 opmions

It has sometimes been said that Coppernicus proved
what earher wiiters had guessed at or suggested , 1t would
perhaps be truer to say that he took up certain floating 1deas,
which were extremely vague and had never been worked
out scientifically, based on them certain definite funda-
mental principles, and from these prmciples developed
mathematically an astronomical system which he shewed to
be at least as capable of explamning the observed celestial
motions as any existing variety of the traditional Ptolemaic
system The Coppernican system, as 1t left the hands of
the author, was 1n fact decidedly superior to 1its rivals as
an explanation of ordinary observations, an advantage which
1t owed quite as much to the mathematical skill with which
1t was developed as to 1its first principles , 1t was in many
respects very much simpler, and 1t avoided certamn
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 hght For the predecessors of Coppernicus
there was, apart from variations of minor imporiance, but
one scientific system which made any seuous attempt to
account for known facts , for his immediate successors theie
were two, the newer of which would to an 1mpartial 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 obseivations tending to support
the one or the other, was mmmediately suggested as an
inquiry of first-rate 1mpoitance

76 The plan of the De Rewvolutionzbus bears a general
resemblance to that of the AZmagest In form at least
the book 1s not primarily an argument in favour of the
motion of the earth, and 1t 1s possible to 1cad much of
1t without ever noticing the presence of this doctine.

Coppernicus, like Ptolemy, begins with certain first prin-
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ciples or postulates, but on account of thewr novelty takes
a little more trouble than his predecessor (cf chapter 1r,
§ 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 1t
1s by the agreement of these calculations with observations,
far more than by the general reasoning given at the
begmning, that the various postulates are 1n effect justified

His first postulate, that the umiverse 1s sphencal, 1s
supported by vague and mconclusive 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 1ts curvature from east to west being
the fact that eclipses wisible at one place are not visible
at another A third postulate, that the motions of the
celestial bodies are umiformn circular motions or are com-
pounded of such motions, 15, as might be expected, sup
ported only by reasons of the most unsatisfactory character
He aigues, for example, that any want of uniformity in
motion

“must anse either from irregulanty in the moving power,
whether this be within the body or foreign to 1it, or from some
mequality of the body in revolution Both of which things
the mtellect shunks {rom with horror, 1t being unworthy to hold
such a view about hodies 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 onc motion, then
follows, and 1s more satisfactory though by no means con-
clusive Coppeinicus has a firm grasp of the principle,
which Austotle had also enunciated, sometimes known as
that of relative motion, which he states somewhat as
follows —

“TFor all change 1n position wluch 1s seen 1s due to a motion
erther of the observer or of the thing looked at, or to changes
in the position of both, provided that these are diflerent For
when things are moved equally relatively to the same things,
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no motion 1s percewved, as between the object seen and th
observer ” *

Coppernicus gives no proof of this punciple, regarding
it probably as sufficiently obvious, when once stated, t
the mathematicians and astronomers for whom he wa
wrting It 15, however, so fundamental that 1t may b
worth while to discuss 1t a little more fully

Let, for example, the observer be at A and an object a
B, then whether the object move from B to 8/, the obscrve:
remaining at rest, or the observer move an egua/ distance
in the gpposite direction, from a to &', the object remaining
at rest, the effect 1s to the eye exactly the same, sipce 1

’

B

Al
Fi1c 37 —Relative motion

either case the distance between the observer and object
and the direction in which the object 1s seen, 1epresented
in the first case by a B' and 1n the second by A’ 1, arc the
same

Thus if in the course of a year ether the sun passes
successively through the positions 4, B, ¢, p (fig 38), the
earth remaining at rest at 8, o7 1if the sun 1s at 1est and
the earth passes successively through the positions a, 4, ¢, &,

* Omums enum qua widetur secundum locun mattalio, it cst piroples
locum snutatio, aut est propler spectate ser motin, aut widentrs, i
certe disparen utrnusque nuntlationem  Nam witer mola aqualile)
ad ecaden: non percspitin wotus, mier 1em visam drco, el vadenten: (1)
Rev,I v)

I'have tried to remove some of the crabbedness of the orignil
passage by translating fieely
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at the corresponding times, the sun remaining at rest at s,
exactly the same effect 1s produced on the eye, provided
that the lines as, 45, ¢s, ds are, as in the figure, equal m
length and parallel 1n direction to EA,EB, EC, ED re-
spectively The same bemng true of intermediate points,
exactly the same apparent effect 1s produced whether the
sun describe the circle A 3 ¢ D, or the earth describe at
the same rate the equal circle a4 cd It will be noticed
further that, although the corresponding motions in the
two cases are at the same times 1 gpposife directions (as
at a and a), yet each circle as a whole 1s described,

B
174

D
b

Fic 38 —The rclative motion of the sun and moon

as mndicated by the arrow heads, in the same direction
(contiary to that of the motion of the hands of a clock,
in the figures given) It follows 1n the same sort of way
that an apparent motion (as of a planet) may be explained
as due paitially to the motion of the object, partially to
that of the observer

Coppeinicus  gives the famihar 1llustiation of the
Passenger 1n a boat who sees the land apparently moving
away fiom him, by quoting and explaining Vugil’s line —

“ Provelumur portu, terreeque urbesque recedunt ”

78 The application of the same 1deas to an apparent
rotation round the observer, as i the case of the apparent
daily motion of the celestial sphere, 1s a little more difficult.
It must be remembeied that the cye has no means of
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judging the duection of an object taken by 1itself, 1t can
only judge the difference between the direction of the
object and some other dunection, whether that of anothe:
object or a direction fixed 1 some way by the body
of the obseiver Thus when after looking at a star twice
at an interval of time we decide that i1t has moved, this
Mmeans that its direction has changed relatively to, say, some
tree o1 house which we had noticed nearly 1 1ts direction,
Or that 1its duection has changed relatively to the duection
in which we ae directing our eyes or holding our bodies
Such a change can evidently be interpreted as a change of
direction, eithe:r of the star

or of the line fiom the eye

to the tree which we used
as a line of 1eference To

+ apply this to the case of the
celestial sphere, let us sup-
pose that s 1epresents a star

on the celestial spheie, which
(for smmplicity) 1s overhead

to an observer on the caith

at a, this bemg determmed
by comparison with a line
A B drawn upright on the
earth  Nexat, earth and ce-
Fig 39 —lhe daily rotation of  Jestya] sphere being supposcd
the earth to have a common centic

at o, let us suppose fizs#ly

that the celestial sphere tuins 10und (in the dnection of
the hands of a clock) tll s comes to s, and that the
Observer now sees the star on his horizon or i a direction
at right angles to the ougmal ducction a B, the angle
turned thiough by the celestial sphere being s 0§, and
Secondly that, the celestial sphere being unchanged, the
earth turns round m the opposite diection, till A 1 comes
to A’ B, and the star 1s again seen by the obsciver on his
horizon  Whichever of these motions has taken place,
the observer sees exactly the same apparent motion 1n the
sky ; and the figure shews at once that the angle s o ¢’
through which the celestial sphere was supposed to turn
in the first case 1s equal to the angle A 0 A" thiough which

[¢>]

(%‘—. o
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the earth turns in the second case, but that the two
rotations are 1n 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, erther by an actual rotation of this character, or by
a rotation of the earth about an axs also passing through
the poles, and at the same rate, but in the opposite
direction, z¢ from west to east This 1s the first motion
which Coppernicus assigns to the earth

79 The apparent annual motion of the sun, 1n accordance
with which 1t appears to revolve round the earth 1n a path
which 15 neaily a circle, can be equally well explamed by
supposing the sun to be at rest, and the earth to describe
an exactly equal path round the san, the direction of the
tevolution bemng the same This 15 virtually the second
motion which Coppernicus gives to the earth, though, on
account of a pecularity in his geometiical method, he
resolves this motion into two others, and combines with
one of these a further small motion which 1s required for
precession *

8o Coppernicus’s conception then 1s that the earth
revolves round the sun in the plane of the ecliptic, while
rotating daily on an axis which continually pomnts to the
poles of the celestial sphete, and therefore retains (save for
precession) a fixed direction n space

It should be noticed that the two motions thus assigned
to the earth are perfectly distinct, each requires its own
proof, and explans a different set of appearances. It was
quite possible, with perfect consistency, to believe 1n onc
motion without believing 1n the other, as m fact a very
few of the 16th-century astronomeis did (chapter v, § 105)

In giving his reasons for believing 1n 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 1ound
another was a motion 1 which the revolving body moved as 1of
1igidly attached to the central body Thus n the case of the eaith
the sccond motion was such that the axis of the carth 1emamncd
inclimed at a constant angle to the hne Jomning carth and sun, and
thetcfore changed its direction 1n space  In order then to make the
axis 1cetain a (nearly) fixed direction 1n space, 1t was necessary to add
a turd motion
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earth Coppernicus discusses the chief objections which had
been urged by Ptolemy To the objection that if the caith
had a rapid motion of rotation about 1ts axis, the earth
would be mn danger of flymg to pieces, and the air, as well
as loose objects on the surface, would be left behind, he
replies that 1f such a motion weie dangerous to the sohd
earth, 1t must be much more so to the celestial sphere, which,
on account of 1ts vastly greater size, would have to movc
enormously faster than the eaith to complete 1ts daly
rotation, he enters also nto an obscuie discussion of
difference between a  natural” and an “artificial ” motion,
of which the former mught be expected not to disturh
anything on the earth

Coppernicus shews that the earth 15 very small compared
to the sphere of the stars, because wherever the obscrver
1s on the earth the horizon appears to divide the celestial
sphere mnto two equal paits and the observer appears always
to be at the centie of the sphere, so that any distance
through which the observer moves on the earth 15 -
perceptible as compared with the distance of the stas

81 He goes on to argue that the chief wregularity in the
motion of the planets, in virtue of which they move back-
wards at intervals (chapter 1, § 14, and chapter IT, §51),
can readily be explamed 1 general by the motion of the
earth and by a motion of each planet 1ound the sun, 1 1ts
own time and at its own distance From the fact that
Venus and Mercury were never seen very fai from the sun,
1t could be inferred that thewr paths weic neatel to the sun
than that of the earth, Mercury bemng the ncarcr to the sun
of the two, because never seen so far from 1t in the sky as
Venus The other three planets, being scen at tumes m a
direction opposite to that of the sun, must necessatily
evolve round the sun mn 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 oider of then 1espective distances
from the sun could be at once nferred from the disturbing
effects produced on their apparent motions by the motion
of the earth , Saturn being least alfected must on the whole
be farthest from the earth, Jupiter neat, 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 m accordance with the
rates of motion round the sun, Mercury performing 1ts
revolution most rapidly (in about 88 days ¥), Saturn most
slowly (in about 30 years) On the Coppernican system

F16 40 —The solar system according to Coppeimicus  Fiom the
De Revolutiornbus

the moon alone still revolved 1ound the earth, bemg the
only celestial body the status of which was substantially
* In this prehminary discussion, as m fig 40, Coppernicus gives

80 days, but in the moie detailed trcatment gwven m Book V' he
corrects this to 88 days.
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unchanged , and thus Coppernicus was able to give the
accompanymng diagram of the solar system (fig 40), 1epre-
senting his view of 1its general arrangement (though not of
the right proportions of the different paits) 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 scasonal cffects 1s

Fic 41 —Coppeinican explanation of the scasons  From the
De Revolutionibus

discussed 1n some detail, and 1illustiated by diagrams which
aie heie reproduced *

Infig 41 a, B, ¢, D represent the centre of the carth in four
posttions, occupied by 1t about December 231d, Maich 2141,
June 22nd, and September 2z2nd respectively (ve. at the

* Fig 42 has been shghtly altered, so as to make 1t agiree wilh
fig 41
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beginnings of the four seasons, according to astronomical
reckoning), the circle FGH1 1 each of 1ts positions
represents the equator of the earth, z¢ a great circle on
the eatth the plane of which 1s perpendicular to the axis
of the earth and 15 consequently always parallel to the
celestial equator  This cicle 1s not 1n the plane of
the ecliptic, but tilted up at an angle of 232° so that ¥
must always be supposed bedowr and H above the plane of
the paper (which represents the ecliptic) , the equator cuts
the ecliptic along 61 The diagram (in accordance with the
common custom 1in astronomical diagrams) repiesents the
various circles as seen from the north side of the equator
and ecliptic  When the earth 1s at A, the north pole (as 15
shewn more clearly mn fig 42, m which », »' denote the
notth pole and south pole respectively) 1s turned away

R Partes Boreae

A L E

F
K b Partes Auftrine.

Fic 42 —Coppeinican explanation of the seasons From the
De Revolutionibis

from the sun, E, which 1s 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 hemispheie see the sun for more
than half the day, and those beyond the Iine k L (in fig 42)
see the sun during the whole day Three months later,
when the earth’s centre 15 at B (fig 41), the sun lies 1 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 eaith daylight lasts for 12 hours and night for an
equal tume  Three months later sull, when the earth’s
centre 1s at ¢, the sun 15 above the plane of the equator,
and the inhabitants of the northern hemuspheie see the
sun for more than half the day, those on the southern
hemispheie for less than half, while those 1n parts of the
earth farther north than the line M~ (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 D (fig 41), the sun 1s agamn
1n the plane of the equator, and the day 1s everywhere equal
to the night

83 Coppernicus devotes the first eleven chapters of the
first book to this preliminary sketch of his system, thc
remainder of this book he fills with some mathematical
propositions and tables, which, as pieviously mentioned
(§ 74), had already been separately printed by Rheticus
The second book contamns chiefly a number of the usual
results relating to the celestial sphere and its apparent
daily motion, treated much as by eailier writeis, 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
obhiquity had decreased, which was in fact the case, though
to a much less extent than his mmperfect observations
indicated  The book ends with a catalogue of stars, which
1s Ptolemy’s catalogue, occasionally corrected by fresh
observations, and reairanged so as to avoid the effects of
precession *  When, as frequently happened, the Greck
and Latin versions of the 4Zmnagest gave, owing to copyists’
or printers’ errors, different results, Coppernicus appears to
have followed sometimes the Latin and sometimes the
Greek version, without in general attempting to ascertam
by fresh observations which was right

84 The third book begins with an elaborate discussion
of the precession of the equinoxes (chapter 11, § 42)  TFrom
a comparison of results obtained by Timocharis, by late
Greek astronomers, and by Albategnius, Coppernicus nfers
that the amount of precession has varied, but that its
average value 1s 50”2 annually (almost exactly the truc
value), and accepts accordingly Tabit ben Koria’s unhappy
suggestion of the tiepidation (chapter 11, § 58) An
examuination 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, mnstead of giving longitudes as measuied from the
first point of Aries (or veinal equinoctial pomnt, chapter 1., §§ 11, 13),
which moves on account of precession, measuied the longitudes trom
a standard fixed star (a Aruw#s) not far trom this point.
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Of much more 1nterest than the detailed discussion of tre-
pidation and of geometrical schemes for representing 1t 1s
the nterpretation 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, 1 which
its mchination to the ecliptic was sensibly unchanged
Now the 1deas of Coppernicus make the celestial equator
dependent on the equator of the eaith, and hence on 1ts
aals; 1t 15 1n fact a great circle of the celestial sphere
which 1s always perpendicular to the axis about which the
earth rotates dally Hence precession, on 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 echptic, and to return to its origmnal
position after a peitod of about 26,000 years (since a
motion of 50" 2 annually 1s equivalent to 360° or a complete
circuit m that period), i other words, the earth’s axis
has a slow conical motion, the central line (or axis) of the
cone being at night angles to the plane of the ecliptic

85 Precession being dealt with, the greater part of the
remainder of the third book 1s devoted to a discussion 1n
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 Almagest
was capable of being immediately apphed 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 ;Y mstead of -L.),
fixes the position of the apogee and perigee (chapter 11, § 39),
or rather of the equivalent aphelion and perihelion (z ¢ the
pomnts 1n the earth’s orbit where 1t 1s respectively farthest
from and nearest to the sun), and thus verifies Albategnus’s
discovery (chapter 111, § 59) of the motion of the line of
apscs. The theory of the earth’s motion 1s worked out 1n
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 1n the unwerse was substantially
unchanged by Coppernicus, and 1t might hence have been
capected that little alteration would have been required mn
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the traditional theory  Actually, however, there 1s scarcely
any part of the subject in which Coppeinicus did more to
diminish the discrepancies between theory and observation
He rejects Ptolemy’s equant (chapter 11, § 51), partly on
the ground that 1t produces an irregular motion unsuitable
for the heavenly bodies, partly on the more substantial
ground that, as alieady pomted out (chapter 1, § 48),
Ptolemy’s theory makes the apparent size of the moon at
times twice as great as at others By an ariangement of
epicycles Coppernicus succeeded 1n representing the chief
irregularities the moon’s motion, mcludmg evection, but
without Ptolemy’s prosneusis (chapter 11, $ 48) or Abul
Wafa’s nequality (chapter ur, § 60), while he made the
changes 1 the moon’s distance, and consequently 1n 1ts
apparent size, not very much greater than those which
actually take place, the difference bemng impeiceptible 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 ainves at substantially the same cstimate
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 Plolemy’s.
He also develops m some detail the effect of parallax on
the apparent place of the moon, and the variations n the
apparent size, owing to the variations in distance , and the
book ends with a discussion of eclipses

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

In the cases of Mercuiy and Venus, Ptolemy’s explana-
tion of the motion could with httle difficulty be rcarranged
so as to fit the ideas of Coppernicus  We have scen
(chapter 11, §51) that, minor wrregularitiecs being ignored,
the motion of erther of these plancts could be repiesented
by means of an epicycle moving on a deferent, the centre of

' According Lo the theory of Coppermcus, the diameter of the
moon when greatest was about } greater than 1its aveiage amount,
modcrn observations make this fraction about '; Oi, to put it othci~
wise, the diameter of the moon when greatest ought to exceed 1ts
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 regaid the epicycles of
both these planets as lying between the earth and the sun
The 1dea of making the sun a centre of motion having once
been accepted, 1t was an obvious simplification to make
the centre of the epicycle not merely lie 1n the direction
of the sun, but actually be the sun TIn fact, if the planet

E[ S

F16 43 —The orbits ot Venus and of the carth

1n 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 defeient, the path
of the planct round the sun 1eplacing the epicycle, and the
apparent path of the sun 1ound the earth (or the path of
the carth round the sun) replacing the deferent

In discussmg the time of revolution of a planet a dis-
tinction has to be made, as in the case of the moon (chap-
ter 1, § 40), between the synodic and sidercal periods of
levolution  Venus, for cxample, 15 seen as an evening star

8
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at 1its greatest angular distance from the sun (as at v
fig 43) at mtervals of about 584 days This 1s therefore
the time which Venus takes to return to the same position
relatively to the sun, as seen fiom the earth, or relatively
to the earth, as seen from the sun, this time 1s called
the synodic period But as during this time the line E s
has changed 1ts direction, Venus 1s no longer 1n the
same position relatively to the stars, as seen either from
the sun or from the earth If at first Venus and the

F1G 44 —The synodic and sidereal penods 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 ®,, Venus beng again at the greatest
distance from the sun will therefore be at v,, Ibutiwill
evidently be seen n quite a different part of the sky,
and will not have performed an exact revolution round the
sun. It1s mportant to know how long the line s v, takes
to return to the same position, z¢ how long Venus takes
to 1eturn to the same position with respect to the stars,
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as seen from the sun, an inteival 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 m 3584 days gamed a complete revolution on the
earth, or has gone as far as the earth would have gone 1n
584 + 305 or 949 days (fractions of days being omitted for
simplicity) , hence Venus goes m 584 x 443 days as far
as the earth 1 365 days, z¢ Venus completes a revolution
In 584 X 24301 225 days  This 1s 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 dimmish the error due to minor wrregularities,
and he therefore obtamed two observations of Venus at
a considerable nterval of time, in which Venus occupled
very nearly the same position both with respect to the sun
and to the stars, so that the mteival of time contained very
nearly an exact number of sidereal periods as well as of
synodic pertods By dividing therefore the observed
nterval of time by the number of sidereal periods (which
being a whole number could readily be estimated), the
sidereal period was easily obtamed A similar process
shewed that the synodic period of Merculy was about 116
days, and the sidereal period about 88 days

The comparative sizes of the orbits of Venus and
Mercury as compared with that of the carth could easily
be ascertamned from observations of the position of either
planet when most distant from the sun Venus, for
example, appears at 1ts greatest distance fiom the sun when
atapomt v, (fig 44) such that v, &, touches the circle m
which Venus moves, and the angle &, v, s 15 then (by
a known property of a cucle) a nght angle  7The angle
S B, v, bemng obseived, the shape of the triangle s &, v, 15
known, and the 1atio of 1ts sides can be teadily 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 roo, the couesponding modein figuies arc
72 3 and 38 7

87 In the case of the superior plancts, Mars, Juprtar,
and Saturn, 1t was much more difficult 1o 1ccognise that
thei motions could DLe explamed by supposing them to
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revolve round the sun, since the centre of the epicycle
did not always lie mn the direction of the sun, but might
be anywhere 1n the ecliptic  One peculanty, however,
in the motion of any of the supetior planets might easily
have suggested their motion round the sun, and was either
completely overlooked Dby Ptolemy or not iecognised by
him as mmportant It 1s possible that 1t was one of the
clues which led Coppernicus to his system  This pecul-
anty 1s that the 1adws of the epicycle of the planet,
77, 1s always parallel to the line Es jomning the eaith

and sun, and consequently peiforms a completer 1e-
volution mn a year  This

conncction Dbetween the
motion of the planet and
that of the sun 1ecewved
no explanation from
Ptolemy’s theoiy  Now
if we draw = J° parallel
to 7 J and equal to 1t in
length, 1t 1s easily seen *
that the line j' 7 1s cqual
and parallel to 1y, that
consequently 7 describes
a circle tound ' just as
7 1ound %  Hence the
Fic 45 —The epicycle of Jupiter  ‘motion of the planct can

equally well bc 1epre-
sented by supposing 1t to move 1 an epicycle (represented
by the large dotted cucle m the figure) of which J'1s the
centre and J' J the 1adius, while the centie of the cpicycle,
remaining always in the dircction of the sun, desciibes
a deferent (1epresented by the small cucle 1ound 1) of which
the earth 1s the centie By this method of iepiesentation
the motion of the superior planet 1s exactly like that of
an 1mferior planet, except that its epicycle 15 laiger than
its deferent, the same reasoning as befoic shows that the
motion can be 1epresented simply by supposing the centice
J' of the epicycle to be actually the sun  Ptolemy’s cpicycle
and deferent aie therefore capable of being replaced, with-
out affecting the position of the planet i the sky, hy a

* Fuchd, T 33
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motion of the planet m a circle 10und the sun, while the
sun moves round the earth, or, moie simply, the earth
round the sun

The synodic period of a superior planet could best be
determmed by observing when the planet was i opposition,
ze when 1t was (neaily) opposite the sun, or, more
accurately (since a planet does not move exactly in the
ecliptic), when the longitudes of the planct and sun differed
by 180° (or two rght angles, chapter 1, §43). The

F1a. 46 —The 1elative sizes of the orbits of the caith and of a
supcrior planct

sidercal period could then be deduced neaily as 1n the case
of an nferor planet, with this differcnce, that the superior
planet moves more slowly than the carth, and thercfore Zoses
one complete revolution mn cach synodic period, or the
sidereal period might be found as before by obseiving
when oppositions occurred neaily in the same part of the
sky *  Coppernicus thus obtaned veiy fauly accurate

“ If r be the synodic pertod of a planet (in years), and s the

I I
sidcreal period, then we evidently have pHI= s for an inleror

I 1
planet, and 1 - — = for a superion planet,
! roos
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values for the synodic and sidereal periods, vzz 780 days
and 687 days respectively for Mats, 399 days and about
12 years fo1 Jupiter, 378 days and 30 years for Saturn
(cf fig 40)

The calculation of the distance of a superior planet
from the sun 1s a good deal more complicated than that
of Venus o1 Mercury If we ignore vaiious details, the
process followed by Coppernicus 15 to compute the position
of the planet as seen from the sun, and then to notice
when this position differs most from 1ts position as seen
from the earth, 7¢ when the earth and sun are farthest apart
as seen from the planet This 1s clearly when (fig 46)
the line joning the planet (p) to the earth (m) touches the
arcle described by the earth, so that the angle s P E 1s
then as great as posstble The angle PEs 1s a rght
angle, and the angle s P & 15 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 1s known, and therefore also
the 1atio of its sides In this way Coppeinicus found
the average distances of Mars, Jupiter, and Saturn from the
sun to be respectively about 13, 5, and ¢ times that of the
earth ; the corresponding modein figures are 15, 52, 95

88 The explanation of the stationary pomts of the
planets (chapter 1, § 14) 1s much sumplified by the 1dcas of
Coppernicus  If we take first an mferior planet, say Mercury
(fig 47), then when 1t lies between the earth and sun, as
at M (or as on Sept 5 nfig 7), both the eaith and Mer-
cury are moving n 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 1s moving faster than the earth  Consequently
to the observer at E, Mercury appears to be moving from
left to night (1n the figure), or from east to west, but this
1s contrary to the general direction of motion of the plancts,
ze Mercuy appears to be retiogiading On the other
hand, when Mercury appears at the greatest distance fiom
the sun, as at M, and M,, 1ts own motion 1s dnectly towards
or away from the earth, and 1s therefore impeiceptible,
but the earth 1s moving towards the observer’s 1ight, and
therefore Mercury appears to be moving towards the left,
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or from west to east. Hence between M, and M 1ts motion
has changed from direct to retrograde, and therefoie at
some intermediate pont, say 7, (about Aug. 23 m fig 7),
Mercury appears for the moment to be stationary, and
sumilarly 1t appears to be stationary agam when at some point
m, between M and M, (about Sept 13 1n fig #)

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

Fic 47 —The stationary pomts of Mercury

1s ncarly the same  When 1n opposition at j (as on
Mar 26 m fig 6), Jupiter moves more slowly than the
earth, and 1n the same direction, and theiefore appeais to
be moving m the opposite direction to the earth, z ¢ as seen
from E (fig 48), from left to night, or from east to west, that
15 m the retrogiade direction But when Jupiter 15 1mn
either of the positions J, or 7 (in which the earth appears
to the obseiver 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
fiom the observer makes no difference in the object’s
place on the celestial sphere), but Jupiter itself 1s actually
moving towards the left, and therefore the motion of

Jo

Tg

Jl
Fic 48 —The stationary pomts of Jupiter

Jupiter appears to be also fiom night to left, or from west
to east Hence, as before, between J, and J and betwcen
j and j, there must be pomts 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 pomnts given by
Coppernicus 15 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 only been
sketched very roughly, in order to bring into prominence
the essential differences between the Coppernican and the
Ptolemaic explanations of thewr motions, and no account
has been taken of the minor irregularities for which Ptolemy
devised his system of equants, eccentrics, etc, nor of the
motion m latitude, ze to and from the ecliptic Copper-
nicus, as already mentioned, rejected the equant, as being
productive of an uregularity “unworthy ” of the celestial
bodies, and constructed for each planct a fairly complicated
system of epicycles TFor the motion i latitude dis-
cussed 1n Book VI he supposed the orbit of each planet
round the sun to be mclined to the ecliptic at a small
angle, different for each planet, but found 1t necessary, in
order that his theory should agiee with observation, to
mntroduce the wholly 1magiary complication of a regular
increase and deciease n the mchnations of the orbits of
the planets to the ecliptic.

The actual detals of the epicycles employed are of no
great mntetest now, but 1t may be worth while to notice that
for the motions of the moon, eaith, and five other planets
Coppernicus required altogether 34 circles, w2z four for the
moon, three for the eaith, scven for Mercury (the motion
of which 1s peculiarly irregulai), and five for each of the
other plancts, this number bemng a good deal less than
that 1equired 1n most versions of Ptolemy’s system
Fracastor (chapter 111, § 69), for example, writing m 1538,
iequired 79 spheres, of which six were 1equued for the
fixed stars

go The planctary theory of Coppernicus necessaiily
suffered from onc of the essential defects of the system of
epicycles. It 1s, 1n fact, always possible to choose a system
of epicycles 1n such a way as to make ezzfer the direction of
any body o7 1ts distance vaiy 1 any 1equired manner, but
not to satisfy both requuements atonce  In the case of the
motion of the moon round the earth, or of the earth round
the sun, cases m which vanations 1n distance could not
1cadily be obseived, epicycles mught therefore be expected
to give a satisfactory 1esult, at any ratc until methods of



122 A Short History of Astronomy [Cu IV

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
n the distance of the earth from the sun would affect not
merely the distance, but also the direction 1n which a planet
would be seen, i the figure, for example, when the planet
1s 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 1s at B or B Hence the epicycles and eccentrics of
Coppernicus, which had to be adjusted i such a way that

P

>
E E’ S
Fie 49 —The altcration 1n a planet’s apparent position due to an
alteration in the earth’s distance from the sun

they necessarily involved incorrect values of the distances
between the sun and earth, gave nse to corresponding
errors m the observed places of the planets The obser-
vations which Coppernicus used were hardly extensive ot
accurate enough to show this discrepancy clearly ; but a
crucial test was thus vutually 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

91 The ments of Coppernicus are so great, and the part
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which he played i the overthrow of the Ptolemaic system
15 s0 conspicuous, that we are sometimes lLable to forget
that, so far fiom rejecting the epicycles and eccentrics of
the Greeks, he used no other geometiical devices, and was
even a more orthodox “ epicychst” than Ptolemy himself,
as he rejected the equants of the latter ¥ Multon’s famous
description (Par Lost, VIIT 82-5) of

“The Sphere
With Centric and Eccentric scribbled oer,
Cycle and Epicycle, Orb i Orb,”

apples theiefore just as well to the astronomy of Copper-
nicus as to that of his predecessors, and 1t was Kepler
(chapter vir), writing more than half a century later, not
Coppernicus, to whom the rejection of the epicycle and
eccentric 1s due

92 One pomt which was of importance mn later
controversies deserves special mention here  The basis
of the Coppernican system was that a motion of the
earth carrying the observer with 1t 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 fised 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 n its orbit, closely
resecmbling the alteration in the apparent position of the
moon duc to the alteration of the observer’s position
on the earth which had long been studied under the name
of parallax (chapter 11, § 43) As such a displacement
had never been observed, Coppernicus explained the
apparent contiadiction by supposing the fixed stars so

" Recent biogiaphers have called attention to a cancelled passage
mn the manuseript of the De Revolietionibus m which Coppernicus
shews that an cllipse can be gencrated by a combination of cncular
motions  The pioposition 15, howevel, only a piece of pure mathe-
matics, and has no relation to the motions of the plancts round the
sun It camnot, thacfore, tairly be regarded as in any way ap
anticipation of the ideas of Kepla (chapter yir),
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far off that any motion due to this cause was too small
to be noticed If, for example, the earth moves n six
months from E to E/, the change in direction of a star at
s’ 1s the angle &' s’ E, which 1s less than that of a nearer
star at s, and by supposing the star s sufficiently remote,
the angle £’ 8" £ can be made as small as may be required
For mnstance, if the distance of the star were 300 times
the distance EE', ze¢ 6oo times as far from the eaith as

E S g
)

E/

Frc 50 —Stellar parallax

the sun 1s, the angle Es'®’ would be less than 12
a quantity which the imstruments of the time were baicly
capable of detecting* But more accurate obscivations
of the fixed stars might be expected to throw furthei 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
becn noticed, was put out of court by the geneial supposition, shared
by Coppernicus, that the stars were all at the samc distance fiom
us



CHAPTER V

THE RECEPTION OF THE COPPERNICAN I'HEORY AND THE
PROGRESS OF ODBSERVATION

“ Preposterous wits that cannot 1ow at ease
On the smooth channel of our common scas,
And such are those, 1n my conceit at least,
Those clerks that think—think how abswid a jest!—
That neither heavens nor stars do turn at all,
Noir dance about this great round Earthly Ball,
But the Eaith itself, this massy globe of ouis,
Tuins round about once every twice twelve hours!”
Du Barias (Sylvester's tianslation)

93 THE publication of the De Rewolutionibus appears to
have been received much more quietly than might have
been expected from the starthng nature of 1its contents
The book, n fact, was so wiitten as to be unintelligible except
to mathematicians of considerable knowledge and abiliy,
and could not have been read at all generally Moieover
the preface, mserted by Osiander but geneially supposed
to be by the author himself, must have done a good deal
to disarm the hostile criticism due to prejudice and custom,
by repicsenting the fundamental principles of Coppernicus
as mcre geometrical abstiactions, convenient fo1 calcu-
lating the celestial motions  Although, as we have secn
(chapter 1v, § 73), the contiadiction between the opinions
of Coppernicus and the common mterpretation of vaiious
passages in the Bible was promptly noticed by Luther,
Melanchthon, and others, no objection was 1aised cither
by the Pope to whom the book was dedicated, or hy his
immecdhate suceessors

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

175
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astronomer of note who at once accepted the new views
was his fuend and colleague Zrasmus Reinirold (born
at Saalfeld 1 r511), who occupied the chief chan of
mathematics and astionomy at Wittenbeig fiom 1 536 to
1553, and 1t thus happened, curnously enough, that the
doctrines so emphatically condemned by two of the gleat
Protestant leaders were championed puncipally 1 what
was generally 1egarded as the very centre of Piotestant
thought

94 Rheticus, after the publication of the Narratio
Prune and of an Ephemens 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 n finishing just hefore his
death 1n 1576

Rembhold 1endered to astionomy the extremely important
service of calculating, on the basis of the /e Revolutionidus,
tables of the motions of the celestial bodies, which were
published mn 1551 at the expense of Duke Albe1t of Prussia
and hence called Zudule Prutenice, or Prussian Tubles
Remnhold 1evised most of the calculations made by Coppei-
nicus, whose arithmetical woik was occasionally at fault,
but the chief object of the tables was the development in
great detail of the woik 1n the De Revolutiomdus, m such
a foum that the places of the chief celestial bodies at any
1equued time could be asceitained 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 mdced found to be on the whole
decidedly superior to therr predecessors the A lfonsine
Tables (chapter 1, § 66), and giadually came mote and
mote into favour, until superseded threc-quaiters of a cen-
tury later by the Rudolplune Tables of Kepler (chapter vir,
§ 148) This superionity of the new tables was only
indirectly connected with the difference 1n the principles
on which the two sets of tables were based, and was la gely
due to the facts that Remnhold was a much better compute
than the assistants of Alfonso, and that Coppernicus, if
not a better mathematician than Ptolemy, at any 1ate had
better mathematical tools at command  Neverthcless the
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tables naturally had gieat weight n mducmg the astio-
nonmucal world gradually to recognise the merts of the
Coppernican system, at any 1ate as a basis for calculating
the places of the celestial bodies

Reinhold was unfortunately cut off by the plague 1n
1553, and with hum disappeaied a commentay on the De
Revolutionibus which he had prepared but not published

95 Very soon afterwaids we find the first signs that the
Coppernican system had spread 1nto England In 15356
Joln Field published an almanack for the following year
avowedly based on Coppernicus and Remhold, and a
passage 1n the Whetstone of Watte (1557) by Robert Recorde
(1510-1558), our fiist writer on algebia, shews that the
author regarded the doctrines of Coppernicus with favour,
even if he did not believe 1n them entirely A few years
later Zhomas Digges (*~1595), n his Alae sive Scalae Mathe-
maticae (1573), an astronomical tieatise of no gieat 1mport-
ance, gave warm piaise to Coppernicus and his 1deas

96 For nearly half a century after the death of Remhold
no mmportant contributions were made to the Coppernican
controversy  Remhold’s tables were doubtless slowly
domng therr work 1 farmihansing men’s minds with the
new 1deas, 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 eath which 1s quite
imperceptible to 1ts inhabitants could only be met by
further progress i mechanics, and specially m knowledge
of the laws according to which the motion of bodies 1s
produced, kept up, changed, or destroyed , 1n this direction
no considerable progress was made before the time of
Galilei, whose work falls chiefly into the eaily 17th century
(cf chapter vi, §§ 116, 130, 133)

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

Moreover the Prussian Tables, although more accurate
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than the A/fonsine, haidly claimed, and certanly did not
possess, minute accuracy  Coppermicus 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 disciepancies of a much more
serious character were noticed from time to tume  The
comparatively small number of observations available and
thewr roughness made 1t extremely difficult, either to find
the most satisfactory numerical data necessaiy 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 piessing
needs of the science was that observations should be taken
on as laige a scale as possible and with the utmost
attamnable accuracy. To meet this need two schools of
observational astronomy, of very unequal excellence, de-
veloped during the latter half of the 16th century, and
provided a mass of material for the use of the astionomers
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 1, § 64),
was already familiar, the other two (decimal fiactions and
logarithms) were suggested 1n 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 [Viliam LV of
Hesse (1532-1592) He was remarkable as a boy for his
love of study, and 15 repoited to have had his imtercst in
astitonomy created or stunulated when he was little morc
than 2o by a copy of Apian’s beautiful Astronomicum
Caesareum, the cardboard models m which he caused to he
mutated and developed m metal-work  He went on with
the subject seriously, and m 1561 had an obscrvatory built
at Cassel, which was remarkable as being the fitst which had
a revolving roof, a device now almost unwversal. In this he
made extensive observations (chiefly of fixed stars) duupg
the next six years  The death of his father then compelled
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hm to devote most of his energy to the duties of govern
ment, and his astronomucal 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 afterwaids the services of two extremely able
assistants, Clhristian Rothmann (in 1577) and _Joost Burgi
(in 1579). Rothmann, of whose hfe extremely hittle 1s
known, appears to have been a mathematician and theo-
retical astronome: of considerable ability, and was the
author of several improvements i methods of dealing
with various astronomical problems He was at first a
Coppernican, but shewed his independence by calling
attention to the needless complication introduced by
Coppernicus 1 resolving the motion of the earth into
three motions when two sufficed (chapter 1v, § 79) His
faith 1in the system was, however, subsequently shaken by
the errors which observation revealed in the Prussian Tables
Burgt (1552~1632) was originally engaged by the Landgrave
as a clockmaker, but his remarkable mechanical talents
were soon turned to astronomical account, and 1t then
appeated that he also possessed unusual ability as a
mathematician *

98. The chief work of the Cassel Observatory was the
foimation of a star catalogue The positions of stars were
compared with that of the sun, Venus o1 Jupiter being
used as connecting links, and then positions relatively to
the equator and the first pomnt of Ares (r) deduced,
allowance was regularly made for the cirois due to the
refiaction of light by the atmosphere, as well as for the
patallax of the sun, but the most notable new departure
was the use of a clock to iecord the time of observa-
tions and to measwe the motion of the celestial spheie
The constiuction of clocks of sufficient accuracy for the
purpose was rendered possible by the mechanical genius
of Burgi, and 1n paiticular by his discovery that a clock
could be regulated by a pendulum, a discovery which he

¥ There 1s little doubt that he nvented what were substantially
legarithms independently of Napier, but, with chaiacteristic mability
or unwillingness to proclaim his discoverles, allowed the invention
to die with hum

9
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appears to have taken no steps to publish, and which had
1n consequence to be made again independently before 1t
recewved general recogmition * By 1586 121 stars had been
carefully observed, but a more extensive cataloguc which
was to have contained more than a thousand stars was
never finished, owing to the unexpected disappeatance of
Rothmann m 1590 T and the death of the Landgiave two
yeais later

99 The woik of the Cassel Observatoly was, however,
overshadowed by that cartied out nearly at the same time
by Zycho (Tyge) Brake Hewas bornn 1546 at Knudstiup
i the Damish province of Scania (now the southern
extremity of Sweden), being the eldest child of a nobleman
who was afterwards governoi of Helsinghorg Castle He
was adopted as an infant by an uncle, and brought up
at his country estate When only 13 he went to the
Unwversity of Copenhagen, where he began to study
rhetoric and philosophy, with a view to a political carcer
He was, however, very much nterested by a small cclipse
of the sun which he saw 1n 1560, and this stimulus, added
to some taste for the astrological ait of casting horoscopes,
led hum to devote the greater pait of the 1cmaming two
years spent at Copenhagen to mathematics and astronomy.
In 1562 he went on to the Umwersity of Leipag, accom-
panied, according to the custom of the tune, by a tutor,
who appears to have made persevering but unsuccesstul
attempts to induce his pupil to devote himsclf to law
Tycho, however, was now as always a difficult person to divert
from his purpose, and went on steadily with his astronomy
In 1563 he made his first recorded observation, of a close
approach of Jupiter and Saturn, the time of which he noticed
to be predicted a whole month wrong by the Afonsine
Tables (chapter 111, § 66), while the Prusszan Zubles (§ 94)
were several days in erro1 While at Leipzag he bought
also a few rough instiuments, and anticipated one of the
great mmprovements afterwards carried out systecmatically,

* A simlar discovery was m fact made twice agam, by Galila
(chapter vr, § 114) and by Huygens (chapter viur, § 157)
T He obtained leave of absence to pay a visit to Tycho Brahe

and never returned to Cassel He must have died bctween 1599
and 1608,
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by trying to estimate and to allow for the errors of his
nstruments

In 1565 Tycho returned to Copenhagen, probably on
account of the war with Sweden which had just broken out,
and stayed about a year, durmg the course of which he lost
his uncle. He then set out again (1566) on his travels,
and visited Wittenberg, Rostock, Basle, Ingolstadt, Augsburg,
and other centres of learning, thus making acquaintance
with several of the most notable astronomers of Germany
At Augsburg he met the brothers Hainzel, rich citizens
with a taste for science, for one of whom he designed and
had constructed an enormous quadrant (quarter-circle)
with a radus of about 19 feet, the nm of which was
graduated to single minutes ; and he began also here the
construction of his great celestial globe, five feet 1n diameter,
on which he marked one by one the positions of the stars
as he afterwards observed them

In 1570 Tycho returned to his father at Helsingborg,
and soon after the death of the latter (x571) went for
a long visit to Steen Bille, an uncle with scientific tastes.
During this visit he seems to have devoted most of his
time to chemstry (or peihaps rather to alchemy), and his
astronomical studies fell into abeyance for a time.

100 His interest n astronomy was fortunately revived
by the sudden appearance, m November r 572, of a brillaant
new star 1 the constellation Cassiopera ~ OF this Tycho
took a number of extremely careful obseivations , he noted
the gradual changes 1n 1ts brilhancy from 1ts first appearance,
when 1t nivalled Venus at her brightest, down to 1ts final
disappearance 16 months later He repeatedly measured
1ts angular distance fiom the chief stars i Cassiopeia,
and applied a variety of methods to ascertamn whether 1t
had any perceptible parallax (chapter 1, §§ 43, 49) No
parallax could be definitely detected, and he deduced accord-
ingly that the stax must certainly be faither off than the moon,
as moreover 1t had no share i the planetary motions, he
inferred that 1t must belong to the region of the fixed stars.
'To us of to-day this result may appeal fairly commonplace,
but most astronomers of the time held so firmly to Anstotle’s
doctrme that the heavens generally, and the region of the
fixed stars i particular, were incouptible and unchange-
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able, that new stars were, like comets, almost universally
ascribed to the higher regions of our own atmosphere
Tycho wrote an account of the new star, which he was ulti-
mately induced by his friends to publsh (1573), together
with some portions of a calendar for that year which he had
prepared  His reluctance to publish appeais to have been
due m great part to a belief that 1t was unworthy of the
dignity of a Damish nobleman to wute books! The
book 1n question (De Nova Stella) compares very
favourably with the numerous other writings which the
star called forth, though 1t shews that Tycho held the
common beliefs that comets were m our atmosphere, and
that the planets were carmed round by solid crystalline
spheres, two delusions which his subsequent work did
much to destroy. He also dealt at some length with the
astrological mportance of the star, and the great events
which 1t foreshadowed, utterances on which Kepler sub-
sequently made the very sensible criticism that “if that
star did nothing else, at least 1t announced and produced
a great astronomer ”

In 1574 Tycho was 1equested to give some astronomical
lectures at the University of Copenhagen, the fiist of which,
dealing largely with astrology, was printed 1n 1610, after his
death. When these were finished, he set off agamn on his
travels (1575) After a short visit to Cassel (§ 97), dunng
which he laid the foundation of a lifelong friendship with
the Landgiave, he went on to Frankfoit to buy books,
thence to Basle (where he had serious thoughts of settling)
and on to Venice, then back to Augsburg and to Regens-
burg, where he obtaned a copy of the Commentariolus of
Coppernicus (chapter 1v., § 73), and finally came home
by way of Saalfeld and Wittenberg

tor The next year (1576) was the beginning of a
new epoch i Tycho’s career. The King of Denmark,
Frederick II., who was a zealous patron of science and
literature, determined to provide Tycho with endowments
sufficient to enable him to carry out his astronomical work
mn the most effective way He accordingly gave him for
occupation the little 1sland of Hveen m the Sound (now
belonging to Sweden), pronused money for building a
house and observatory, and supplemented the income
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derved from the rents of the 1sland by an annual paymen
of about £100 Tycho paid his first visit to the 1sland 1
May, soon set to work building, and had already begun t«
make regular observations in his new house before the
end of the year

The buildings were as remarkable for their magnificence
as for therr scientific utility ~ Tycho never forgot that he wa:
a Danish nobleman as well as an astronomer, and built 1ir
a manner suitable to his rank.! His chief building (fig 51)
called Uraniborg (the Castle of the Heavens), was in the
muddle of a large square enclosure, laid out as a garden
the corners of which pointed North, East, South, and West
and contained several observatories, a ibrary and laboratory
n addition to living rooms ~ Subsequently, when the numbe
of pupils and assistants who came to him had increased
he erected (1584) a second building, Stjerneborg (Sta
Castle), which was remarkable for having undergrounc
observatories. The convenience of being able to carry ou
all necessaly work on his own premises induced hin
moreover to establish woikshops, where nearly all hi
instruments were made, and afterwards also a printing pres
and paper miul Both at Uramborg and Stjerneborg no
only the rooms, but even the instruments which wer
gradually constructed, were elaborately painted or otherwise
ornamented

102 The expenses of the establishment must have beer
enormous, particularly as Tycho lived 1n magnificent sty
and probably paid little attention to economy  His mcoms
was derived from varous sources, and fluctuated from time
to time, as the King did not merely make him a fixe
annual payment, but added also temporaiy grants of land
or money  Amongst other benefactions he recerved n
1579 one of the canonries of the cathedral of Roskilde
the endowments of which had been practically secularisec
at the Reformation. Unfortunately most of his propert
was held on tenures which mvolved corresponding obliga
tions, and as he combined the wntability of a genw
with the haughtiness of a medmeval nobleman, continua
quarrels were the result Very soon after his arrival a

* He even did not forget to provide one of the most necessar
parts of a2 medizval castle, a prison!
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Hveen his tenants complained of work which he legally
forced from them, chapel services which his canonry
required lim to keep up were neglected, and he entirely
refused to make certain recognised payments to the widow
of the previous canon  Further difficulties arose out of a
lighthouse, the maintenance of which was a duty attached
to one of his estates, but was regularly neglected N othing
shews the King’s good feeling towards Tycho more than
the trouble which he took to settle these quarrels, often
ending by paying the sum of money under dispute. Tycho
was moreover extiemely jealous of his scientific reputation,
and on more than one occasion broke out into violent
abuse of some assistant or wvisitor whom he accused of
stealing his 1deas and publishing them elsewhere

In addition to the time thus spent in quarrelling, a good
deal must have been occupied n entertaining the numerous
visitors whom his fame attracted, and who included, in
addition to astronomers, persons of rank such as several
of the Damish royal family and James VI of Scotland
(afterwards James I of England)

Notwithstanding these distractions, astronomical work
made steady progress, and during the 21 years that Tycho
spent at Hvcen he accumulated, with the help of pupils
and assistants, a magnificent series of observations, far
transcending in accuracy and extent anything that had
been accomplished by bhis predecessors A good deal of
attention was also given to alchemy, and some to medicine.
He scems to have been much impressed with the idea
of the umty of Nature, and to have been continually
looking out for analogies or actual connection between
the different subjects which he studied

103 In 1577 appeared a brilliant comet, which Tycho
observed with his customary care, and, although he had
not at the time his full complement of instruments, his
observations were exact enough to satisfy hum that the
comet was at least three times as far off as the moon, and
thus to refute the popular belef, which he had himself
held a few years before (§ 10o), that comets were generated
1 ow atmospherc. His observations led him also to the
behef that the comet was revolving round the sun, at a
distance from 1t greater than that of Venus, a conclusion
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which interfeied seriously with the common doctrine of
the solid crystalline spheres. He had further opportunities
of observing comets 1n 1580, 1582, 1585, 1590, and 1596,
and one of his pupils also took observations of a comet
seen 1 1593 None of these comets attracted as much
general attention as that of 1577, but Tycho’s observations,
as was natural, gradually improved 1n accuracy

104 The valuable results obtained by means of the new
star of 1572, and by the comets, suggested the propriety of
undertaking a complete treatise on astronomy embodying
these and other discoveries  According to the original
plan, there were to be three prelinunary volumes devoted
respectively to the new stai, to the comet of 1577, and to
the later comets, while the main tieatise was to consist of
several more volumes dealing with the theories of the sun,
moon, and planets  Of this magnificent plan comparatively
Iittle was ever executed The fiist volume, called the
Astronomiae Instauratae Progymmnasmota, or Introduction
to the New Astronomy, was hardly begun till 1588, and,
although mostly printed by 1592, was never quite finished
during Tycho’s hfetime, and was actually published by
Kepler n 160z  One question, n fact, led to another
mn such a way that Tycho felt himself unable to give
a satisfactory account of the star of 1572 without
dealing with a number of prelunmary topics, such as the
positions of the fixed stars, precession, and the annual
motion of the sun, each of which necessitated an
elaborate investigation The second volume, dealing with
the comet of 1577, called De Munds acthere: recentioridus
Phaenomenss Liber secundus (Second book about recent
appearances 1n the Celestial World), was finished long
before the first, and copies were sent to fuiends and
correspondents 1n 1588, though 1t was not regularly pub-
lished and on sale till 1603 The third volume was never
written, though some matenal was collected for 1t, and the
main tieatise does not appear to have been touched

105 The book on the comet of 1577 1s of special
interest, as containing an account of Tycho’s system of the
world, which was a compromise between those of Ptolemy
and of Coppernmicus  Tycho was too good an astronomet
not to realise many of the simplifications which the
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Coppernican system mtroduced, but was unable to answer
two of the serious objections , he regarded any motion of

T

Fic. 52 —I'ycho’s system of the world  From his book on the
comet of 1577

“the sluggish and heavy earth” as contrary to “ physical
pnnciples,” and he objected to the great distance of the
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stars which the Coppernican system required, because a vast
empty space would be left between them and the planets,
a space which he regarded as wasteful * Biblical difficul-
ties T also had some weight with him He accordingly
devised (1583) a new system according to which the five
planets revolved round the sun (c, i fig 52), while the sun
revolved annually round the earth (a), and the whole celestial
sphere performed also a daily revolution 1ound the earth
The system was never worked out 1 detail, and, like many
compromises, met with httle support, Tycho nevertheless
was extremely proud of 1t, and one of the most violent and
prolonged quarrels of hus Iife (lasting a dozen years) was with
Reymers Bar or Ursus (*~1600), who had communicated
to the Landgrave i 1586 and published two years later a
system of the world very like Tycho’s Reymeis had been
at Hveen for a short time in 1584, and Tycho had no hesita-
tion m accusing him of having stolen the 1dea from some
manuscript seen there Reymers naturally retahiated with
a counter-charge of theft against Tycho = There 15, how-
ever, no good reason why the 1dea should not have occurred
independently to each astronomer , and Reymers made m
some respects a great improvement on Tycho’s scheme by
accepting the daily rotation of the earth, and so doing
away with the daily rotation of the celestial sphere, which
was certamly one of the weakest parts of the Ptolemaic
scheme

106 The same year (1588) which saw the publication of
Tycho’s book on the comet was also marked by the death
of his patron, Frederick II The new King Christian was
a boy of 11, and for some years the country was managed
by four leading statesmen ~The new government seems to
have been at first quite friendly to Tycho , a large sum was
paid to him for expenses incurred at Hveen, and additional
endowments were promised, but as time went on Tycho'’s
usual quarrels with his tenants and others began to produce

* It would be interesting to know what use he assigned to the
(presumably) still vaster space beyond the stars

1 Tycho makes 1n this connection the delightful remark that
Moses must have been a skilled astronomer, because he refers to
the moon as “the lesser light,” notwithstanding the fact that the
apparent diameters of sun and moon are very nearly equal !
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ther effect In 1594 he lost one of his chief supporters
at court, the Chancellor Kaas, and his successor, as well as
two o1 three other important officials at court, were not
very friendly, although the stories commonly told of violent
personal animosities appear to have little foundation As
early as 1591 Tycho had hinted to a correspondent that
he might not remain permanently in Denmark, and 1n 1504
he began a correspondence with representatives of the
Emperor Rudolph II, who was a pation of science  But
his scientific activity during these years was as great as
ever, and i 1596 he completed the printing of an
extremely interesting volume of scientific coriespondence
between the Landgrave, Rothmann, and himself The
accession of the young King to power in 1596 was at once
followed by the withdrawal of one of Tycho’s estates, and
in the following year the annual payment which had been
made since 1576 was stopped It 1s difficult to blame the
King for these economies , he was evidently not as much
interested n astronomy as his father, and consequently re-
garded the heavy expenditure at Hveen as an extravagance,
and 1t 15 also probable that he was seriously annoyed at
Tycho’s maltreatment of his tenants, and at other pleces of
unruly conduct on his part  Tycho, however, regarded the
forfeiture of his annual pension as the last stiaw, and left
Hveen early mn 1597, taking his more portable property
with hun  After a few months spent in Copenhagen, he
took the decisive step of leaving Denmark for Germany,
n return for which action the King deprived him of his
canonry. ‘Tycho thereupon wiote a remonstrance 1n
which he pomnted out the impossibility of carrying on his
work without proper endowments, and offered to return
if his services were properly appreciated  The King,
however, was by this time seriously annoyed, and his reply
was an cnumeration of the various causes of complamnt
agamst Tycho which had ansen of late years Although
Tycho made some more attempts through various friends
to regain royal favour, the breach 1emamned final.

107 Tycho spent the winter 1597-8 with a friend near
Hambug, and, while there, 1ssued, under the title of
Astronomae Instauratae Mechanca, a description of his
nstruments, together with a short autobiography and an
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interesting account of his chief discoveries About the
same time he circulated manuscript copies of a catalogue
of 1,000 fixed stars, of which only 777 had been properly
observed, the rest having been added hurriedly to make
up the traditional number The catalogue and the
Mechanica were both intended largely as evidence of his
astronomical eminence, and were sent to various nfluential
persons  Negotiations went on both with the Emperor
and with the Prince of Orange, and after another year spent
in various parts of Germany, Tycho defimitely accepted an
mvitation of the Emperot and arrived at Prague in June
I

5?28 It was soon agreed that he should mmhabit the
castle of Benatek, some twenty miles fiom Piague, where he
accordingly settled with his family and smaller mnstruments
towards the end of 1599 He at once started observing,
sent one of his sons to Hveen for his laiger nstruments,
and began looking about for assistants  He secured one of
the most able of his old assistants, and by good fortune
was also able to attract a far greater man, fokn Kepler, to
whose skilful use of the matenals collected by Tycho the
latter owes no inconsiderable part of his great reputation.
Kepler, whose life and work will be dealt with at
length 1n chapter vir, had recently published tis fiist
unportant work, the Aysterium  Cosimograplucum (§ 136),
which had attracted the attention of Tycho among others,
and was beginning to find his position at Gratz m Styna
uncomfortable on account of impending religious disputes
After some hesitation he jomed Tycho at Denatek early
m 1600 He was soon set to work at the study of Mas
for the planetaly tables which Tycho was then preparing,
and thus acquired special famihaiity with the observations
of this planet which Tycho had accumulated The re-
lations of the two astronomers were not altogether happy,
Kepler being then as always anxious about money matters,
and the disturbed state of the country rendering 1t
difficult for Tycho to get payment from the Emperor
Consequently Kepler very soon left Benatek and returned
to Prague, where he definitely settled after a short visit
to Gratz, Tycho also moved there towards the end of
1600, and they then worked together harmomously for
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the short remainder of Tycho’s hife Though he was
by no means an old man, there were some indications
that his health was failling, and towards the end of 160t
he was suddenly seized with an illness which terminated
fatally after a few days (November 24th) It 1s charac-
teristic of his devotion to the great work of his life that
in the delrum which preceded his death he cried out
again and again his hope that his life nught not prove to
have been fiwitless (Ve frustra vixisse videar)

109 Partly owng to difficulties between Kepler and
one of Tycho’s family, partly owmng to growing political
disturbances, scarcely any use was made of T ycho’s instru-
ments after his death, and most of them perished during
the Ciwvil Wars 1n Bohemia Kepler obtamned possession
of his observations , but they have never been published
except m an impeifect form.

rro. Anything like a satisfactory account of Tycho’s
services to astronomy would necessarly deal largely with
techmeal details of methods of observing, which would
be out of place hete It may, however, be worth while
to attempt to give some general account of his charac-
teristics as an observer before referring to special dis-
coveries

Tycho realised more fully than any of his predecessors
the importance of obtaining observations which should not
only be as accurate as possible, but should be taken so
often as to preserve an almost continuous record of the
positions and motions of the celestial bodies dealt with,
wheieas the prevailling custom (as illustrated for example
by Coppernicus) was only to take obseivations now and
then, either when an astronomical event of special interest
such as an eclipse or a conjunction was occurring, or to
supply some particular datum required for a pomt of theory.
While Coppernicus, as has been already noticed (chapter 1v ,
§ 73), only used altogether a few dozen observations in
his book, Tycho—to take one mstance—observed the sun
daly for many yeais, and must therefore have taken some
thousands of observations of this one body, 1n addition to the
many thousands which he took of other celestial bodies.
It 1s true that the Arabs had some 1dea of observing con-
tinuously (cf chapter w1, § 57), but they had too lttle
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speculative power or origmnality to be able to make much use
of their observations, few of which passed into the hands of
European astronomers ~ Regiomontanus (chapter 1., § 68),
if he had lwed, mught probably have to a consider-
able extent anticipated Tycho, but his shoit lfe was
too fully occupied with the study and interpretation pf
Greek astronomy for him to accomplish very much in
other departments of the subject The Landgrave and his
staff, who were in constant communication with Tycho,
were working 1in the same direction, though on the whole
less effectively Unlike the Arabs, Tycho was, however,
fully impressed with the 1dea that obseivations were only
a means to an end, and that mere observations without
a hypothesis or theory to connect and interpret them weie
of little use

The actual accuracy obtained by Tycho 1n his observa-
tions naturally varied considerably according to the nature
of the observation, the care taken, and the period of his
career at which 1t was made The places which he assigned
to nme stars which were fundamental 1n his star catalogue
differ from their positions as deduced from the best modern
observations by angles which are in most cases less than 1/,
and 1n only one case as great as 2’ (this error being chiefly
due to refraction (chapter 11, § 46), Tycho’s knowledge of
which was necessarily imperfect) Other star places werc
presumably less accurate, but 1t will not be far from the truth
if we assume that in most cases the errors in Tycho’s obsci-
vations did not exceed 1" or 2’ Kepler in a famous passage
speaks of an error of 8 n a planetary observation by
Tycho as mmpossible This great inciease 1n accuracy can
only be assigned 1n part to the size and careful construction
of the instruments used, the chaiacteristics on which the
Arabs and other observers had laid such stress Tycho
certamnly used good instruments, but added very much to
their efficiency, partly by mior mechanical devices, such as
the use of specially constructed “sights ” and of a particular
method of graduation,* and partly by using instruments
capable only of restricted motions, and therefore of much
gieater steadiness than instruments which were able to pomnt
to any part of the sky Another extremely umportant 1dca

* By transversals
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was that of systematically allowing as far as possible for
the mevitable mechanical imperfections of even the best
constructed instruments, as well as for other permanent
causes of error It had been long known, for example,
that the refiaction of light through the atmosphere had
the effect of shghtly raising the apparent places of stars
in the sky. Tycho took a series of observations to ascer-
tain the amount of this displacement for different parts of
the sky, hence constructed a table of refractions (a very
mperfect one, 1t 1s true), and 1n future observations regularly
allowed for the effect of refraction Again, 1t was known
that observations of the sun and planets were liable to be
disturbed by the effect of parallax (chapter 11, §§ 43, 49),
though the amount of this correction was uncertain 1In
cases where special accuracy was required, Tycho accord-
ngly observed the body 1n question at least twice, choosing
positions m which parallax was known to produce nearly
opposite effects, and thus by combining the observations
obtained a result nearly free from this particular source of
error  He was also one of the first to realise fully the
mportance of repeating the same observation many times
under different conditions, m oider that the various acci-
dental sources of error in the separate observations should
as far as possible neutralise one another

rr1 Almost every astronomical quantity of importance
was 1e-determined and generally corrected by him The
annual motion of the sun’s apogee relative to r, for example,
which Coppernicus had estimated at 24", Tycho fixed at
45", the modern value being 61", the length of the year
he determimed with an error of less than a second , and he
constructed tables of the motion of the sun which gave its
place to within 1, previous tables bemng occastonally 15’ or
20’ wrong By an unfortunate omission he made no mquiry
mto the distance of the sun, but accepted the extremely
maccurate value which had been handed down, without
substantial alteration, from astronomer to astronomer since
the time of Hipparchus (chapter 11, § 41).

In the theory of the moon Tycho made several important
discovertes He found that the wrregularities in 1ts move-
ment were not fully represented by the equation of the
centre and the evection (chapter 11, §§ 39, 48), but that
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there was a further irregularity which vamshed at opposition
and conjunction as well as at quadratures, but in inter-
mediate positions of the moon might be as great as 40’
This wrregularity, known as the variation, was, as has bcen
already mentioned (chapter 1, § 60), very possibly dis-
covered by Abul Wafa, though 1t had been entuely lost
subsequently At a later stage in his career, at latest
during his visit to Wittenberg m 1598-9, Tycho found that
1t was necessary to introduce a further small mcquality
known as the annual equation, which depended on the
position of the earth 1n 1ts path round the sun, this, how-
ever, he never completely nvestigated ~ He also ascertained
that the mclination of the moon’s orbit to the ecliptic was
not, as had been thought, fixed, but oscillated regulaily,
and that the motion of the moon’s nodes (chapter I, § 40)
was also variable

112 Reference has already been made to the star
catalogue. Its construction led to a study of precession,
the amount of which was determmed with considerable
accuracy , the same 1nvestigation led Tycho to reject the
supposed uregularity in precession which, under the name
of treprdation (chapter 111, § 58), had confused astronomy
for several centuries, but from this time forward rapidly lost
its popularity.

The planets were always a favourte subject of study
with Tycho, but although he made a magmficent series of
observations, of immense value to his successors, he died
before he could construct any satisfactory theory of the
planetary motions  He easily discovered, however, that their
motions deviated considerably from those assigned by any
of the planetary tables, and got as far as detecling somc
regularity 1n these deviations.



CHAPTER VI

GALILEI

“Dans la Science nous sommes tous disciples de Galilee ”—
TROUESSART

“ Bacon pointed out at a distance the road to true philosophy
Galileo both pointed 1t out to others, and made himself considerable
advances 1n 1t "—Davio HuMe

113 To the generation which succeeded Tycho belonged
two of the best known of all astionomers, Galilerand Kepler.
Although they were nearly contemporaries, Galiler having
been boin seven years earlier than Kepler, and surviving
him Dby twelve years, their methods of work and their
contributions to astronomy were so different in character,
and then influence on one another so shight, that it 1s
convenient to make some departure from strict chrono-
logical oider, and to devote this chapter exclusively to
Galiler, leaving Kepler to the next

Galileo Galtler was born 1n 1564, at Pisa, at that time
in the Grand Duchy of Tuscany, on the day of Michel
Angelo’s death and 1n the year of Shakespeare’s birth
His father, Vincenzo, was an impoverished member of a
good Floientne family, and was distinguished by his skill
in music and mathematics  Galileo’s talents shewed them-
selves early, and although 1t was originally intended that
he should earn his Living by trade, Vincenzo was wise
enough to see that his son’s ability and tastes rendered him
much more fit for a professional career, and accordingly
he sent him n 1581 to study medicine at the University
of Pisa  Here his unusual gifts soon made him con-
spicuous, and he became noted in particular for his
unwillingness to accept without question the dogmatic
statements of his teachers, which were based not on direct

145 I0
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evidence, but on the authonty of the great writers of the
past  This valuable characteristic, which marked him
throughout his life, coupled with his skill m argument,
earned for him the dislike of some of his professors, and
from his fellow-students the nickname of The Wrangler

114 In 1582 his keen observation led to his first scien-
tific discovery Happening one day mn the Cathedral of
Pisa to be looking at the swinging of a lamp which was
hanging from the roof, he noticed that as the motion
gradually died away and the extent of each oscillation
became less, the time occupied by each oscillation remained
sensibly the same, a result which he verified more precisely
by companson with the beating of his pulse  Further
thought and trial shewed him that this property was not
peculiar to cathedral lamps, but that any weight hung by
a string (or any other form of pendulum) swung to and fro
in a time which depended only on the length of the string
and other characteristics of the pendulum 1itself, and not
to any appreciable extent on the way mn which 1t was set
i motion or on the extent of each oscillation He devised
accordingly an mstrument the oscillations of which could
be used while they lasted as a measure of time, and which
was 1n practice found very useful by doctors for measuring
the rate of a patient’s pulse

115. Before very long 1t became evident that Galiler had
no special taste for medicine, a study selected for him
chiefly as leading to a reasonably lucrative professional
caieer, and that his real bent was for mathematics and 1ts
applications to expermmental science  He had received
Iittle or no formal teaching in mathematics before his second
year at the University, in the course of which he happened
to overhear a lesson on Euchd’s geometiy, given at the
Grand Duke’s court, and was so fascinated that he con-
tinued to attend the course, at first surreptitiously, afterwards
openly, his interest in the subject was thereby so much
stimulated, and his aptitude for 1t was so marked, that he
obtained his father’s consent to abandon medicine 1n favour
of mathematics

In 1585, however, poverty compelled him to quit the
University without completing the regular course and
obtaining a degree, and the next four years were spent
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chiefly at home, where he continued to read and to think
on scientific subjects. In the year 1586 he wrote his first
known scientific essay,* which was circulated n manuscript,
and only printed during the present century

116 In 1589 he was appoimnted for three years to a
professorship of mathematics (including astionomy) at Pisa
A mserable stipend, equivalent to about five shillings a
week, was attached to the post, but this he was to some
extent able to supplement by taking private pupils.

In his new position Galiler had scope for his remarkable
power of exposition, but far from being content with giving
Iectures on traditional lines he also cairied out a series of
scientific nvestigations, important both in themselves and
on account of the novelty mn the method of investigation
employed.

It will be convement to discuss more fully at the end
of this chapter Galiler’s contributions to mechanics and to
scientific method, and merely to refer here briefly to his
first experiments on falling bodies, which were made at this
time Some weie performed by dropping various bodies
from the top of the leaning tower of Pisa, and others by
rolling balls down grooves airanged at different inclinations
It 1s difficult to us nowadays, when scientific experiments
aie so common, to realise the novelty and importance at
the end of the 16th century of such simple experiments
The mediaeval tradition of carrying out scientific mnvestiga-
tion largely by the interpretation of textsin Aristotle, Galen,
o1 other great wiiters of the past, and by the deduction
of results from general principles which were to be found
in these wmteis without any fresh appeal to observation,
still prevailed almost undisturbed at Pisa, as elsewhere
It was in paticular commonly asserted, on the authority
of Austotle, that, the cause of the fall of a heavy body
being 1ts weight, a heavier body must fall faster than a
Lighter one and 1n proportion to 1its greater weight It may
perhaps be doubted whether any one before Galiler’s time
had clear enough 1deas on the subject to be able to give
a definite answer to such a question as how much farther
a ten-pound weight would fall 1n a second than a one-pound

* On an wstrument which he had mvcnted, called the Aydrostatic
balance
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weight , but 1f so he would probably have said that 1t would
£21] ten times as far, or else that it would require ten times
as long to fall the same distance To actually try the
experiment, to vary its conditions, SO as to rcmove as many
accidental causes of error as possible, to increase 1n some
way the time of the fall so as to enable 1t to be measured
with more accuracy, these 1deas, put mto practice by Galhley,
were entuely foreign to the prevailing habits of scientific
thought, and were indeed regarded by most of his col-
leagues as undesirable 1f not dangerous mnovations A
few simple experiments were enough to prove the complete
falsity of the current beliefs i this matter, and to cstablish
that 1 general bodies of different weights fell ncarly the
same distance 1n the same time, the difference being not
more than could reasonably be ascribed to the resistance
offered by the aun

These and other results were embodied 1n a tract, which,
like most of Galiler's eailier writings, was only cuculated
1n manuscript, the substance of 1t being first printed m the
great treatise on mechancs which he published towards
the end of his life (§ 133)

These 1nnovations, coupled with the shight respect that
he was 1n the habit of paying to those who differed fiom
him, evidently made Galiler far from popular with his
colleagues at Pisa, and erther on this account, or on account
of domestic troubles consequent on the death of his futher
(1591), he resigned his professorship shortly before the
expiration of his term of office, and returned to his mother’s
home at Florence

117 After a few months spent at Florence he was
appownted, by the mfluence of a Venetian friend, to a
professorship of mathematics at Padua, which was then n
the territory of the Venetian republic (r592). The ap-
pointment was 1 the first mnstance for a peiiod of six years,
and the salary much larger than at Pisa  Durnng the first
few years of Galiler's career at Padua his activity seems
to have been very great and very varied , mn addition to
giving his regular lectures, to audiences which rapidly mn-
creased, he wrote tracts, for the most pait not printed at
the time, on astronomy, on mechanics, and on fortification
and invented a variety of scientific mstiuments ’
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No record exists of the exact tume at which he first
adopted the astronomical views of Coppernicus, but he
himself stated that in 1597 he had adopted them some
years before, and had collected arguments in their support

In the following year his professorship was renewed for
six years with an increased stipend, a renewal which was
subsequently made for six years more, and finally for life,
the stipend bemng increased on each occasion.

Galiler’s fiist contribution to astronomical discovery was
made 1n 1604, when a star appeared suddenly in the con-
stellation Serpentarius, and was shewn by him to be at
any rate mole distant than the planets, a result confiming
Tycho’s conclusions (chapter v, § 100) that changes take
place 1n the celestial regions even beyond the planets, and
are by no means confined—as was commonly beheved—
to the earth and 1ts immediate surroundings

118 By this time Galiler had become famous through-
out Italy, not only as a brilliant lecturer, but also as a
learned and origmmal man of science The discoveries
which first gave him a European reputation were, howeve,
the series of telescopic observations made in 1609 and the
following years

Roger Bacon (chapter 111, § 67) had claimed to have de-
vised a combination of lenses enabling distant objects to be
seen as 1if they were near, a similar mvention was probably
made by our countryman Zeonard Digges (who died about
1571), and was described also by the Italian Porfa m 1558
If such an mstrument was actually madc by any one of the
three, which 1s not ceitamn, the discovery at any rate
attracted no attention and was again lost The eflcctive
discovery of the telescope was made i Holland in 1608
by Hans Lippersheun (>-1619), a spectacle-maker of Middle-
burg, and almost simultaneously by two other Dutchmen,
but whether independently or not 1t 15 impossible to say
Larly 1n the following year the report of the invention
reached Galler, who, though without any detailed informa-
tion as to the structure of the instrument, succeeded after
a few trials 1n arranging two lenscs—one convex and one
concave—in a tube m such a way as to enlarge the
apparent suze of an object looked at, his first instrument
made objects appear three times neaier, consequently
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three times greater (in breadth and height), and he was
soon able to make telescopes which in the same way
magnified thurty-fold

That the new instrument might be applied to celestial
as well as to terrestrial objects was a fairly obvious 1dea,
which was acted on almost at once by the English mathe-
matician Zwmas Harror (1560-1621), by Swnon Marius
(1570-1624) n Germany, and by Galiler " That the credit
of first using the telescope for astronomical purposes 1s
almost mvariably attributed to Gahlel, though his first
observations weie 1 all probability shightly later in date
than those of Harriot and Manus, 1s to a great extent
justified by the peisistent way in which he examined object
after object, whenever there seemed any reasonable prospect
of results following, by the energy and acuteness with which
he followed up each clue, by the mdependence of mind
with which he interpreted his observations, and above all
by the nsight with which he reahsed therr astronomucal
mportance

119 His first series of telescopic discoveries were pub-
lished early i 1610 1 a hittle book called Sidereus Nunvrus,
or Zhe Siudereal Messenger His first observations at
once thiew a flood of light on the nature of owr nearest
celestial neighbour, the moon It was commonly believed
that the moon, like the other celestial bodies, was perfectly
smooth and spherical, and the causc of the familiar dark
markings on the surface was quite unknown *

Galiler discovered at once a number of smaller markings,
both bright and dark (fig 53), and recogmsed many of
the latter as shadows of lunar mountamns cast by the
sun, and fuither identified bright spots seen nem the
boundary of the illummnated and dark portions of the moon
as mountain-tops just catching the light of the nsmg or
setting sun, while the surrounding lunar area was still in
daikness. Moreover, with characteristic ingenuity and love
of precision, he calculated from observations of this nature
the height of some of the more conspicuous lunai moun-

* A fair idea of mediaeval views on the subject may be derved fiom
one of the most tedious Cantos m Dante’s greal poem (Paiadiso, 11'),
in which the poet and Beatrice expound two different explanations ”
of the spots on the moon,
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tains, the largest being estimated by him to be about four
miles high, a result agreeing closely with modern estimates
of the greatest height on the moon The large dark spots
he explamed (erroneously) as possibly caused by water,
though he evidently had less confidence 1n the correctness
of the explanation than some of his immediate scientific
successors, by whom the name of seas was given to
these spots (chapter viir, § 153) He noticed also the
absence of clouds Apart however from details, the really
significant results of his obseivations were that the moon
was 1n many umportant respects sumilar to the earth, that
the traditional belief 1n 1ts perfectly spherical form had
to be abandoned, and that so far the received doctrine of
the sharp distinction to be drawn between things celestial
and things terrestrial was shewn to be without justification ,
the importance of this in connection with the Coppernican
view that the earth, instead of being unique, was one of
six planets revolving round the sun, needs no comment

One of Galiler’s numerous scientific opponents * attempted
to explain away the apparent contradiction between the old
theory and the new observations by the ingenious sugges-
tion that the apparent valleys m the moon were 1n reality
filled with some zwuwisible crystaline mateial, so that the
moon was in fact perfectly spherical To this Galiler
replied that the i1dea was so excellent that he wished to
extend 1ts application, and accordingly maintained that
the moon had on 1t mountains of this same visible sub-
stance, at least ten times as high as any which he had
observed

120 The telescope revealed also the existence of an
immense number of stars too famt to be seen by the
unaided eye, Galiler saw, for example, 36 stars in the
Dlelades, which to an ordinary eye consist of six only
Portions of the Milky Way and varnious nebulous patches
of light were also discovered to consist of multitudes of
fant stas clustered together, in the cluster Presepe (in
the Crab), for example, he counted 40 stars

121 By far the most striking discovery announced 1n the
Stdereal Messenger was that of the bodies now known as

* Ludovico delle Colombe 1n a tiact Contra Il Moto della Terra,
which 15 reprinted 1n the national edition of Gahler's works, Vol III
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the moons or satellites of Jupiter. On January 7th, 1610,
Galiler turned his telescope on to Jupiter, and noticed
three famnt stars which caught his attention on account of
their closeness to the planet and their airangement nearly
In a straight ine with 1t~ He looked agamn next night, and
noticed that they had changed therr positions relatively
to Jupiter, but that the change did not seem to be such
as could result from Jupiter’s own motion, if the new bodies
were fixed stars  Two nights later he was able to confiim
this conclusion, and to infer that the new bodies were not
fixed stars, but moving bodies which accompanied Jupiter
In his movements A fourth body was noticed on
January 13th, and the motions of all four were soon recog-
mised by Galler as bemng motions of revolution 1ound
Jupiter as a centre With characteristic thoroughness he

OLi. % * O % Occ.

Fic 54 —Jupiter and 1ts satellites as seen on Jan 7, 1610
From the Siderens Nuncius

watched the motions of the new bodies night after night,
and by the date of the publication of his book had ali eady
estimated with very fair accuracy therr periods of revolution
round Jupiter, which ranged between about 42 hours and
17 days, and he continued to watch their motions for
years

The new bodies were at first called by their discoverer
Medicean planets, 1n honour of his pation Cosmo de
Medici, the Grand Duke of Tuscany, but 1t was evident
that bodies 1evolving 10und a planet, as the planets them-
selves revolved round the sun, formed a new class of bodies
distinct from the known planets, and the name of satellite,
suggested by Kepler as applicable to the new bodies as
well as to the moon, has been generally accepted

The discovery of Jupiter’s satellites shewed the falsity
of the old doctrine that the earth was the only centre of
motion, 1t tended, moreover, seriously to discredit the
infallibility of Arnstotle and Ptolemy, who had clearly no
knowledge of the existence of such bodies ; and again
those who had difficulty m belicving that Venus and
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Mercury could revolve round an apparently moving body,
the sun, could not but have ther doubts shaken when
shewn the new satellites evidently performing a motion
of just this character, and—most 1mportant consequence
of all—the very 1eal mechanical difficulty mvolved n the
Coppernican conception of the moon revolving round the
moving eaith and not diopping behind was at any rate
shewn not to be nsuperable, as Jupiter’s satellites succeeded
in performing a precisely similar feat.

The same reasons which rendered Galiler’s telescopic
discovertes of scientific importance made them also objec-
tionable to the supporters of the old views, and they were
accordingly attacked 1n a number of pamphlets, some of
which are still extant and possess a certan amount of
mterest  One Martin Horky, for example, a young German
who had studied under Kepler, published a pamphlet n
which, affer proving to his own satisfaction that the satel-
lites of Jupiter did not exist, he discussed at some length
what they were, what they were like, and why they existed
Another writer gravely argued that because the human
body had seven openings n 1it—the eyes, ears, nostrils, and
mouth—therefore by analogy there must be seven planets
(the sun and moon beng mcluded) and no more = How-
ever, confimation by other observers was soon obtained
and the pendulum even began to swing in the opposite
direction, a number of new satellites of Jupiter being
announced by various observers. None of these, however,
turned out to be genuine, and Galiler’s four remained the
only known satellites of Jupiter till a few yeais ago
(chapter x111, § 295).

1z2 The reputation acquired by Galiler by the publica-
tion of the Messenger enabled hun to bring to a satisfactory
1ssue negotiations which he had for some time been carrying
on with the Tuscan court Though he had been well
treated by the Venetians, he had begun to feel the burden
of 1egular teaching somewhat nksome, and was anxious to
devote more tume to research and to writing A republic
could hardly be expected to provide him with such a
sinecure as he wanted, and he accordingly accepted 1n the
summer of 1610 an appomtment as professor at Pisa, and
also as “ First Philosopher and Mathematician * to the Grand
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Duke of Tuscany, with a handsome salary and no definite
duties attached to either office

123. Shortly before leaving Padua he turned his telescope
on to Saturn, and observed that the planet appeared to
consist of three parts, as shewn n the first drawmg of
fig 67 (chapter viir, §154) On subsequent occasions,
howevel, he failed to see more than the central body, and
the appearances of Saturn continued to present perplexing
variations, till the mystery was solved by Huygens 1n 1655
(chapter viir, § 154)

The first discovery made at Florence (October 1610) was
that Venus, which to the naked eye appears to vary very
much 1n brlhiancy but not in shape, was in reality at times
crescent-shaped like the new moon and passed thiough
phases similar to some of those of the moon  This shewed
that Venus was, like the moon, a dark body 1n 1itself, deriv-
mg 1ts light from the sun, so that its similarity to the earth
was thereby made more evident

124 The discovery of dark spots on the sun completed
this series of telescopic discovenies  According to his own
statement Galiler first saw them towards the end of 1610,*
but apparently paid no particular attention to them at the
time, and, although he shewed them as a matter of
curiosity to various fitends, he made no formal announce-
ment of the discovery till May 1612, by which time the
same discovery had been made mdependently by Harriot
(§ 118) m England, by Jokn Fabricius (1587-°1615) n
Holland, and by the Jesuit Clristopher Scheiner (1575-1650)
in Germany, and had been published by Fabricius (June
1611) Asa matter of fact dark spots had Dbeen seen with
the naked eye long before, but had been generally supposcd
to be caused by the passage of Mercury in front of the sun
The presence on the sun of such blemishes as black spots,
the “mutability ” involved in therr changes in form and
position, and their formation and subsequent disappearance,
were all distasteful to the supporters of the old wviews,

* In a letter of May 4th, 1612, he says that he has seen them for
eighteen months, 1n the Dialogue on the Two Systems (111, p 312,
in Salusbury’s translation) he says that he saw them while he sull
lectured at Padua, : ¢ presumably by September 1610, as he moved
to Florence 1n that month
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according to which celestial bodies were perfect and un-
changeable The fact, noticed by all the early observers,
that the spots appeared to move across the face of the sun
from the eastern to the western side (z¢ roughly from left
to right, as seen at midday by an observer in our latitudes),
gave at first sight countenance to the view, championed by
Scheiner among others, that the spots might really be small
planets revolving round the sun, and appearing as dark
objects whenever they passed between the sun and the
observer In three letters to his friend Welser, a merchant
prince of Augsburg, written m 1612 and published in the
following year,* Galilel, while giving a full account of his
observations, gave a crushing refutation of this view , proved
that the spots must be on or close to the surface of the
sun, and that the motions observed were exactly such as
would result if the spots were attached to the sun, and 1t
revolved on an axis in a period of about a month, and
further, while disclaiming any wish to speak confidently,
called attention to several of their pomnts of resemblance
to clouds.

One of his arguments agamst Schemer’s views 1s so
simple and at the same time so convincing, that it may
be worth while to reproduce 1t as an 1illustration of Galiler’s
method, though the controveisy itself 1s quite dead

Galile1r noticed, namely, that while a spot took about
fourteen days to cross fiom one side of the sun to the
other, and this time was the same whether the spot passed
through the centre of the sun’s disc, or along a shorter
path at some distance from 1t, its rate of motion was by
no means uniform, but that the spot’s motion always
appeared much slower when near the edge of the sun
than when near the centre This he recognised as an
effect of foreshortening, which would result 1f, and only if,
the spot were near the sun

If, for example, m the figure, the circle rcpresent a
section of the sun by a plane through the obseiver at o,
and 4, B, ¢, D, E be pomts taken at equal distances along
the surface of the sun, so as to rcpiesent the positions
of an object on the sun at equal ntervals of time, on
the assumption that the sun 1evolves uniformly, then the

* Historia e Dunostazonn intoino alle Maciue Solarz
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apparent motion from A to B, as seen by the observer
at 0, 1s measured by the angle a4 0B, and 1s obwviously
much less than that from D to E, measured by the angle
D O E, and consequently an object attached to the sun
must appear to move more slowly from A to B, ze near
the sun’s edge, than from D to E, near the centre On the
other hand, if the spot be a body revolving round the sun
at some distance from 1t, ¢g along the dotted circle ¢ 2 ¢,
then 1if ¢, 4, ¢ be taken at equal distances from one anothes,
the appaient motion from ¢ to &, measuied agaun by the
angle ¢ o 4, 1s only very shightly less than that from & to e,
measuied by the angle 4 0 ¢ Moreover, it required only
a simple calculation, peiformed by Galiler 1 several cases,

Fic 56 —Galler’s proof that sun-spots aie not planets

to express these results in a numerical shape, and so to
infer fiom the actual observations that the spots could not
be more than a very moderate distance from the sun  The
only escape from this conclusion was by the assumption
that the spots, 1f they were bodies revolving round the sun,
moved wrregularly, 1n such a way as always to be moving
fastest when they happened to be between the centre of
the sun and the earth, whatever the earth’s position might
be at the time, a procedure for which, on the onc hand,
no sort of reason could be given, and which, on the other,
was entuely out of harmony with the umformity to which
medieval astionomy clung so firmly

The rotation of the sun about an axis, thus established,
might evidently have been used as an argument 1n support
of the view that the earth also had such a motion, but,
as far as I am aware, neither Galiler nor any contemporary
noticed the analogy. Among other facts rclating to the
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Spots observed by Galile1 were the greater darkness of the
Central parts, some of his drawings (see fig 55) shewng,
like most modern drawings, a fairly well-marked line of
division between the central part (or umbra) and the less
dark fringe (or penumbra) surrounding 1t , he noticed also
that spots frequently appeared 1n groups, that the members
of a group changed their positions relatively to one another,
that individual spots changed their size and shape con-
siderably during then lLifetime, and that spots were usually
most plentiful 1 two regions on each side of the sun’s
€quatot, corresponding roughly to the tropics on our own
globe, and were never seen far beyond these limits

Similar observations weie made by other telescopsts,
and to Schemer belongs the credit of fixing, with consider-
ably more accuracy than Galiles, the position of the sun’s
axis and equator and the time of 1ts rotation

x25 The contioversy with Schemer as to the nature
of spots unfortunately developed into a personal quarrel
as to theun respective claims to the discovery of spots,
a controversy which made Schemner his bitter enemy, and
probably contributed not a little to the hostility with which
Galiler was henceforward regarded by the Jesuits  Galiler’s
uncompronusing championship of the new scientific 1deas,
the shght respect which he shewed for established and
traditional authority, and the biting sarcasms with which
he was in the habit of greeting his opponents, had won
for him a large number of enemies m scientific and
philosophic circles, particularly among the large party
who spoke m the name of Arstotle, although, as Galilel
was never tiwed of remunding them, therr methods of
thought and their conclusions would i all piobability
have been 1ejected by the great Greek philosopher if he
had been alive

It was probably in part owing to his consciousness of a
growmg hostility to his views, both in scientific and 1n
ccclesiastical circles, that Galler paid a short visit to Rome
in 1611, when he met with a most honourable reception
and was treated with great friendliness by several cardinals
and other persons n high places

Unfortunately he soon began to be diawn mto a contro-
versy as to the relative validity m scientific matters of
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observation and reasoning on the one hand, and of the
authority of the Church and the Bible on the other, a
controversy which began to take shape about this time and
which, though its battle-field has shifted from science to
science, has lasted almost without interruption till modern
times

In 1611 was published a tract mamtaming Jupiter’s
satellites to be unscriptural In 1612 Galler consulted
Cardinal Cont: as to the astronomical teaching of the Bible,
and obtained from him the opinion that the Bible appcared
to discountenance both the Anstotelian doctrine of the
immutability of the heavens and the Coppernican doctrme
of the motion of the earth A tract of Galiler’s on floating
bodies, published 1n 1612, roused fresh opposition, but on
the other hand Cardinal Barberini (who afterwards, as
Urban VIII, took a leading part m his persccution)
specially thanked him for a presentation copy of the book
on sun-spots, in which Galilel, for the first tume, clearly
proclaimed m public his adherence to the Coppernican
system In the same year (1613) his friend and follower,
Father Castelly, was appomted professor of mathematics
at Pisa, with special 1nstructions not to lecture on the
motion of the eaith Within a few months Castelll was
diawn nto a discussion on the relations of the Bible to
astronomy, at the house of the Grand Duchess, and quoted
Galile1 i support of his views, this caused Galiler to
express his opinions at some length n a letter to Castellr,
which was circulated mn manuscript at the comt To this
a Dominican preacher, Caccini, rephed a few months
afterwards by a violent setmon on the text, “ Ye Galileans,
why stand ye gazing up into heaven?”* and 1615
Galiler was secretly denounced to the Inquisition on the
strength of the letter to Castelll and other evidence In
the same year he expanded the letter to Castclll mnto a
more elaborate treatise, in the form of a Zetter to the Grand
Duchess Chrustine, which was crculated i manuscupt, but
not printed till 1636 The discussion of the bearing of
particular passages of the Bible (eg the account of the
muracle of Joshua) on the Ptolemaic and Coppernican

* Acts 1 11 The pun 1s not quite so bad m 1ts Latin form, Vg
Galilae:, etc
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systems has now lost most of 1ts interest, 1t may, however,
be worth noticing that on the more general question Galiler
quotes with approval the saying of Cardinal Baronius,
“That the intention of the Holy Ghost 15 to teach us not
how the heavens go, but how to go to heaven,”* and the
following passage gives a good 1dea of the general tenor
of his argument —

“ Methinks, that i the Discussion of Natural Problemes we
ought not to begin at the authority of places of Scripture, but
at Sensible Experiments and Necessary Demonstrations For

Nature being nexorable and immutable, and never passing
the bounds of the Laws assigned her, as one that nothing careth,
whether her abstruse reasons and methods of operating be or
be not exposed to the capacity of men, I concewve that that
concernng Natural Effects, which either sensible experience
sets before our eyes, or Necessary Demonstrations do prove unto
us, ought not, upon any account, to be called into question,
much less condemned upon the testimony of Texts of Scripture,
which may under their words, couch senses seemingly contrary
thereto "

126 Meanwhile his enemies had become so active that
Galiler thought 1t well to go to Rome at the end of 1613
to defend his cause Early in the next year a body of
theologians known as the Qualifiers of the Holy Office
(Inquisition), who had been mnstructed to examine certain
Coppernican doctrines, reported —

‘“That the doctrine that the sun was the centre of the world
and 1mmoveable was false and absurd, formally heretical and
contrary to Scripture, whereas the doctrine that the earth was
not the centre of the world but moved, and has further a daily
motion, was philosophically false and absurd and theologically
at least crroneous ”

In consequence of this repoit it was decided to censure
Galiles, and the Pope accordingly instructed Cardinal
Bellarmme “to summon Galiler and admornish him to

* Spwntus sancto mientfein fuisse nos docere, quo modo ad Coelun:
eatur, non aulem, quomodo Coelum giadratur

1 Fiom the translation by Salusbury, in Vol 1 of his Mathematical
Collectrons,
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abandon the said opmion,” which the Cardmal did "r
Immediately afterwards a deciee was 1ssued condcnmn}h
the opmions m question and placing on the wcll-‘l\nu“’n
Index of Prolubited Books three books contamnmg Coppet-
nican views, of which the De Revolutionsbus of Copperncis
and another were only suspended ¢until they should
be corrected,” while the third was altogether prohuibited.
The necessary corrections to the De Rewolufionibus Were
officially published 1n 1620, and consisted only of a few
alterations which tended to make the essential prmeiples
of the book appear as mere mathematical hypotheses,
convenient for calculation Galiller scems to have been
on the whole well satisfied with the 1ssue of the mquiry,
as far as he was personally concerned, and after obtaming
from Cardmal Bellarmme a certificate that he had ncitha
abjured his opmions nor done penance for them, staycd
on m Rome for some months to shew that he was m
good repute there

127 During the next few years Galiler, who wis now
more than fifty, suffered a good deal from 1ll-health and
was comparatively nacttve He carried on, however,
correspondence with the Spanish court on a method of
ascertamning the longitude at sea by means of Jupiter's
satellites. The essential problem m finding the longiude
1S to obtain the time as given by the sun at the requued
place and also that,at some place the longitude of which
1s known If, for example, midday at Romec occums an
hour earlier than n London, the sun takes an hou to
travel from the meridian of Rome to that of T.ondon, and
the longitude of Rome 1s 15° cast of that of London
At sea 1t 1s easy to ascertan the local timme, cg by
observing when the sun 1s highest mn the sky, but the
great difficulty, felt in Galiler's time and long afterwands
(chapter x , §§ 197, 226), was that of ascertaining the tune at
some standard place Clocks were then, and long after
wards, not to be relied upon to keep time accurately dunng

* The only pomt of any importance in connection with Galile's
relations with the Inquisition on which theie scems to be room to
any serious doubt 1s as to the stringency of this warnmmg It 1
probable that Galiler was at the same time specifically toibidden to

‘“hold, teach, or defend in any way, whether verbally or in wrting,"
the obnoxious doctrine.
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a long ocean voyage, and some astronomical means of
determining the time was accordingly wanted  Galler’s
1dea was that if the movements of Jupiter’s satellites, and
in particular the eclipses which constantly occurred when
a satellite passed into Jupiter’s shadow, could be predicted,
then a table could be prepared giving the times, according
to some standard place, say Rome, at which the eclipses
would occur, and a sailor by observing the local time
of an eclipse and comparing 1t with the time given 1n
the table could ascertan by how much his longitude
differed from that of Rome. It 15, however, doubtful
whether the movements of Jupiter's satellites could at that
time be predicted accurately enough to make the method
practically useful, and m any case the negotiations came
to nothing

In 1618 three comets appeared, and Galiler was soon
drawn 1nto a controversy on the subject with a Jesut
of the name of Grasst The controversy was marked by
the personal bitterness which was customary, and soon
developed so0 as to include larger questions of philosophy
and astronomy  Galilers final contribution to 1t was
published m 1623 under the utle 7/ Saggatore (The
Assayer), which dealt incidentally with the Coppermcan
theory, though only in the indirect way which the edict
of 1616 rendered necessary. In a characterstic passage,
for example, Galiler says —

“Since the motion attributed to the earth, which I, as a pious
and Catholic person, consider most false, and not to exist,
accommodates 1tself so well to explain so many and such
different phenomena, I shall not feel sure that, false asit
1s, 1t may not just as deludingly correspond with the phenomena
of comets”,

and agamn, 1 speaking of the rival systems of Coppernicus
and Tycho, he says —

“Then as to the Copermican hypothesis, 1f by the good
tortune of us Catholics we had not been freed from error
and our blindness illuminated by the Highest Wisdom, I do
not believe that such grace and good fortune could have
been obtained by means of theieasons and observations given
by Tycho”

1I
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Although 1n scientific importance thga Sagaatore ranks
far below many others of Galiler's writings, 1t had a great
reputation as a piece of brilliant controversial writing, and
notwithstanding 1ts thinly veiled Coppernicantsm, the new
Pope, Urban VIII, to whom it was dedicated, was so much
pleased with 1t that he had 1t read aloud to him at meals
The book must, however, have strengthened the hands
of Galilers enemies, and 1t was probably with [ view to
counteracting their nfluence that he went to Rome next
year, to pay his respects to Urban and congiatulate him
on his recent elevation The visit was 10 almost every
way a success, Urban granted to him several friendly
interviews, promised a pension for his son, gave him several
presents, and finally dismissed him with a lett‘en of special
recommendation to the new Grand Duke of Tuscany, who
had shewn some signs of beimng less friendly to Galiler
than his father On the other hand, however, the Pope
refused to listen to Galiler's request that the decree of 1616
should be withdrawn

128 Galiler now set seriously to work on the gieat
astronomical treatise, the Dialogue on the Two  Chif
Systems of the World, the Plolemac and Coppermican,
which he had had in mmnd as long ago as 1610, and 1n
which he proposed to embody most of his astronomical
work and to collect all the available evidence beaing on
the Coppernican controversy ~The form of a dialogue was
chosen, partly for literary reasons, and still more Dhecause
it enabled him to present the Coppermican casc as strongly
as he wished through the mouths of some of the speakers,
without necessarily 1dentifying his own opinions with theirs
The manuscript was almost completed in 1629, and m the
following year Galile1 went to Rome to obtain the necessary
licence for printing 1t The censor had some altcrations
made and then gave the desired permission for punting at
Rome, on condition that the book was submitted to him
agam befoie being finally printed off Soon after Galiler’s
return to Florence the plague broke out, and quarantine
difficulties rendered 1t almost necessary that the book
should be printed at Florence mnstead of at Rome  Thus
required a fresh licence, and the difficulty experienced 1
obtaiming 1t shewed that the Roman censor was getling
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more and more doubtful about the book  Ultimately,
however, the introduction and conclusion having been sent
to Rome for approval and probably to some extent re-
written there, and the whole work having been approved
by the Florentine censor, the book was printed and the
first copies were ready early m 1632, bearing both the
Roman and the Florentine imprimatur

129 The Dialogue extends over four successive days,
and 1s carried on by three speakers, of whom Salviati1s a
Coppernican and Simplicio an Anstotelian philosopher,
while Sagredo 1s avowedly neutral, but on almost every
occasion erther agrees with Salviati at once or 15 easily
convinced by him, and frequently jomns mn casting ridicule
upon the arguments of the unfortunate Simplicio ~ Though
many of the arguments have now lost their immediate
Interest, and the book 1s unduly long, 1t 1s still very read-
able, and the specimens of scholastic reasoning put 1into
the mouth of Simplicio and the refutation of them by
the other speakers strike the modern reader as excellent
fooling

Many of the arguments used had been published by
Galiler1n earlier books, but gain impressiveness and cogency
by bemg collected and systematically arranged  The
Anstotellan dogma of the immutability of the celestial
bodies 1s once more belaboured, and shewn to be not
only inconsistent with observations of the moon, the sun,
comets, and new stars, but to be in reality incapable of
being stated i a form free from obscurity and self-con-
tradiction The evidence 1n favour of the earth’s motion
denved from the existence of Jupiter’s satellites and from
the undoubted phases of Venus, from the suspected phases
of Mercury and from the vanations 1 the apparent size of
Mars, are once more msisted on The greater simplicity
of the Coppernican explanation of the daily motion of the
celestial sphere and of the motion of the planets 1s forcibly
urged and illustrated n detail It 1s pointed out that on
the Coppernican hypothesis all motions of 1evolution or
rotation take place m the same direction (from west to
east), whereas the Ptolemaic hypothesis requires some
to be 1 one direction, some 1n another Moreover the
apparent daily motion of the stars, which appears simple
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enough 1f the stars aie regarded as nigidly attached to a
material sphere, 1s shewn m a quifc different aspect 1f,
as even Simplicio admits, no such sphere exists, and cach
star moves 1 some Sense independently A star near the
pole must then be supposed to move far more slowly than
one near the equator, smce 1t describes a much smaller
arcle 1n the same time , and further—an aigument very
characteristic of Galiler’s mgenuity m drawing conclusions
from known facts—owing to the precession of the equinoxes
(chapter 11, § 42, and 1V, § 84) and the conscquent change
of the position of the pole among the stais, some of those
stars which m Ptolemy’s time were describing very small
circles, and therefore moving slowly, must now be descrnibing
large ones at a greater speed, and gice versa An extremely
complicated adjustment of motions becomes therefore
necessary to account for observations which Coppernicus
explained adequately by the rotation of the carth and a
sumple displacement of 1ts axis of rotation

Salviati deals also with the standing difficulty that the
annual motion of the earth ought to cause a corresponding
apparent motion of the stars, and that 1f the stars be
assumed so far off that this motion 1s imperceptible, then
some of the stars themselves must be at least as large as
the earth’s orbit round the sun Salviati points out that
the apparent or angular magnitudes of the fixed stars,
avowedly difficult to determune, are n reality almost entncly
illusory, being due 1n great part to an optical effect known
as wradiation, m wvirtue of which a bright object always
tends to appear enlarged ,* and that there 15 1n consecuence
no reason to suppose the stars ncarly as large as they might
otherwise be thought to be. It 1s suggested also that the
most promising way of detecting the annual motion of stars
resulting from the motion of the ecaith would be Dby
observing the relative displacement of two stars close
together 1n the sky (and therefore ncarly i the same dirce-
tion), of which one might be presumed from 1ts greater

* This 1s 1llustrated by the well-known optical illusion wherehby a
white circle on a black backgiound appears larger than an cqual
black one on a white background The appaient swe of the hot
filament 1n a modern incandescent clectric lamp 1s another good
illustration
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brightness to be nearer than the other It 1s, for example,
evident that 1f, 1n the figure, E, &' represent two positions of
the earth i 1ts path round the sun, and a, B two stars at
different distances, but nearly in the same direction, then
to the observer at E the star a appears to the left of B,
whereas six months afterwards, when the observer 1s at g/,
A appears to the right of B Such a motion of one star with
respect to another close to 1t would be much more easily
observed than an alteration of the same amount mn the
distance of the star from some standard pomnt such as the
pole. Salviati points out that accurate observations of

El
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Fic 57 —The differential method of parallax

this kind had not been made, and that the telescope might
be of assistance for the purpose This method, known as
the double-star or differential method of parallax, was in
fact the first to lead—two centuries later—to a successful
detection of the motion 1n question (chapter x11, § 278)
130 Entirely new ground 1s broken in the Dialogue
when Gahlev’s discoveries of the laws of motion of bodies
are applied to the problem of the earth’s motion His
great discovery, which threw an entirely new light on the
mechanics of the solar system, was substantially the law
afterwards given by Newton as the first of his three laws
of motion, 1n the form  Ewvery body continues wn its state of
vest or of umiforn motion n a straght line, except n so far
as 1t 15 compelled by force appled to 1t to change that state
Putting aside for the present any discussion of force, a
conception first made really definite by Newton, and only
mmperfectly grasped by Galilei, we may interpret this law
as meaning that a body has no more nherent tendency to
diminish 1ts motion or to stop than 1t has to increase its
motion or to stait, and that any alteration m either the
speed or the direction of a body’s motion 1s to be explamed
by the action on 1t of some other body, or at any rate by
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some other assignable cause. Thus a stone thrown along
a road comes to rest on account of the friction between
1t and the ground, a ball thrown up mto the air ascends
more and more slowly and then falls to the ground on account
of that attraction of the earth on it which we call 1ts
weight  As 1t 1s impossible to entirely 1solate a body fiom
all others, we cannot experimentally realise the state of
things 1n which a body goes on moving indefinitely i the
same direction and at the same rate, 1t may, however,
be shewn that the more we remove a body from thc
mnfluence of others, the less alteration 1s there n 1ts motion
The law 1s therefore, ke most scientific laws, an abstrac-
tion refernng to a state of things to which we may
approximate 1n nature  Galiler mtroduces the 1dea n the
Dialogue by means of a ball on a smooth inchned plane
If the ball 1s projected upwards, 1ts motion 1s gradually
retarded , if downwards, 1t 1s continually accelerated ~ Thus
1s true 1f the plane 1s farly smooth—Ihke a well-planed
plank—and the 1inchination of the plane not very small
If we 1magine the expermment performed on an 1deal planc,
which 1s supposed perfecty smooth, we should expect the
same results to follow, however small the inclmation of
the plane Consequently, if the plane were quite level,
so that there 15 no distinction between up and down, we
should expect the motion to be neither retarded nor
accelerated, but to continue without alteration  Othe
more familiar examples are also given of the tendency
of a body, when once i motion, to continue n motion,
as 1n the case of a rnider whose horse suddenly stops, or of
bodies 1n the cabin of a moving ship which have no tendency
to lose the motion mmparted to them by the ship, so that,
¢ g, a body falls down to all appearances exactly as if the
rest of the cabin were at rest, and therefore, in reality,
while falling retans the forward motion which 1t shares
with the ship and its contents Salviati states also that-—
contrary to general belief—a stone dropped from the mast-
head of a ship 1n motion falls at the foot of the mast, not
behind 1t, but there 1s no reference to the experiment
having been actually performed

This mechanical principle bemng once established, 1t
becomes easy to deal with several common objections to
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the supposed motion of the earth The case of a stone
dropped from the top of a tower, which 1if the earth be
in reality moving rapidly from west to east might be
expected to fall to the west in 1ts descent, 1s easily shewn
to be exactly parallel to the case of a stone dropped from
the mast-head of a ship in motion The motion towards
the east, which the stone when resting on the tower shares
with the tower and the earth, 1s not destroyed mn 1ts
descent, and 1t 1s therefore entnely in accordance with the
Coppernican theory that the stone should fall as 1t does at
the foot of the tower *  Simulaily, the fact that the clouds,
the atmosphere in general, birds flymg in 1t, and loose
objects on the surface of the earth, shew no tendency to
be left behind as the earth moves rapidly eastward, but
are apparently unaffected by the motion of the earth, 1s
shewn to be exactly parallel to the fact that the flies 1n
a ship’s cabin and the loose objects there are 1n no way
affected by the uniform onward motion of the ship (though
the wrregular motions of pitching and rolling do affect them)
The stock objection that a cannon-ball shot westward
should, on the Coppernican hypothess, carty farther than
one shot eastward under hke conditions, 1s met 1n the
same way, but 1t 1s further pomted out that, owing to
the imperfection of gunneiy piractice, the experiment could
not really be tued accurately enough to yield any decisive
result

The most unsatisfactory patt of the Dialogue 1s the
fourth day’s discussion, on the tides, of which Galilel
suggests with great confidence an explanation based merely
on the motion of the earth, while 1ejecting with scoin the
suggestion of Kepler and otheis—coirect as far as 1t
went—that they wele caused by some mnfluence emanating
from the moon It 1s hardly to be wondered at that the
rudimentary mechanical and mathematical knowledge at
Galiler's command should not have enabled him to deal

* Actually, sice the top of the tower 1s describing a shightly larger
circle than 1ts foot, the stone 15 at first moving eastward slightly
faster than the foot of the tower, and therefoie should reach the
ground shghtly to the east of 1t This displacement 1s, however,
very minute, and can only be detected by more delicate experiments
than any devised by Galiler
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correctly with a problem of which the vastly more powerful
resources of modern science can only give an imperfect
solution (cf chapter X1, § 248, and chapter x111, § 292)

131 The book as a whole was m effect, though not m
form, a powerful—indeed unanswerable—plea for Copper-
nicanism.  Galiler tried to safeguard his position, paitly
by the use of dialogue, and partly by the very remarkable
ntroduction, which was not only read and appioved by the
hicensing authorities, but was i all probability n pait
the composition of the Roman censor and of the Pope
It reads to us like a piece of elaborate and thinly veiled
rony, and 1t throws a curious light on the mtelhgence
or on the seriousness of the Pope and the censor, that
they should have thus approved 1t —

“Judicious reader, there was published some years since 1n
Rome a salutiferous Edict, that, (or the obviating of the dangerous
Scandals of the present Age, imposed a reasonable Silence upon
the Pythagorean Opmion of the Mobility of the Earth There
want not such as unadwisedly affirm, that the Decree was not
the production of a sober Scrutmy, but of an 1illlormed passion,
and one may hear some mutter that Consultors altogcther
ignorant of Astronomical observations ought not to clipp the
wings of speculative wits with rash prohibitions My zeale
cannot keep silence when I hear these mconsiderate complaimnts
I thought fit, as being thoroughly acquamted with that prudent
Determination, to appear openly upon the Theatre of the World
as a Witness of the naked Truth I was at that time i Kome,
and had not only the audiences, but applauds ol the most
Eminent Prelates of that Court, nor was that Decree published
without Previous Notice given me thereof [hercfoie it 15 my
resolution 1n the present case to give Foreign Nations to sce,
that this pont 1s as well understood in /7aly, and particulatly
in Rome, as Transalpine Diligence can imagine 1t to be aud
collecting together all the proper speculations that concceine the
Copernican Systeme to let them know, that the notice of all
preceded the Censure of the Roman Comrf, and that there
proceed from this Climate not only Doctrines for the health of
the Soul, but also ingenious Discoveries for the recreating of
the Mind I hope that by these considerations the world
will know, that 1f other Nations have Navigated more than we,
we have not studied less than they, and that ow returnmg to
assert the Earth’s stability, and to take the contrary only for
a Mathematical Capriccio, procecds not from madvertency ol
what others have thought thereof, but (had onc no other
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inducements), from these reasons that Piety, Religion, the
Knowledge of the Divine Omnipotency, and a consciousness
of the ncapacity of man’s understanding dictate unto us ” %

132 Natually Galiler’s many enemies were not long 1n
penetrating these thin disguises, and the immense success
of the book only intensified the opposition which 1t excited ,
the Pope appears to have been persuaded that Simplicio—
the butt of the whole dialogue—was ntended for himself,
a supposed insult which bitterly wounded his vanity, and
1t was soon evident that the publication of the book could
not be allowed to pass without notice In June 1632 a
special commission was appointed to 1nquire mto the
matter—an unusual procedure, probably meant as a mark
of consideration for Galilei—and two months later the
further 1ssue of copies of the book was prohibited, and mn
September a papal mandate was 1ssued requiring Galler
to appear personally before the Inquisition He was evi-
dently frightened by the summons, and tried to avoid com-
plhance through the good offices of the Tuscan court and
by pleading his age and mfirmities, but after considerable
delay, at the end of which the Pope 1ssued instructions to
bring him if necessary by force and 1 chamns, he had
to submut, and set off for Rome early in 1633 Here he
was treated with unusual consideration, for whereas n
general even the most eminent offenders under trial by the
Inquisition were confined 1n 1ts prisons, he was allowed to
live with his fuiend Niccolini, the Tuscan ambassador,
throughout the trial, with the exception of a pertod of
about three weeks, which he spent within the buildings
of the Inquisition, 1n comfortable rooms belonging to one of
the officials, with petmission to correspond with his friends,
to take exercise in the gaiden, and other privileges At
his fiist heaing before the Inquisition, his reply to the
chaige of having violated the decree of 1616 (§ 126) was
that he had not understood that the decree or the admom-
tion given to him forbade the teaching of the Coppernican
theory as a mere “ hypothesis,” and that his book had not
upheld the doctrine 1n any other way Between his first
and second hearing the Commuission, which had been

* From the tianslation by Salusbury, in Vol I of lus Mathematical
Collectrons
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examming his book, reported that 1t did dlsfmctly defend
and mamtan the obnoxious doctrines, and Gallel, having
been meanwhile privately advised by the Commussary-
General of the Inquisition to adopt a more submissive
attitude, admutted at the next hearing that on rcading his
book agamn he recognised that parts of it gave the arguments
for Coppermcanism more strongly than he had at fist
thought The pitiable state to which he had been 1educed
was shewn by the offer which he now made to wiitc a
continuation to the Dialogue which should as far as poss‘lblc
refute his own Coppernican arguments At the final
hearing on June 21st he was examined under threat of
torture,* and on the next day he was biought up for
sentence He was convicted “of beleving and holding
the doctrines—false and contrary to the Holy and Ivine
Scriptures—that the sun 1s the centre of the wotld, and
that 1t does not move from east to west, and that the carth
does move and 1s not the centre of the world, also that an
opmion can be held and supported as probable after 1t has
been declared and decreed contrary to the Holy Scriptures ”
In punishment, he was required to “ abjure, cuise, and
detest the aforesard errors,” the abjuration bemng at once
read by him on his knees, and was further condemned to
the “formal prison of the Holy Office” during the pleasure
of his judges, and required to repeat the seven penitential
psalms once a week for three years On the following day
the Pope changed the sentence of imprisonment nto con-
finement at a country-house neai Rome belonging to the
Grand Duke, and Galiler moved there on June 24th t  On
petitioning to be allowed to return to Florence, he was af
first allowed to go as far as Siena, and at the end of the
year was permitted to retire to his country-house at Arcetr
near Florence, on condition of not leaving 1t for the futurc
without permission, while his intercourse with scientific and
other friends was jealously watched

* The official minute 1s. Et e dicto quod dwat veiilatem, alia
devemelur ad tor tur am

1 The three days June 21-24 are the only ones wlich Galile
could have spent 1n an actual prison, and there seems no 1cason ¢
suppose that they were spent elsewhere than in the comfortable
rooms 1n which 1t 1s known that he lived dung most of April.






GALILFI [{o face p. 171




§ 132] The Second Condemnation of Galile: 171

The story of the trial reflects litle ciedit either on
Galiler or on his persecutors. For the latter, 1t may be
urged that they acted with unusual leniency considering
the customs of the time, and 1t 1s probable that many
of those who were concerned in the trial were anxious to
do as little mjury to Galiler as possible, but were practically
forced by the party personally hostle to him to take some
notice of the obvious violation of the decree of 1616 It
1s easy to condemn Galiler for cowaidice, but 1t must be
borne in mind, on the one hand, that he was at the time
nearly seventy, and much shaken in health, and, on the
other, that the Roman Inquisition, if not as cruel as the
Spanish, was a very real power m the early 17th century ,
during Galiler’s life-time (1600) Giordano Bruno had been
buint alive at Rome fo1 wiitings which, in addition to
contanmg religious and political heresies, supported the
Coppernican  astronomy and  opposed the  traditional
Anstotehan philosophy  Moreover, 1t would be unfar to
regard his submission as due merely to considerations of
personal safety, for—apart from the question whether his
beloved science would have gamed anything by his death
or permanent imprisonment—there can be no doubt that
Galiler was a peifectly sincere member of his Church, and
although he did his best to convince individual officers
of the Chuich of the correctness of his views, and to
munmise the condemnation of them passed n 1616, yet
he was probably picpared, when he found that the con-
demnation was seriously meant by the Pope, the Holy
Office, and others, to believe that n some senses at least
his views must be wrong, although, as a matter of observa-
tion and puie 1cason, he was unable to see how or why
In fact, ike many other cxcellent people, he kept water-
tight compartments in his mind, respect for the Church
being 1n one and scientific mvestigation n another

Copies of the sentence on Galiler and of his abjuration
were at once circulated i Italy and mm Roman Catholic
arcles elsewhere, and a decree of the Congregation of the
Index was also 1ssued adding the Dialogue to the three
Coppernican books condemned m 1616, and to Kepler's
Lopatome of the Coppernican Astronomy (chapter vir, § 145),
which had been put on the /ndex shotly afterwards It
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may be of 1nterest to note that these five books still remained
1n the edition of the Judex of Profubited Books which was
ssued 1 1819 (with appendices dated as late as 1821),
but disappeared from the next edition, that of 1835

133 The rest of Gallel’s hfe may be described very
briefly With the exception of a few months, during which
he was allowed to be at Floience for the sake of medical
treatment, he remained continuously at Arcetri, evidently
pretty closely watched by the agents of the Holy Office,
much restricted m his mtercourse with his friends, and
prevented from carrying on his studies in the directions
which he liked best. He was moreover very mnfim, and
he was afflicted by domestic troubles, especially by the
death 1 1634 of his favourite child, a nun in a neighbouring
convent But his spint was not broken, and he went on
with several important pieces of work, which he had begun
earlier in his career He carried a little further the study
of his beloved Medicean Planets and of the method of finding
longitude based on their movements (§ 127), and negotiated
on the subject with the Dutch government He made also
a further discovery relating to the moon, of sufficient
importance to deserve a few words of explanation

It had long been well known that as the moon describes
her monthly path round the earth we see the same markings
substantially 1n the same positions on the disc, so that
substantially the same face of the moon 1s turned towards
the earth It occurred to Galiler to inquire whether this
was accurately the case, or whether, on the contraiy, somc
change 1n the moon’s disc could be observed. He saw
that 1f, as seemed likely, the line joining the centies of the
earth and moon always passed through the same point
on the moon’s surface, nevertheless certamn alterations 1n
an observer’s position on the earth would enable him to
see different portions of the moon’s surface from time to
time. The simplest of these alterations 1s due to the daily
motion of the earth. Let us suppose for simplhcity that
the observer 1s on the earth’s equator, and that the moon 1s
at the time 1n the celestial equator Let the larger circle
mn fig 58 represent the earth’s equator, and the smaller
circle the section of the moon by the plane of the equator
Then 1 about 1z hours the earth’s rotation cairies the
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observer from A, where he sees the moon rising, to B, where
he sees 1t seting ~ When he 1s at ¢, on the Iine joming the
centres of the earth and moon, the pownt O appears to be 1in
the centre of the moon’s disc, and the portion ¢ 0 ' 1s visible,
¢® / mvistble. But when the observer 1s at 4, the pomnt »,
on the night of o, appears m the centre, and the portion
a P a 15 visible, so that ¢/ o' 1s now visible and a ¢ invisible
In the same way, when the observer 1s at B, he can see the
portion ¢ 4, while 4 ¢ 15 mvisible and Q appears to be m
the centre of the disc Thus m the course of the day
the portion o 0 4’ (dotted mn the figure) 15 constantly visible
and 4 Rr a' (also dotted) constantly mvisible, while ac
and o' ¢ & alternately come nto view and disappear In
other words, when the moon 1s rising we see a lttle
more of the side which 1s the then uppermost, and when
she 1s setting we see a little more of the other side which 1s
uppermost 1n this position A similar explanation applies
when the observer 1s not on the earth’s equator, but the
geometry 15 shightly more complicated In the same way, as
the moon passes from south to north of the equator and back
as she revolves round the earth, we see alternately more and
less of the northern and southern half of the moon  This
set of changes—the simplest of several somewhat similar
ones which are now known as librations of the moon—Dbeing
thus thought of as likely to occur, Galile1 set to work to test
their existence by observing certain markings of the moon
usually visible near the edge, and at once detected altera-
tions 1n their distance from the edge, which were in general
accordance with his theoretical anticipations A more
precise inqury was however interrupted by failing sight,
culminating (at the end of 1636) m total blindness.

But the most mmportant work of these years was the
completion of the great book, m which he summed up
and completed his discoveries m mechanics, Mathe-
matical Discourses and Demonstrations concerning Two
New Sciences, velating to Mechanics and to Local Motion
It was written 1n the foim of a dialogue between the same
three speakers who figured 1n the Dialogue on the Systems,
but 1s distinctly inferior m literary merit to the earher
work We have here no concern with a large part of
the book, which deals with the conditions under which
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bodies are kept at rest by forces applied to them (statics),
and certan problems relating to the 1esistance of bodies
to fiacture and to bending, though i both of these
subjects Galler broke new ground More mportant
astronomically—and probably trinsically also—is what he
calls the science of local motion,* which deals with the
motion of bodies He builds up on the basis of his early
expermments (§ 116) a theory of falling bodies, 1n which
occurs for the first time the mmportant 1dea of uniformly
accelerated motion, or uniform acceleration, ze motion
in which the moving body receives i every equal 1interval
of time an equal increase of velocity. He shews that the
motion of a falling body 1s—except 1n so far as 1t 1s dis-
turbed by the awr—of this nature, and that, as already
stated, the motion 15 the same for all bodies, although
his numerical estimate 1s not at all accurate t From this
fundamental law he works out a number of mathematical
deductions, connecting the space fallen through, the velocity,
and the time elapsed, both for the case of a body falling
freely and for one falling down an inclined plane He
gives also a correct elementary theory of projectiles, 1n
the course of which he enunciates more completely than
before the law of mertia already referred to (§ 130),
although Gallers form 1s still much less general than
Newton’s —

Concerve a body projected or thrown along a horizontal
plane, all impediments beng removed Now 1t 15 clear by
what we have smd before at length that its motion will
be uniform and perpetual along the saud plane, of the plane
extend indefinitely

In connection with projectiles, Galiler also appears to
realise that a body may be conceived as having motions
n two different directions simultaneously, and that each
may be treated as independent of the other, so that,
for example, 1if a bullet 1s shot horizontally out of a
gun, its downward motion, due to 1ts weight, 15 unaffected

* Equwvalent to portions of the subject now called dynamucs or
(more correctly) kmematics and /fwnetics

+ He cstimates that a body falls 1n a second a distance of 4
«pracchia” equvalent to about 8 feet, the true distance bemng
shghtly over 16
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by 1ts horizontal motion, and consequently 1t 1caches
the ground at the same time as a bullet simply allowed
to drop, but Galle1 gives no general statement of this
principle, which was afterwards embodied by Newton m
his Second Law of Motion

The treatise on the Zwo New Scences was finished
1636, and, since no book of Galiler's could be printed n
Italy, 1t was published after some httle delay at Leyden
mn 1638 In the same year his eyesight, which he had
to some extent recovered after his first attack of blindness,
faled completely, and four years later (January 8th, 16.42)
the end came

134 Gallers chief scientific discoveries have already
been noticed The telescopic discoveries, on which much
of his popular reputation 1ests, have probably attracted
more than thewr fair shate of attention, many of them
were made almost simultaneously by others, and the rest,
bemng almost inevitable results of the mvention of the
telescope, could not have been delayed long But the
skilful use which Galiler made of them as arguments for
the Coppernican system, the no less mmportant support
which his dynamucal discoveries gave to the same cause,
the lucidity and dialectic brilliance with which he marshalled
the arguments in favour of his views and demolished
those of his opponents, together with the sensational m-
cidents of his persecution, formed conjomntly a contribution
to the Coppernican controversy which was mn  cffect
decisive  Astronomical text-books still continued to give
side by side accounts of the Ptolemaic and of the Copper-
nican systems, and the authors, at any rate if they were
good Roman Catholics, usually expressed, in some more
or less perfunctory way, therr adherence to the former, but
there was no real life left in the traditional astionomy ,
new advances 1n astronomical theory were all on Copper-
nican lines, and 1n the extensive scientific correspondence
of Newton and his contemporaries the truth of the
Coppernican system scarcely ever appeais as a subject fo
discussion

Galiler’s dynamical discoveries, which ate only in part
of astronomical 1mportance, are n many respects his
most remarkable contribution to science  For whercas 1in
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astronomy he was building on foundations laid by pre-
vious generations, in dynamics 1t was no question of im-
proving or developing an existing science, but of creating
a new one From his predecessors he inherited nothing
but erroneous traditions and obscure 1deas, and when these
had been discarded, he had to arnve at clear fundamental
notions, to devise experiments and make obseivations, to
interpret his experimental results, and to follow out the
mathematical consequences of the simple laws first arrived
at  The positive results obtained may not appear numerous,
if viewed fiom the standpomt of our modern knowledge,
but they sufficed to constitute a secure basis for the super-
structure which later investigators added

It 1s customary to associate with our countryman Francis
Bacon (1561-1627) the reform in methods of scientific
discovery which took place during the seventeenth century,
and to which much of the rapid progress in the natural
sciences made since that time must be attuibuted The
value of Bacon’s theory of scientific discovery 1s very
differently estimated by different critics, but there can be
no question of the smgular ill-success which attended his
attempts to apply it 1n particular cases, and 1t may fairly
be questioned whether the scientific methods constantly
referted to mcidentally by Galiler, and brilhantly exemplified
by his practice, do not really contain a large part of what
1s valuable in the Baconian philosophy of science, while at
the same time avoiding some of 1ts errors Reference has
already been made on several occasions to Galiler’s protests
against the cuwirent method of dealing with scientific
questions by the interpretation of passages 1n Aristotle,
Ptolemy, or other writers, and to his constant insistence
on the necessity of appealing directly to actual observation
of facts. But while thus agreeing with Bacon in these
cssential points, he differed from him i the recognition
of the importance, both of deducing new results from
established ones by mathematical or other processes of
exact reasonng, and of using such deductions, when
compared with fresh experimental results, as a means of
venfyng hypotheses provisionally adopted This method
of proof, which lies at the base of nearly all important
scientific discovery, can hardly be described better than by

12
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Galiler’s own statement of 1t, as applied to a particular
case .—

«tLet us therefore take this at present as a Postulatum, the
truth whereof we shall afterwards find established, when we

shall see other conclusions built upon tlus Hypothesss, to answer
and most exactly to agree with Experience ” ¥

* Two New Scrences, translated by Weston, p 255



CHAPTER VII
KEPLER

“ His celebrated laws were the outcome of a hifetime of speculation,
for the most part vain and groundless But Kepler’s name was
destined to be immortal, on account of the patience with which he
submitted hus hypotheses to comparison with observation, the candour
with which he acknowledged failure after failure, and the persever-
ance and ingenwity with which he renewed his attack upon the
riddles of nature”

JEvons

135 Joun KEPLER, o1 Keppler,* was born in 1571, seven
years after Galilel, at Weil in Wurtemberg , his parents were
in reduced circumstances, though his father had some claims
to noble descent. Though Weil 1itself was predominantly
Roman Catholic, the Keplers were Protestants, a fact which
frequently stood n Keplei’s way at various stages of his
career But the father could have been by no means
zealous 1n his faith, for he enlisted in the army of the
notorious Duke of Alva when 1t was engaged 1n trymg to
suppress the revolt of the Netherlands agamnst Spanish
peisecution

John Kepler’s childhood was marked by more than the
usual number of 1llnesses, and his bodily weaknesses,
combined with a promise of great intellectual ability, seemed
to pomnt to the Church as a suitable career for him  After
attending various elementary schools with great irregulanty
—due partly to 1ill-health, partly to the requirements of

* The astronomer appears to have used both spellings of his name
almost indifferently  For cxample, the title-page of his most
important book, the Commentaries on the Motons of Mars (§141),
has the form Kepler, while the dedication of the same book 1s signed
Kepplet

179



180 A Short History of Astronomy [Ca VII

manual work at home—he was sent 1n 1584 at the public
expense to the monastic school at Adelberg, and two years
later to the mole advanced school or college of the
same kind at Maulbronn, which was connected with the
University of Tubingen, then one of the great centies of
Protestant theology

In 1588 he obtaned the B A degree, and 1n the following
year entered the philosophical faculty at Tubingen

There he came under the mfluence of Maesthn, the
professor of mathematics, by whom he was in private
taught the principles of the Coppernican system, though
the professorial lectures were still on the traditional lines

In 1591 Kepler graduated as M A, being second out of
fourteen candidates, and then devoted himself chiefly to
the study of theology

136 In 1594, however, the Protestant Estates of Styua
applied to Tubingen for a lecturer on mathematics (in-
cluding astronomy) for the high school of Gratz, and the
appomntment was offered to Kepler —Having no special
knowledge of the subject and as yet no taste for 1t, he
naturally hesitated about accepting the offer, but finally
decided to do so, expiessly stipulating, however, that he
should not thereby forfeit his clams to ecclesiastical
prefetment m Wurtemberg. The demand for hugher
mathematics at Gratz seems to have been shght, during
his first year Kepler’s mathematical lectures were attended
by very few students, and in the following year by none,
so that to prevent his salary from being wasted he was
set to teach the elements of vauous other subjects It
was moreover one of his duties to prepare an annual
almanack or calendar, which was expected to contain not
merely the usual elementary astronomical information such
as we are accustomed to in the calendars of to-day, but
also astrological information of a more Interesting characte,
such as predictions of the weather and of remarkable events,
guidance as to unlucky and lucky times, and the hke
Kepler’s first calendar, for the year 1595, contaned some
happy weather-prophecies, and he acquired accordingly a
considerable popular reputation as a prophet and astrologer,
which remained throughout his life

Meanwhile his official duties evidently left him a good
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deal of leisure, which he spent with charactenistic energy
mn acquiing as thorough a knowledge as possible of
astronomy, and 1n speculating on the subject

According to his own statement, ‘“there were three
things 1n particular, zzz the number, the size, and the
motion of the heavenly bodies, as to which he searched
zealously for reasons why they were as they were and not
otherwise”, and the results of a long course of wild
speculation on the subject led him at last to a result with
which he was immensely pleased —a numeiical relation
connecting the distances of the several planets from the
sun with certain geometrical bodies known as the regular
solids (of which the cube 1s the best known), a relation
which 1s not very accurate numerically, and 1s of absolutely
no significance or mmportance * This discovery, together
with a detailed account of the steps which led to 1t, as well
as of a number of other steps which led nowhere, was
published i 1596 1 a book a poition of the title of which
may be nanslated as The Forerunner of Dissertations on
the Unerse, contavung the Mystery of the Universe,
commonly refeired to as the AMysterium Cosmographicum
The contents werc probably much more attractive and
seemed more valuable to Kepler's contemporailes than
to us, but even to those who weie least inclined to attach
weight to 1its conclusions, the book shewed evidence
of considerable astronomical knowledge and very great
ingenuity , and both Tycho Brahe and Galilei, to whom
copies were sent, 1ecognised i the author a rsing
astronomer likely to do good work

137 In 1597 Kepler married In the following year the
religious troubles, which had for some years been steadily
growmg, were ncreased by the action of the Archduke
Ferdmand of Austria (afterwards the Emperoi Ferdinand I1 ),
who on his return from a pilgrimage to Loretto started a

* The regular solids being taken mn the order cube, tctrahedron,
dodecahedron, 1cosahedron, octohedron, and of such magnitude that
a spheic can be circumscnibed Lo each and at the same time mscubed
in the pieceding sohd of the seres, then the 1adu of the six spheres
so obtained were shewn by Kepler to be approximately proportional
to the distances fiom the sun of the six planets Saturn, Jupiter, Mars,
Earth, Venus, and Meicury
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vigorous persecution of Protestants in his dominions, one
step 1 which was an order that all Protestant ministers
and teachers mn Styria should quit the country at once
(1598) Kepler accordingly fled to Hungary, but returned
after a few weeks by special permission of the Archduke,
given apparently on the advice of the Jesuit party, who had
hopes of converting the astronomer Kepler’s hearers had,
however, mostly been scattered by the persecution, 1t be-
came difficult to ensure regular payment of his stipend,
and the nsing tide of Catholicism made his position 1n-
creasingly msecure  Tycho’s overtures were accordingly
welcome, and m 1600 he paid a wisit to him, as already
described (chapter v, § 108), at Benatek and Prague He
returned to Gratz i the autumn, still uncertain whether to
accept Tycho’s offer or not, but being then defimtely
dismissed from his position at Gratz on account of his
Protestant opinions, he returned finally to Prague at the
end of the year

138. Soon after Tycho’s death Kepler was appointed his
successor as mathematician to the Emperor Rudolph (1602),
but at only half his predecessor’s salary, and even this was
paid with great wrregularity, so that complaints as to ariears
and constant pecuniary difficulties played an important part
n his future life, as they had done during the later years
at Gratz ~ Tycho’s instruments never passed into his pos-
session, but as he had little taste or skill for observing, the
loss was probably not great, fortunately, after some diffi-
culties with the heirs, he secured control of the greater part
of Tycho’s mcomparable series of observations, the working
up of which 1nto an improved theory of the solar system
was the main occupation of the next 25 years of his life
Before, however, he had achieved any substantial result in
this direction, he published several minor works—for ex-
ample, two pamphlets on a new star which appeared 1n 1604,
and a treatise on the applications of optics to astronomy
(published i 1604 with a title beginning Ad Vitellonem
Laralipomena quibus Astronomae Pars Optica Traditur ),
the most interesting and 1mportant part of which was a
considerable improvement n the theory of astronomical
refraction (chapter 11, § 46, and chapter v, § 110). A
later optical treatise (the Dzgptrice of 1611) contamned a
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suggestion for the construction of a telescope by the use
of two convex lenses, which 1s the form now most commonly
adopted, and 1s a notable improvement on Galiler’s instru-
ment (chapter vi, § r1x8), one of the lenses of which 1s
concave ; but Kepler does not seem himself to have had
enough mechanical skill to actually construct a telescope
on this plan, or to have had access to workmen capable
of domng so for him, and 1t 1s probable that Galier’s
enemy Schemer (chapter vi, §§ 124, 125) was the first
person to use (about 1613) an mstrument of this kind.

139 It has already been mentioned (chapter v, § 108)
that when Tycho was dividing the work of his observatory
among his assistants he assigned to Kepler the study of
the planet Mars, probably as presenting more difficulties
than the subjects assigned to the others It had been
known since the time of Coppernicus that the planets,
including the earth, revolved round the sun m paths that
were at any rate not very different from circles, and
that the dewiations from uniform circular motion could be
represented roughly by systems of eccentrics and epicycles
The dewiations from uniform circular motion were, however,
notably different m amount i different planets, being,
for example, very small in the case of Venus, relatively large
i the case of Mars, and larger still m that of Mercury
The Prussian Tables calculated by Remnhold on a Copper-
nican basis (chapter v, § 94) weie soon found to represent
the actual motions very imperfectly, errors of 4° and 5°
baving been noted by Tycho and Kepler, so that the
principles on which the tables were calculated were evi-
dently at fault

The solution of the problem was cleaily more likely
to be found by the study of a planet in which the de-
viations from circulan motion were as great as possible
In the casc of Meicury satisfactory observations were
scarce, whereas 1n the case of Mars there was an abundant
series recorded by Tycho, and hence 1t was true msight on
Tycho’s part to assign to his ablest assistant this paiticular
planet, and on Kepler's to continue the research with un-
weailed patience The particular system of epicycles used
by Coppetnicus (chapter 1v, § 87) having proved defective,
Kepler set to work to devise other geometrical schemes, the
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results of which could be compared with observation The
places of Mars as seen on the sky being a combined result
of the motions of Mars and of the earth in ther respective
orbits round the sun, the uregularities of the two oibits
were apparently mextricably mixed up, and a great sumph-
fication was accordingly effected when Kepler succeeded,
by an ingenious combination of observations taken at suit-
able times, in disentangling the wregularities due to the
earth from those due to the motion of Mars itself, and
thus rendering 1t possible to concentrate his attention on
the latter ~ His fertile 1magination suggested hypothesis
after hypothesis, combination after combination of eccentric,
epicycle, and equant, he calculated the 1esults of each and
compared them rigorously with obseivation, and at one
stage he arived at a geometrical scheme which was capable
of representing the observations with ertors not exceeding
8'* "A man of less imtellectual honesty, o1 less convinced
of the necessity of subordinating theory to fact when the
two conflict, might have rested content with this degiee
of accuracy, or might have supposed Tycho’s 1cfractolry
observations to be 1n emor. Kepler, however, thought
otherwise —

“ Since the divine goodness has given to us m Tycho Brahe a
most careful observer, from whose observations the error of 8’
1s shewn 1 this calculation, it 1s night that we should with
gratitude recognise and make use of this gift of God For 1f
I could have treated 8’ of longitude as negligible I should have
already corrected sufficiently the hypothesis discovered 1n
chapter Xxvi  But as they could not be neglected, these &
alone have led the way towards the complete reformation of
astronomy, and have been made the subject-matter of a great
part of this work ”

140 Heaccordingly started afresh,and after trying a variety
of other combinations of circles decided that the path of
Mars must be an oval of some kind At first he was m-
chined to believe 1n an egg-shaped oval, larger at one end than
at the other, but soon had to abandon this 1dea Finally

* Two stars 4’ apart only just appear distinct to the naked eye of
a person with average keenness of sight

t Comumnentares on the Motions of Mars, Part 11, end of chapter x1x,
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he tried the simplest known oval curve, the ellipse,* and
found to his delight that 1t satisfied the conditions of the
problem, if the sun were taken to be at a focus of the ellipse
described by Mars.

It was further necessaiy to formulate the law of varnation
of the rate of motion of the planet in different parts of its
orbit  Heie agamn Kepler tried a number of hypotheses, 1n
the course of which he fairly lost his way in the intricacies
of the mathematical questions imnvolved, but fortunately
arrived, after a dubious process of compensation of errors,
at a simple law which agreed with observation He found
that the planet moved fast when near the sun and slowly
when distant from 1t, 1n such a way that the area described
or swept out m any tume by the line jomung the sun to
Mars was always proportional to the time Thus 1n fig 6ot
the motion of Mars 1s most rapid at the point A nearest to
the focus s where the sun 1s, least rapid at A’} and the

¥ An ellipse 1s onc of several curves, known as conic sections,
which can be formed by taking a scction of a cone, and may also be
defined as a curve the sum of the distances of any point on which

trom two fixed points 1nside 1, known as the focy, 1s always the same
Thus 1f, 1n the figure, s and = are the foci, and », ¢ are any two

Q

Fic 59 —An ellipse

pomts on the cuive, then the distances s p, 11 p added together are
cqual to the distances s 9, @ 1 added together, and each sum 1s equal
to the length A A’ of the ellipse The ratio of the distance s u to
the length A A’ 1s known as the eccentricity, and 1s a convenment
measure of the extent to which the ellipse differs from a circle

1 The ellipse 1s more elongated than the actual path of Mars, an
accuiate drawing of which would be undistinguishable to the eye
from a circle. The eccentricity is } 1n the figure, that of Mars being -
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shaded and unshaded portious of the figurc represent equal
areas each corresponding to the motion of the planet during
a month  Kepler’s triumph at arnving at this result 1s
expressed by the figure of victory n the corner of the
diagram (fig 61) which was used in establishing the last
stage of his proof.

Fic 60 —XKepler's second law,

141 Thus were established for the case of Mars the two 1m-
portant results generally known as Kepler’s first two laws —

1 The planet describes an ellipse, the sun being in one focus.

2 The straught line jorming the planet to the sun sweeps out
equal areas in any two equal intervals of time

The full history of this investigation, with the results
alieady stated and a number of developments and results
of minor importance, together with innumerable digressions
and quaint comments on the progress of the inquiry, was
published 1n 1609 mn a book of considerable length, the
Commentaries on the Motions of Mars *

142. Although the two laws of planetary motion just
given were only fully established for the case of Mars,

¥ Astronoma Nova alriohoynros seu Physica Coclestis, tradita Coin-
wmentayns de Motibus Stellee Martis  Ex Observatiormbus G. V.
Tychonis Biahe
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Kepler stated that the earth’s path also must be an oval
of some kind, and was evidently already convinced—aided
by his firm belief in the harmony of Nature—that all the
planets moved 1n accordance with the same laws This view
1s indicated in the dedication of the book to the Emperor
Rudolph, which gives a fanciful account of the work as a

Fic 61 —Diagram used by Kepler to establish his laws of planectary
motion From the Commentaries on Mars.

struggle against the rebellious War-God Mars, as the result
of which he 1s finally brought captive to the feet of the
Emperor and undertakes to live for the futurc as a loyal
subject  As, however, he has many relations 1n the
ethereal spaces—his father Jupiter, his grandfather Saturn,
his dear sister Venus, his faithful brother Mercury—and he
yeamns for them and they for him oz account of the similarity
of ther habits, he entieats the Emperor to send out an
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expedition as soon as possible to capture them also, and
with that object to provide Kepler with the “swmnews of
war ” 1n order that he may equip a suitable army

Although the money thus delicately asked for was only
supplied very uregularly, Kepler kept steadily in view the
expedition for which 1t was to be used, or, in plamner words,
he worked steadily at the problem of extending his elliptic
theory to the other planets, and constructing the tables of
the planetary motions, based on Tycho’s observations, at
which he had so long been engaged

143 In 1611 his patron Rudolph was forced to abdicate
the imperial crown in favour of his brother Matthias, who
had Iittle interest 1n astronomy, or even 1n astrology ; and
as Kepler’s position was thus rendered more insecure than
evel, he opened negotiations with the Estates of Upper
Austria, as the result of which he was promised a small
salary, on condition of undertaking the somewhat varied
duties of teaching mathematics at the high school of Lingz,
the capital, of constructing a new map of the province, and
of completing his planetary tables For the piesent, how-
ever, he decided to stay with Rudolph.

In the same year Kepler lost his wife, who had long
been 1n weak bodily and mental health

In the following year (1612) Rudolph died, and Kepler
then moved to Linz and took up his new duties there,
though still holding the appointment of mathematician to
the Emperor and occasionally even receiving some portion
of the salary of the office In 1613 he married again, after
a careful consideration, recorded in an extraordinary but
very characterstic letter to one of his friends, of the relative
merits of eleven ladies whom he regarded as possible, and
the provision of a proper supply of wine for his new house-
hold led to the publication of a pamphlet, of some mathe-
matical interest, dealing with the proper way of measuring
the contents of a cask with curved sides *

144 In the years 1618-1621, although 1n some ways the
most disturbed years of his life, he published three books
of mmportance—an ZEpitome of the Copermican Astronomy,
the Harmony of the World,t and a treatise on Comets.

* Tt contains the germs of the method of infinitesimals,
t Harmonices Munds Libr V,
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The second and most important of these, published in
1619, though the leading 1dea in 1t was discovered early
in 1618, was 1egarded by Kepler as a development of his
early Mystersum Cosmographucum (§ 136)  His specula-
tive and mystic temperament led him constantly to search
for relations between the various numerical quantities occur-
ring 1n the solar system , by a happy mspiration he thought
of trying to get a relation connecting the sizes of the orbits
of the various planets with their times of revolution round
the sun, and after a number of unsuccessful attempts dis-
covered a sumple and 1mportant relation, commonly known
as Kepler’s third law —

The squares of the tunes of revolution of any two planets
(encluding the earth) about the sun are proportional to the
abes of thewr mean distances from the sun

If, for example, we express the times of revolution of
the various planets in terms of any one, which may be con-
veniently taken to be that of the earth, namely a year, and 1n
the same way express the distances 1n terms of the distance
of the emth from the sun as a unit, then the times of
1evolution of the several planets taken in the order Mercury,
Venus, Earth, Mars, Juptter, Saturn are appioximately 24,
615, 1, 1 88, 1186, 29 457, and their distances from the
sun ate respectively 387, 723, I, I 524, 5203, 9539, 1f
now we take the squares of the first series of numbeis (the
squaie of a number being the number multiphed by itself)
and the cubes of the second series (the cube of a numbe:
being the number multiplied by 1tself twice, or the square
multiphed again by the number), we get the two seiies of
numbers given approximately by the table —

Mercury | Venus Earth Mai s Jupiter | Saturn
Square of
periodic 058 378 1 354 1407 8677
time
Cube  of
mean 058 378 1 354 1408 | 8679
distance

Here 1t will be seen that the two series of numbers, 1n the
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upper and lower row respectively, agree completely for as
many decmmal places as are given, except in the cases of
the two outer planets, where the lower numbers are shightly
in excess of the upper  For this discrepancy Newton after-
wards assigned a reason (chapter 1x, § 186), but with the
somewhat 1mperfect knowledge of the times of revolution
and distances which Kepler possessed the discrepancy
was barely capable of detection, and he was therefore
justified—from his standpomt—in speaking of the law as
“precise 7 ¥

It should be noticed further that Kepler’s law requues
no knowledge of the actual distances of the several planets
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Fic 62 —The “music of the spheres,” according to Kepler
From the Harmony of the World

from the sun, but only of their relative distances, ze the
numbe: of times farther off from the sun or nearer to the
sun any planet 1s than any other In other words, 1t 1s
necessary to have or to be able to construct a map of the
solar system coriect in 1its proporfions, but 1t 1s quite
unnecessary for this purpose to know the scaZe of the map
Although the Harmony of the Vorid 1s a large book,
there 1s scarcely anything of value 1n 1t except what has
already been given. A good deal of space 1s occupied
with 1epetitions of the earlier speculations contained 1n the

* There may be some interest in Kepler’s own statement of the
law “Res est certissima exactisstmaque, quod proportionis quae
est mter binorum quorumque planetarum tempora periodica, sit
praecise sesquialtera proportionis mediarum distantiarum, 1d est
orbium ipsorum "—Flar mony of the World, Book V , chapter 1
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Mysterium Cosmographicum, and most of the rest 1s filled
with worthless analogies between the proportions of the
solar system and the relations between various musical
scales

He 15 bold enough to write down 1n black and white the
“music of the spheres ” (in the form shewn 1n fig 62), while
the nonsense which he was capable of writing may be
further illustrated by the remark which occurs in the same
part of the book  “The Earth sings the notess MI, FA, M I,
so that you may guess from them that in this abode of ours
MIsery (nuseria) and FAmine (fames ) prevail ”

145 The Epitome of the Copernican Astronomy, which
appeared 1 parts 1 1618, 1620, and 1621, although there
are no very striking discoveries 1n 1t, 1s one of the most
attractive of Kepler’s books, being singularly free from the
extravagances which usually render his writings so tedious
It contains within moderately short compass, in the form
of question and answer, an account of astronomy as known
at the time, expounded from the Coppernican standpoint,
and embodies both Kepler's own and Galilers latest dis-
covertes Such a text-book supplied a decided want, and
that this was recognised by enemies as well as by friends
was shewn by its prompt appearance 1 the Roman Judex
of Prohibited Books (cf chapter vi, §§ 126, 132) The
Epitome contamns the first clear statement that the two
fundamental laws of planetary motion established for the
case of Mars (§ 141) were true also for the other planets
(no satisfactory proof being, however, given), and that they
applied also to the motion of the moon round the earth,
though 1 this case there were further wregularities which
complicated matters The theory of the moon 1s worked
out 1n considerable detail, both evection (chapter 11, § 48)
and vanation (chapter 11, § 6o, chapter v, § 111) bemng
fully dealt with, though the ‘“annual equation” which
Tycho had just begun to recognise at the end of his hife
(chapter v, § 111) 1s not discussed Another mteresting
development of his own discoveries 1s the recognition
that his third law of planetary motion applied also to
the movements of the four satellites round Jupite:, as
recorded by Galiler and Simon Marus (chapter vi, § 118)
Kepler also mtroduced n the Zpitome a considerable
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improvement 1n the customary estimate of the distance of
the earth from the sun, from which those of the othet
planets could at once be deduced

If, as had been generally believed smce the time of
Hipparchus and Ptolemy, the distance of the sun were
1,200 times the 1adws of the earth, then the parallax
(chapter 11, §§ 43, 49) of the sun would at times be as
much as 3, and that of Mars, which i some positions 1s
much nearer to the earth, proportionally larger  But Keple:
had been unable to detect any parallax of Mars, and there-
fore inferred that the distances of Mars and of the sun
must be greater than had been supposed  Having no
exact data to go on, he produced out of his imagination
and his 1deas of the harmony of the solar system a distance
about three times as great as the traditional one He
argued that, as the earth was the abode of mcasuring
creatures, it was reasonable to expect that the measurements
of the solar system would bear some simple relation to the
dimensions of the earth  Accordingly he assumed that
the volume of the sun was as many tumes greater than the
volume of the earth as the distance of the sun was greater
than the radius of the earth, and from this quaint assumption
deduced the value of the distance alieady stated, which,
though an improvement on the old value, was still only
about one-seventh of the true distance

The Epitome contans also a good account of cclipscs
both of the sun and moon, with the causes, means of
predicting them, etc  The faint light (usually reddish) with
which the face of the eclipsed moon often shines 1s correctly
explamed as bemng sunlight which has passed through
the atmosphere of the earth, and has there been bent from
a straight course so as to reach the moon, which the light
of the sun in general 1s, owing to the mteiposition of the
earth, unable to reach Kepler mentions also a ring of
hght seen round the eclipsed sun mm 1567, when the
eclipse was probably total, not annular (chapter 11, § 43),
and ascribes 1t to some sort of luminous atmospheie round
the sun, referring to a description in Plutarch of the same
appearance This seems to have been an early obseivation,
and a rational though of course very imperfect explanation,
of that remarkable solar envelope known as the coroma
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which has attracted so much attention mn the last half-
century (chapter x111, § 301)

146 The treatise on Comets (1619) contamned an account
of a comet seen m 1607, afterwaids famous as Halley’s
comet (chapter x , § 200), and of three comets seen 1n 1618
Following Tycho, Kepler held firmly the view that comets
were celestial not terrestrial bodies, and accounted for their
appearance and disappearance by supposing that they moved
mn straight lines, and therefore after having once passed
near the earth receded ndefimtely into space, he does
not appear to have made any serious attempt to test this
theoy by comparison with observation, bemng evidently
of opimnion that the path of a body which would never
reappear was not a suitable object for serious study He
agreed with the observation made by Fiacastor and Apian
(chapter 111, § 69) that comets’ tails” pomnt away from the
sun, and explained this by the supposition that the tail 1s
formed by rays of the sun which penetrate the body of
the comet and cany away with them some portion of 1ts
substance, a theory which, allowance being made for the
change 1n our views as to the nature of light, 1s a curiously
correct anticipation of modern theories of comets’ tails
(chapter x111, § 304)

In a book intended to have a popular sale 1t was
necessary to make the most of the “meaning” of the
appearance of a comet, and of its influence on human
affawrs, and as Kepler was wiiting when the Thirty Years’
War had just begun, while religious persecutions and wars
had been gong on in Europe almost without Interruption
during his hfetime, 1t was not difficult to find sensational
events which had happened soon after or shortly before
the appearance of the comets referred to  Kepler himself
was evidently not mnclined to attach much importance to
such comncidences , he thought that possibly actual contact
with a comet’s tail might produce pestilence, but beyond
that was not prepared to do more than endoise the prous if
somewhal neutral opinion that one of the uses of a comet 15
to remind us that we are mortal. His belief that comets are
very numerous 15 cxpressed n the curious form ¢ There
are as many arguments to prove the annual motion of the
earth round the sun as there arc comets i the hcavens ”

13
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147 Meanwhile Kepler’s position at Linz had become
more and more uncomfortable, owing to the rising tide
of the religious and political disturbances which finally
led to the outbreak of the Thirty Years’ War 1n 1618, but
notwithstanding this he had refused in 1617 an offer of
a chair of mathematics at Bologna, partly through attach-
ment to his native country and partly through a well-founded
distrust of the Papal party in Italy. Three years afterwaids
he rejected also the overtuies made by the Englsh
ambassador, with a view to securing him as an ornament
to the court of James I, one of his chief grounds for 1efusal
i this case bemng a doubt whether he would not suffer
from bemng cooped up within the limits of an 1sland
In 1619 the Emperor Matthias died, and was succeeded
by Ferdinand II, who as Archduke had started the persc-
cution of the Protestants at Gratz (§ 137) and who had
few scientific mterests Kepler was, however, after some
delay, confirmed in his appomntment as Imperial Mathe-
maticilan In 1620 Linz was occupied by the Impenalist
troops, and by 1626 the oppression of the Protestants by
the Roman Catholics had gone so far that Kepler made
up his nund to leave, and, after sending his family to
Regensburg, went himself to Ulm

148 At Ulm Kepler published his last great work
For more than a quarter of a century he had becen
steadily working out in detail, on the basis of Tycho’s
observations and of his own theories, the motions of the
heavenly bodies, expiessing the results in such convenient
tabular form that the determination of the place of any
body at any required time, as well as the nvestigation
of other astronomical events such as eclipses, became
merely a matter of calculation according to fixed rules,
this great undertaking, in some sense the summing up of
his own and of Tycho’s work, was finally published i 1627
as the Rudolphine Tables (the name bemg given n honour
of his former patron), and remamned for something hke
a century the standard astronomuical tables

It had long been Kepler’s intention, after finishing the
tables, to write a complete treatise on astronomy, to be
called the New Alimagest, but this scheme was ncver fanly
started, much less carried out



§§ 147—150] The Rudolphine Tables 195

149 After a number of unsuccessful attempts to secure
the arrears of his salary, he was told to apply to Wallenstein,
the famous Imperialist general, then established i Silesia
In a semi-independent position, who was keenly imterested
1n astrology and usually took about with him one or more
representatives of the art. Kepler accordingly joined
Wallenstemn 1n 1628, and did astrology for him, 1n addition
to writing some minor astronomical and astrological treatises
In 1630 he travelled to Regensburg, where the Diet was
then sitting, to press in person his claims for various arrears
of salary, but, worn out by anxiety and by the fatigues of
the journey, he was seized by a fever a few days after his
arrival, and died on November 15th (N's ), 1630, 1n his 59th
year

The mventory of his property, made after his death,
shews that he was in possession of a substantial amount,
so that the effect of extreme poverty which his letters
convey must have been to a considerable extent due to his
over-anxious and excitable temperament

150 In addition to the great discoveries already men-
tioned Keple1 made a good many mimor contributions to
astronomy, such as new methods of finding the longitude,
and various improvements in methods of calculation required
for astronomical problems He also made speculations of
some 1nterest as to possible causes underlying the known
celestial motions ~ Whereas the Ptolemaic system required
a number of motions round mere geometrical points, centres
of epicycles or eccentiics, equants, etc, unoccupied by any
real body, and many such motions were still required by
Coppernicus, Kepler’s scheme of the solar system placed a
real body, the sun, at the most important pomt connected
with the path of each planet, and dealt similarly with the
moon’s motion round the earth and with that of the four
satellites round Jupiter ~Motions of revolution came in
fact to be associated not with some central pozz but with
some central Jody, and 1t became therefore an inquiry of
mnterest to asceitan 1if there were any connection between
the motion and the cential body The property possessed
by a magnet of attiacting a piecc of won at some little
distance from 1t suggested a possible analogy to Kepler,
who had read with carc and was evidently impressed by
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the treatise On the Magnet (De Magnete) published 1n
16co by our countryman Willam Gilbert of Colchester
(1540-1603) He suggested that the planets might thus
be regarded as connected with the sun, and therefore as
sharing to some extent the sun’s own motion of revolution
In other words, a certain “carrying virtue ” spread out
from the sun, with or like the rays of light and heat, and
tried to carry the planets round with the sun

“There 1s there-
fore a conflict be-
tween the carrying
power of the sun and
the impotence o1
maternal sluggishness
(znertia) of the
planet, each enjoys
some measure of
victory, for the former
moves the planet
from 1its position and
the latter frees the
planet’s body to some
extent from the bonds
in which 1t 1s thus
held, but only to
be captured again by
another portion of
this rotatory virtue 7 *

R LITVSE T4

Fie 63 —Kepler's 1dea of gravity

From the Epitome The annexed

diagram 1s given

by Kepler n illustration of this rather confused and vague
theory.

He believed also mn a more general “grawity,” which he
defined 1 as “a mutual bodily affection between allied bodies
tending towards their union or junction,” and regarded the
tides as due to an action of this sort between the moon and
the water of the earth. But the speculative 1deas thus
thrown out, which 1t 1s possible to regard as anticipations
of Newton’s discovery of universal gravitation, were not in
any way developed logically, and Kepler’s mechanical ideas

* Epitome, Book 1V, Pait 2
t Introduction to the Commentaries on the Motions of Mavs,
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were too impetfect for him to have made real progress in
this direction.

151 There are few astronomers about whose merits such
different opinions have been held as about Kepler There
15, 1t 18 true, a general agreement as to the great import-
ance of his three laws of planetary motion, and as to the
substantial value of the Rudolphine Tables and of various
minor discoveries These results, however, fill but a small
part of Kepler’s voluminous writings, which are encumbered
with masses of wild speculation, of mystic and occult
fancies, of astrology, weather prophecies, and the like, which
are not only worthless from the standpomnt of modern
astronomy, but which—unlike many erroneous o1 imperfect
speculations—in no way pointed towards the direction n
which the science was next to make progress, and must
have appeared almost as unsound to sober-minded con-
temporaries ke Galler as to us  Hence as one reads
chapter after chapter without a lucid still less a correct 1dea,
1t 15 impossible to refrain from regrets that the intelligence
of Kepler should have been so wasted, and 1t 1s difficult
not to suspect at times that some of the valuable results
which lie imbedded 1n this gieat mass of tedious specula-
tion were arrived at by a mere accident On the other
hand, 1t must not be forgotten that such accidents have a
habit of happening only to great men, and that if Kepler
loved to give remns to his imagmnation he was equally 1m-
pressed with the necessity of scrupulously compaiing
speculative results with observed facts, and of surrendering
without demur the most beloved of his fancies if it was
unable to stand this test If Kepler had burnt three-
quarters of what he printed, we should m all probability
have formed a higher opinion of his intellectual grasp and
sobriety of judgment, but we should have lost to a great
extent the impression of extraordinary enthusiasm and
industry, and of almost unequalled intellectual honesty,
which we now get from a study of his works.



CHAPTER VIII

FROM GALILEI TO NEWTON

“And now the lofty telescope, the scale
By which they venture heaven itself t’assail,
Was raised, and planted full against the moon ”
Hudrbras

152 BETWEEN the publication of Galilers Zwo New
Sciences (1638) and that of Newton’s Princpia (1687) a
period of not quite half a century elapsed, during this
mterval no astronomical discovery of first-rate 1mpoitance
was published, but steady progiess was made on lines
already laid down

On the one hand, while the impetus given to exact observa-
tion by Tycho Brahe had not yet spent 1tself, the vention
of the telescope and its gradual improvement opened out an
almost indefinite field for possible discovery of new celestial
objects of interest On the other hand, the remarkable
character of the three laws 1 which Kepler had summed
up the leading characteristics of the planetary motions
could haidly fail to suggest to any intelligent astionomer
the question w/y these particular laws should hold, or, in
other words, to stimulate the mquiry into the possibility of
shewing them to be necessary consequences of some
simpler and more fundamental law or laws, while Galiler's
researches 1nto the laws of motion suggested the possibility
of establishing some connection between the causes under-
lying these celestial motions and those of ordinary terrestrial
objects.

153 It has been already mentioned how closely Galilet
was followed by other astronomers (if not 1 some cases

actually anticipated) m most of his telescopic discoveries.
198
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To his rival Christopher Scheiner (chapter v, §§ 124, 125)
belongs the credit of the discovery of bright cloud-like
objects on the sun, chiefly visible near 1its edge, and from
their brilliancy named faculae (little torches) Scheiner made
also a very extensive series of observations of the motions
and appearances of spots

The study of the surface of the moon was carried on
with great care by Jokn Hevel of Danzig (1611-1687), who
published 1 1647 his Selenograp/ua, or descuption of the
moon, magnificently 1llustrated by plates engraved as well
as drawn by himself The chief features of the moon—
mountamns, craters, and the dark spaces then believed to be
seas—were systematically described and named, for the
most part after corresponding featutes of our own earth
Hevel’s names for the chief mountan ranges, eg the
Apenmines and the Alps, and for the seas, eg Mare
Serenatatrs or Pacific Ocean, have lasted till to-day, but
similar names given by him to single mountains and cratexs
have disappeared, and they aie now called after various
distingwished men of science and philosophers, ¢ g Flato
and Coppermicus, 1n accordance with a system mtroduced
by Jokn Baptist Riccioli (1598-1671) mn his bulky treatise
on astronomy called the New Almnagest (1651)

Hevel, who was an indefatigable worker, published two
large books on comets, Prodromus Cometicus (1654) and
Cometograplua (1668), containing the first systematic account
of all recorded comets He constiucted also a catalogue
of about 1,500 stars, observed on the whole with accuiacy
rather greater than Tycho’s, though still without the use of
the telescope, he published mn addition an improved sct
of tables of the sun, and a variety of other calculations and
observations

154 The planets werc also watched with inteiest by a
number of observers, who detected at different times bught
ot dark markings on Jupiter, Mars, and Venus. The two
appendages of Saturn which Galile1 had discovered in 1610
and had been unable to see two years later (chapter vi, § 123)
were seen and described by a number of asttonomers
under a perplexing variety of appearances, and the mystery
was only unravelled, nearly half a century after Galiler’s first
observation, by thc gieatest astionomer of this period,
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Christiaan Huygens (1629-1695), a native of the Hague,
Huygens possessed remarkable ability, both practical and
theoretical, in several different directions, and his contribu-
tions to astronomy were only a small part of his services
to science Having acquired the art of grinding lenses
with unusual accuracy, he was able to construct telescopes
of much greater power than his predecessors By the helpof
one of these instruments he discovered mn 1655 a satellitc of
Saturn (7ifan) With one of those remnants of mediaeval
mysticism from which even the soberest minds of the century
freed themselves with the greatest difficulty, he asserted that,
as the total number of planets and satellites now reached the
perfect number 12, no more remamed to be discovered—a
prophecy which has been abundantly falsified since (§ 160,
chapter x11, §§ 253, 255 , chapter x111, §§ 289, 294, 295)
Using a still finer telescope, and aided by his acuteness
in mterpreting his observations, Huygens made the much
more 1nteresting discovery that the puzzling appearances
seen round Saturn were due to a thin ring (fig 64) inchined at
a considerable angle (estimated by him at 31°) to the plane
of the ecliptic, and therefore also to the plane m which
Saturn’s path round the sun lies This result was fiist
announced-—according to the curious custom of the time—
by an anagram, in the same pamphlet in which the dis-
covery of the satellite was published, De Safurni Luna
Observatio Nova (1656) , and three years afterwaids (1659)
the larger Systema Saturmum appeared, m which the 1n-
terpretation of the anagram was given, and the varying
appearances seen both by himself and by earlier observers
were explained with admirable lucidity and thoroughness.
The rning being extremely thin is mvisible erther when
its edge 15 presented to the observer or when 1t 15 pie-
sented to the sun, because 1n the latter position the 1est
of the ring catches no light Twice n the course of
Saturn’s revolution round the sun (at 3 and D i fig 60),
e at mtervals of about 15 years, the plane of the ring
passes for a short time through or very close both to the
earth and to the sun, and at these two periods the ring 1s
consequently invisible (fig. 65) Near these positions (as at
Q, R, S, T) the ring appears much foreshortened, and pre-
sents the appearance of two arms projecting from the body




Fic 64 —Saturn’s ring, as drawn by Huygens From the
Systemna Saturnnin

:Frc 65 —Satwn, with the 11ng secn edge-wise  Fiom the
Systema Saturninm [To face p 200
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of Saturn, farther off still the ring appeais wider and the
opening becomes visible, and about seven years before
and after the periods of invisibility (at A and c) the ring
1s seen at 1ts widest Huygens gives for comparison with
his own results a number of drawings by earlier observers
(reproduced 1n fig 67), fiom which 1t may be seen how
near some of them were to the discovery of the ring

155 To our countryman William Gascoigne (1612 P~1644)
1s due the first recognition that the telescope could be utilised,
not merely for observing generally the appearances of celestial
bodies, but also as an mstrument of precision, which would
give the directions of stars, etc, with greater accuracy than
1s possible with the naked eye, and would magnify small
angles 1 such a way as to facilitate the measurement
of angular distances between neighbouring stars, of the
diameters of the planets, and of similar quantities  Hc was
unhappily killed when quite a young man at the battle
of Marston Moot (1644), but his letters, published many
years afterwards shew that by 1640 he was familiar with
the use of telescopic “sights,” for deternuming with
accuracy the position of a star, and that he had constructed
a so-called micrometer * with which he was able to measure
angles of a few seconds Nothing was known of his dis-
covenes at the time, and 1t was left for Huygens to mvent
independently a micrometer of an inferior kind (1658), and
for Adrien Auzout (P-1691) to ntroduce as an improvement
(about 1666) an instrument almost 1dentical with Gascoigne’s

The systematic use of telescopic sights for the 1egular
work of an observatory was first troduced about 1667 by
Auzout’s fnend and colleague Jean Prcard (1620-1682)

156 With Gascoigne should be mentioned his friend
Jeremal Horroks (1617 ?-1641), who was an enthusiastic
admurer of Kepler and had made a consideiable improve-
ment m the theory of the moon, by taking the elliptic o1bit
as a basis and then allowing for various irregulanities He
was the first observer of a transit of Venus, z¢ a passage
of Venus over the disc of the sun, an event which took
place n 1639, contrary to the prediction of Kepler m the
Rudolpluine Tables, but i accordance with the rival tables

* Substantially the filar nucrometer of modein astronomy
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of Phulips von Lansberg (1561-1632), which Horrocks had
verified for the purpose It was not, however, till long
afterwards that Halley ponted out the mportance of the
transit of Venus as a means of ascertaining the distance of
the sun from the earth (chapter x, § 202) It 15 also worth
noticing that Horrocks suggested the possibility of the
rregularities of the moon’s motion being due to the disturb-
ing action of the sun, and that he also had some 1dea of
certain 1rregularities i the motion of Jupiter and Saturn,
now known to be due to their mutual attraction (chapter x ,
§ 204, chapter x1, § 243)

157 Another of Huygens’s discoveries revolutionised the
art of exact astronomucal observation This was the inven-
tion of the pendulum-clock (made 1656, patented n 1657).
It has been already mentioned how the same discovery
was made by Burgi, but virtually lost (see chapter v, § 98),
and how Galiler again mtroduced the pendulum as a time-
measurer (chapter vi, § 114) Galler’s pendulum, however,
could only be used for measuring very short times, as there
was no mechanism to keep it in motion, and the motion
soon died away Huygens attached a pendulum to a clock
driven by weights, so that the clock kept the pendulum going
and the pendulum regulated the clock* Henceforward
1t was possible to take reasonably accurate time-observa-
tions, and, by noticing the interval between the passage
of two stars across the meridian, to deduce, from the known
rate of motion of the celestial sphere, their angular distance
east and west of one another, thus helping to fix the position
of one with respect to the other It wasagain Picard (§ 155)
who first recogmised the astronomical importance of this
discovery, and introduced regular time-observations at the
new Observatory of Paris

158 Huygens was not content with this practical use
of the pendulum, but worked out in his treatise called
Oscllatorium Horologrum or The Pendulum Clock (1673) a
number of important results in the theory of the pendulum,
and 1n the allied problems connected with the motion of
a body 1n a circle or other cuive The greater part of these

* Galley, at the end of his life, appears to have thought of contriving

a pendulum with clockwork, but there 1s no satisfactory evidence that
he cver carried out the 1dea
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investigations lie outside the field of astronomy, but his
formula connecting the time of oscillation of a pendulum
with 1ts length and the ntensity of gravity * (or, i other
words, the rate of falling of a heavy body) afforded a prac-
tical means of measuring gravity, of far greater accuracy
than any direct experiments on falling bodies, and his
study of circular motion, leading to the result that a body
moving 1n a circle must be acted on by some force towaids
the centre, the magnitude of which depended n a definite
way on the speed of the body and the size of the circle,T 15
of fundamental 1mportance n accounting for the planetary
motions by gravitation

159 During the 17th century also the first measurements
of the earth were made which were a definite advance on
those of the Greeks and Arabs (chapter 11, §§ 36, 43,
and chapter 111, § 57)  [Villebrord Snell (1591-1626), best
known by his discovery of the law of 1efraction of light,
made a series of measurements m Holland in 1617, from
which the length of a degree of a menidian appeared to be
about 67 miles, an estimate subsequently altered to about
69 miles by one of his pupils, who corrected some crrors
in the calculations, the result being then within a few
hundred feet of the value now accepted Next, Rulard
Norwood (1590 *-1675) measured the distance from London
to York, and hence obtained (1636) the length of the
degree with an error of less than half a mule. Lastly,
Picard mm 1671 executed some measurements necar Paius
leading to a result only a few yards wrong The length
of a degree being known, the circumference and 1ads of
the earth can at once be deduced

160 Auzout and Picard weie two members of a group
of observational astronomers working at Paris, of whom the
best known, though probably not really the greatest, was
Guvanm Domemco Cassimz (1625-1712) Boin 1 the
north of Italy, he acquired a great reputation, partly by
some rather fantastic schemes for the construction of
gigantic instruments, partly by the discovery of the rotation

* In modern notation time of oscillation = 2w+ 1/"}

T Ie he obtained the familiar formula 2%/, and several cquivalent
forms for cent)ifugal force
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of Jupiter (1665), of Mars (1666), and possibly of Venus
(1667), and also by his tables of the motions of Jupaiter’s
moons (1668) The last caused Picard to procure for him
an nvitation from Lows XIV (1669) to come to Paris
and to exercise a general superintendence over the Obser-
vatory, which was then being buwilt and was substantially
completed 1n 1671  Cassimi was an industrious observer
and a voluminous writer, with a remarkable talent for
impressing the scientific public as well as the Court He
possessed a strong sense of the importance both of himself
and of his work, but 1t 15 more than doubtful if he had as
clear 1deas as Picard of the really important preces of work
which ought to be done at a public observatory, and of
the way to set about them But, notwithstanding these
defects, he 1endered valuable services to various departments
of astronomy He discovered four new satellites of Saturn
Japetus 1 1671, Rkea 1 the following year, Duwne and
Thetis 1n 1684 , and also noticed mn 1675 a dark marking
in Saturn’s ring, which has subsequently been more dis-
tinctly recognised as a division of the ring mto two, an
mner and an outer, and 1s known as Cassmr’s division
(see fig o5 facing p. 384) He also improved to some
extent the theory of the sun, calculated a fresh table of
atmospheric refraction which was an 1mprovement on
Kepler's (chapter vi1, § 138), and 1ssued m 1693 a fresh set
of tables of Jupiter’s moons, which were much more accurate
than those which he had published 1n 1668, and much the
best existing

161 Itwas probably at the suggestion of Picard or Cassin
that one of their fellow astronomers, fo/in Ricker (?~1696),
otherwise almost unknown, undertook (1671-3) a scientific
expedition to Cayenne (in latitude 5° N)  Two important
1esults were obtained It was found that a pendulum of
given length beat more slowly at Cayenne than at Paris,
thus shewing that the mtensity of gravity was less near the
equator than in higher latitudes  Thus fact suggested that the
earth was not a perfect sphere, and was afterwards used 1n
connection with theoretical investigations of the problem of
the earth’s shape (cf chapter 1x, § 187)  Again, Richer’s
observations of the position of Mars n the sky, combined
with observations taken at the same time by Cassini, Picard,
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and others 1n France, led to a reasonably accurate estimate
of the distance of Mars and hence of that of the sun

Mars was at the time in opposition (chapter 11, § 43), so
that 1t was nearer to the earth

than at other times (as shewn

M, in fig 68), and therefore
favourably situated for such

observations The principle

of the method 1s extremely

simple and substantially 1den-

tical with that long used in

the case of the moon (chap-

ter 11, § 49) One observer

1s, say, at Paris (p, in fig 69),

and observes the direction in

Fic 68 —Mars 1n opposition which Mars appears, ze the
direction of the line p M, the

other at Cayenne (c) observes smmilarly the direction of
the lme cm  The line c», joiming Paris and Cayenne, 1s
known geographically, the shape of the triangle cp M and

Fic 69 —The parallax of a planet

the length of one of its sides bemng thus known, the
lengths of the other sides are teadily calculated.

The result of an mnvestigation of this soit 1s often most
conveniently expressed by means of a certan angle, from
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which the distance mn terms of the 1adius of the earth, and
hence 1 miles, can readily be deduced when desuned

The parallax of a heavenly body such as the moon, the
sun, or a planet, beingin the first instance defined geneially
(chapter 11, § 43) as the angle (o M P) between the lnes
joming the heavenly body to the observer and to the
centie of the earth, varies 1 general with the position of
the observer It 1s evidently greatest when the obseiver
1s 1n such a position, as at Q, that the line m Q@ touches the
earth, i this position M 1s on the observer’s horizon
Moreover the angle o @M bemng a night angle, the shape
of the triangle and the ratio of its sides are completely
known when the angle oMQ 1s known Since this angle
1s the parallax of M, when on the observer’s horizon, 1t 1s
called the horizontal parallax of m, but the word horizontal
1s frequently omutted It 15 easily seen by a figure that
the more distant a body 1s the smaller 1s 1ts horizontal
parallax , and with the small parallaxes with which we aic
concerned 1n astronomy, the distance and the horizontal
parallax can be treated as inversely pioportional to one
another, so that 1if, for example, one body 1s twice as
distant as another, 1ts parallax 1s half as great, and so on

It may be convenient to pomnt out here that the word
“paiallax”1s used mn a different though analogous sense when
a fixed star 1s in question The apparent displacement
of a fixed star due to the earth’s motion (chapter 1v, § 92),
which was not actually detected till long afterwards
(chapter xi11, § 278), 1s called annual or stellar parallax
(the adjective being fiequently omitted), and the name
1s applied m particular to the greatest angle betwcen the
direction of the star as seen fiom the sun and as seen from
the earth 1n the couse of the year If in fig 69 we regard
M as representing a star, o the sun, and the circle as being
the earth’s path round the sun, then the angle oM @ 15 the
annual parallax of M

In this particular case Cassmi deduced from Richer’s
observations, by some rather doubtful processes, that the
sun’s parallax was about ¢” 5, corresponding to a distance
from the eaith of about 87,000,000 miles, or about 300
times the distance of the moon, the most probable value,
according to modern estimates (chapter xur, § 284), heing
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a little less than 93,000,000  Though not really an accurate
result, this was an enormous improvement on anything
that had gone before, as Ptolemy’s estimate of the sun’s
distance, corresponding to a parallax of 3, had survived
up to the earlier part of the 17th century, and although
it was generally believed to be seriously wiong, most
corrections of 1t had been purely conjectural (chapter vir,
§$ 145)

162 Another famous discovery associated with the early
days of the Paris Observatory was that of the velocity
of ight In 1671 Picard pad a visit to Denmark to
examine what was left of Tycho Brahe’s obseivatory at
Hveen, and brought back a young Damsh astronomer,
Olaus Roemer (1644-1710), to help him at Paris  Roemer,
in studying the motion of Jupiter’s moons, observed (1675)
that the intervals between successive eclipses of a moon
(the echipse being caused by the passage of the moon mto
Jupiter’s shadow) were regularly less when Jupiter and the
earth were approaching one another than when they were
receding  This he saw to be readily explained by the
supposition that light travels through space at a definite
though very great speed Thus if Jupiter 1s approaching
the earth, the time which the lhight from one of his moons
takes to reach the earth 1s gradually decreasing, and con-
sequently the interval between successive eclipses as seen
by us 1s apparently dimimished From the difference of
the intervals thus observed and the known 1ates of motion
of Jupiter and of the earth, 1t was thus possible to form a
rough estimate of the rate at which light travels. Roemer
also made a number of mstrumental improvements of
importance, but they are of too technical a character to
be discussed here

163 One great name belonging to the period dealt with
in this chapter remams to be mentioned, that of René
Descartes* (1596-1650)  Although he ranks as a great
philosopher, and also made some extremely impoitant
advances 1 pure mathematics, his astronomical Wwritings
were of little value and in many respects positively harmful
In his Principles of Philosophy (1644) he gave, among
some wholly erroneous propositions, a fuller and more

* Also frequently referred to by the Latin name Carfesius,
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general statement of the first law of motion discovered
by Galiler (chapter vi, §§ 130, 133), but did not support 1t
by any evidence of value. The same book contained an
exposition of his famous theory of vortices, which was an
attempt to explain the motions of the bodies of the solar
system by means of a certain combination of vortices or
eddies The theory was unsupported by any experimental
evidence, and 1t was not formulated accurately enough to
be capable of bemng readily tested by comparison with
actual observation, and, unlike many eironeous theories
(such as the Gieek epicycles), 1t m no way led up to
or suggested the truer theories which followed 1t ~ But
¢ Cartesianism,” both 1 philosophy and 1n natural science,
became extremely popular, especially in France, and 1ts
vogue contributed notably to the overthrow of the authority
of Arstotle, already shaken by thinkers like Galile; and
Bacon, and thus rendered men’s minds a little more ready
to recewve new 1deas 1n this indirect way, as well as by
his mathematical discoveries, Descaites probably con-
tributed something to astronomical progress

14



CHAPTER IX
UNIVERSAL GRAVITATION.

¢ Nature and Nature's laws lay hid in mght,
God said ‘Let Newton be!’ and all was light ”
Pore

164. NEwTON’s life may be convemently divided into three
portions First came 22 years (1643-1665) of boyhood
and undergraduate life, then followed his great productive
period, of almost exactly the same length, culminating
the publication of the Prnapa mn 1687 , while the 1est of
his life (1687-1727), which lasted nearly as long as the
other two periods put together, was largely occupied with
official work and studies of a non-scientific character, and
was marked by no discoveries ranking with those made
in his muddle period, though some of his earlier work
received 1mportant developments and several new results
of decided interest were obtained

165. Isaac Newton was born at Woolsthorpe, near
Grantham, in Lincolnshire, on January 4th, 1643 ,* this
was very nearly a year after the death of Galilei, and a
few months after the beginning of our Civil Wars His
taste for study does not appear to have developed very
early 1n lhife, but ultimately became so marked that, after

¥ According to the unreformed calendar (OS) then mn use m
England, the date was Christmas Day, 1642 To facilitate comparison
with events occurring out of England, I have used throughout this
and the following chapters the Gregorian Calendar (N S ), which was
at this time adopted 1n a large part of the Continent (cf chapter i,

§ 22).

210
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Some unsuccessful attempts to turn him nto a farmer, he
was entered at Trimty College, Cambndge, 1n 1661

Although probably at first rather more backward than
most undergraduates, he made extremely rapid progress
in mathematics and allied subjects, and evidently gave his
teachers some trouble by the rapidity with which he
absorbed what little they knew He met with Euchd’s
Llements of Geometry for the first time while an under-
graduate, but 1s reported to have soon abandoned 1t as
bemg “a trifing book,” 1n favour of more advanced reading
In January 1665 he graduated n the ordinary course as
Bachelor of Arts

166 The external events of Newton’s life during the
hext 22 years may be very briefly dismissed He was
elected a Fellow 1n 1667, became M A 1n due course 1n
the following year, and was appointed Lucasian Professor
of Mathematics, 1n succession to his friend Isaac Barrow,
In 1669 Three years later he was elected 2 F ellow of the
recently founded Royal Society  With the exception of
some visits to his Lincolnshire home, he appears to have
spent almost the whole period in quiet study at Cambndge,
and the history of his life 15 almost exclusively the history
of his successive discoveries

167 His scientific work falls into three man groups,
astronomy (including dynamucs), optics, and pure mathe-
matics. He also spent a good deal of time on experimental
work 1 chemustry, as well as on heat and other branches
of physics, and 1n the latter half of his Life devoted much
attention to questions of chronology and theology , 1n none
of these subjccts, however, did he produce results of much
importance

168 In formmg an estimate of Newton’s genwus 1t 1s of
course mmportant to bear in mind the range of subjects
with which he dealt , from ow present pomnt of view, how-
ever, his mathematics only presents 1tself as a tool to be
used n astronomical work , and only those of his optical
discoveries which are of astionomical mpoitance need be
mentioned here  In 1668 he constructed a reflecting
telescope, that 15, a telescope m which the rays of light from
the object viewed are concentiated by means of a curved
murror mstead of by a lens, as in the refracting telescopes
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of Galiler and Kepler. Telescopes on this principle, differ-
ing however mn some important particulars from Newton’s,
had already been described m 1663 by james Gregory
(1638-1675), with whose 1deas Newton was acquainted, but
it does not appear that Gregory had actually made an
instrument  Owing to mechamcal difficulties in construction,
half a century elapsed befoie reflecting telescopes were
made which could compete with the best refractors of the
time, and no 1mportant astronomical discoveries were made
with them before the time of Wiliam Herschel (chapter X1 ),
more than a century after the original invention

Newton’s discovery of the effect of a prism 1n resolving
a beam of white light mto different colours 1s 1n a sense
the basis of the method of spectrum analysis (chapter X111,
§ 299), to which so many astronomical discoveries of the
last 40 years are due

169 The 1deas by which Newton 1s best known 1n each
of his three great subjects—gravitation, his theory of
colours, and fluxions—seem to have occurred to him
and to have been partly thought out within less than two
years after he took his degree, that 1s before he was 24
His own account—written many years afterwards—gives
a viid picture of his extraordinary mental activity at this
time —

«In the beginming of the year 1665 I found the method of
approximating Series and the Rule for reducing any dignity of
any Bmomal into such a series The same year i May I
found the method of tangents of Gregory and Slusius, and n
November had the direct method of Fluxions, and the next
year 1n January had the Theory of Colours, and i May following
1 had entrance nto the mverse method of Fluxions And the
same year I began to think of gravity extending to the orb
of the Moon, and having found out how to estimate the force
with which [a] globe revolving within a sphere presses the
surface of the sphere, from Kepler's Rule of the periodical times
of the Planets bemng 1n a sesqualterate proportion of their
distances from the centers of their orbs I deduced that the
forces which keep the Planets mn their orbs must [be] reciprocally
as the squares of their distances from the centers about which
they revolve and thereby compared the force requisite to keep
the Moon 1 her orb with the force of gravity at the surface
of the earth, and found them answer pretty nearly All this
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was 1 the two plague years of 1665 and 1666, for n those
days I was 1n the prime of my age for invention, and minded
Mathematicks and Philosophy more than at any time since ” *

170 He spent a considerable part of this time (1665~
1666) at Woolsthorpe, on account of the prevalence of
the plague

The well-known story, that he was set meditating on
gravity by the fall of an apple 1n the orchard, 1s based
on good authority, and 1s perfectly credible 1n the sense
that the apple may have reminded him at that particular
time of certain problems connected with gravity That
the apple seriously suggested to him the existence of the
problems or any key to their s