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PREFACH

Tue “OLv axo New Astroxony ™ was planned by Mr. Procror
more than a quarter of a century ago.  In an article printed in
‘Knowledge * tor March 1888, he savs that, while writing his first
book on ¢ Saturn and its S\\tmn which was published i 1865, he
proposed to himself” to follow up his book on Satinn by a series of
similar monographs on Jupiter. Mars. the Suu. the Moon. Comets
and Meteors, the Stars, Star Clusters, and Nebulae,  After the
publication of * Satirn and its Svstem!.” he deferred the exeention of
his nvnm.l] plan for a while, in order to prepare aseries of star charts
and a * Handbook of the Stars”; but, having completed these, he
cmmnun(tc(] a monograph on the ])];mvt Mars, on which he was ocen-
piedwhen, in 1866, the tailire of'a bank, in which he was a considerable
sharcholder, deprived him of the means which would have enabled
him to carry on the work he had begun without anxiety as to the
commercial suceess of the volinnes wqunwl tor its unnplotmn

His monetary losses obliged him to twrn to more popular
writing and to lecturing for the support of his fimily ; this afforded
him an excellent training in the clearness and \l]l)])]l(lt\ of’ expres-
ston that is needed for ])<)|)ll]d]‘ exposition.  He found, however. that
the general public conld not be attracted by writing which required
a pm]onﬂcd effort of reasoning or ardnons study to llll(l(‘l‘\t‘lll(], and,
though the idea of the separate treatises was x])vmh]\ given up, e
always kept in view the time when he shonld he able to devote
himself' to writing a more serious work on general Astronomy,
giving the history of cach subject dealt with, as well as the latest
results arrived at. Thus the idea of the * Old and New Astronomy’
gradually developed itself; and, with this book in view, he continued,
dunno the whole of his liter ary life, to collect mate wvial for the \\ml\,
which he intended to be his magnum opus, but which he unfortu-
nately did not live to complete.

The publication of the ‘Old and New Astronomy’ was an-
nounced in 1887, and the First Part was published in March
1888. At the date of Mr. Procror’s death, in September 1888,
Part VI. had been issued and Part VII. was in type.  The chapters
on the Planets were in manuseript, and appeared to be nearly ready
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for publication ; but, as they had been written at Mr. Procror’s home
-in Flonda, \\hcw he was at a distance from libraries, more work
was required to complete them thau I expected when T under-
took to fimsh the volume. The manuseript, as far as it went,
ended with the desceription of the discovery of Neptuue, the outer-
most member of the solar system. U nfortunatelv, Mr. Procror
had written nothing with 10341(1 to the Universe of Stars. the
Distribution of )o]m]m, aid the Coustrnction of the Milky Way,
though it wasx known by his Widow and friends that he intended
to make these sections a speaal feature of the book.

It was in this department of Astronomy that he had done
his most original and lasting work, work by which his name \\1]1
probably be ]()ng vemembered, T have, therefore, endeavoured, i
the Stellar seetion of the <Old and New Astronomy,” to give as
complete a review as [ ocould of the varous theories whieh have
Leen advocated with regard to the Milky Way and the distribution
of Stars and Nebulewe,

As 10 chain can be stronger than its weakest link, no conclusion
can be more snre than the weakest of the premisses on which it is
tounded.  Hitherto it seems to me that sufficient diserimination has
not been cxercised in selecting data about which there can he no
doubt, on which to found conclusions with regard to the Stellar Uni-
verse. I have, therefore, in discussing the distribution of matter in
the space around us, and other problems of the New Astronomy,
avolded making use of data which depend upon observations border-
g on the Tt of visibility, such as the parallax of any but the
nearest stars. or the motion of stars in the line of sight, with regard
to which there is still considerable uncertainty and a v wide differonce
in the results obtained by difterent observers.  The photometrie
observations, the stellar photographs, and observations of proper
motions, aud stellar distribution, which have been made nse of, atford
a mueh surer tonndation for cosmical deductions.

I have not attempted to draw up a list of the errata which must
mevitably ocenr in a work of this kind.  In the parts already written
by Mr. Proctor I have left him to express his own views without
matenral modification, though in a few cases I do not agree with his
conclusions, or-with the JIISthC of some of his remarks with regard
to persons. In completing the volume, T have to (ll)()l()glh(‘ to
the subseribers for the long delay in issuing the later parts, which
has been necessitated by the endeavour to make the work as complete
as possible,

A. CowprER RANYARD.









OLD AND NEW

ASTRONOMY.

e

INTRODUCTION.

(1.) Astroxomy stands first awong the sciences in the grandeur of the
relations of time and space with which it deals.  The vistas of time which
geology opens to our view are perliaps more impressive to our finite minds than
the eternities snggested by astronomy. DBut as regards extension in space,
the domain of geology is utterly insignificant by comparison with even the
threshold of the infinities into which astronomy invites us.  The geologist’s
field of research is but a small part even of the earth ; and astronomy teaches
us to regard the whole system to which the earth belongs as oceupying the
merest speck of space by comparison with the visible portion of the stellar
domain ; while the sphere enclosing all the stars visible to the naked eye is
small by comparison with the spaces revealed by the telescope, and infinitely
small by comparison with those spaces whose existence is suggested by tele-
scopic research.

(2.) Nor is even the vastness of the domain of astronomy the most im-
pressive feature of the science. The wonderful varicty recognised within that
domain is but faintly pictured in the solar system with all its various forms of
matter—sun, primary planets, and moons ; major planets, minor planets, and
asteroids ; planet-girdling rings, meteoric systems, and comets ; with perchance
other forms of matter hitherto unrecognised. Beyond our system lie giant
suns, suns like onr own, and minor suns ; donble, triple, and multiple suns ;
all orders of star-clusters and star-clouds ; streams, branches, nodules, and
gathering aggregations of suns in endless variety ; and great masses of
glowing gas, occupying regions of space compared with which the domain of
the mightiest sun is but as a point.

(3.) And beyond the wideness of the domain of astronomy, and the
B
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amazing variety recognised within that domain, there remain the yet more
impressive lessons tanght by the infinite vitality which pervades every portion
of space, and by the vast periods of time over which astronomy must extend
its survey.

If such powers of vision, and also (for they would be even more needed)
such powers of coneception, were given to the astronomer, that the extent of
the domain which the telescope has revealed to man could be adequately
recognised, while he further became cognisant of the way in which the various
portions of that domain are occupied, I conceive that, deeply as he would be
impressed by the amazing seene, the sense of wonder he wonld experience
wonld sink almost into nothingness by comparison with that which wonld
overwhelm him could he recognise with equal clearness the movements taking
place amongst the orbs presented to his contemplation—could he see moons
and moon-systems circling around primary planets, these urging their way
with inconceivable velocity aronnd their central snns, while amid the star-
depths the suns were scen swiftly travelling on their several courses, star-
streams and star-clusters aggregating or segregating according to the various
influences of the attractions to which they were subject, and the vast spaces
oceupied by the gaseous nebula stirred to their inmost depths by the action of
mighty forces \\hose real nature is as yet unknown to us. During millions,
during hundreds, thonsands, millions of millions of years in the past, such
movements have been in progress, and they will continne during countless
millions of years which are yet to come. Nay, it may well be that to speak
of time, thus viewed, as measurable by years, even thonugh we number them by
millions, is as idle as it would Dbe to speak of miles when dealing with the
measurement of star-strewn space.

(4.) The mind cannot but be strengthened and invigorated, it cannot
but be purified and elevated, by the contemplation of a seene so magnificent,
imperfect though the means may be by which the wonders of the scene are made
known tous.  The information given by the teleseope is indeed but piecemeal,
and as yet no adegunate attempts have been made to bring the whole array of
known facts as far as possible into one grand picture ; but, seen as it is only
by parts, and (even so) only as through a veil and darkly, the scene presented
to the astronomer is grander and more awe-inspiring than aught else which
man is privileged to contemplate,

(5.) For the study of this, the noblest of all the sciences, absolute in-
dependence of mind is essential.  The student should not, indeed, be unduly
ready to dispnte the dicta of those who have devoted themselves to the
advancement of astronomy ; nor again is it fitting that he should attempt
to make independent inquiries into matters belonging to snch branches of the
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science as he has not yet thoroughly examined. Neither dispute nor cavil is
desirable : but all statements submitted to the stundent’s consideration should
be carefully examined and analysed. The student must attempt to render
the subject as far as possible his own by sueh a survey of the evidence as will
suffice to give him independent reasons for believing in the correctness of
what is taught him. It will not unfrequently happen that while thus
engaged he will detect, or imagine he has detected, errors of greater or
less importance. He should be prepared to find that in most cases these
seeming errors have no real existence, but arise from misapprehensions on
his own part—a circumstance which will of itself serve to convince him of
the value of the kind of investigation by which such misapprehensions have
been brought to light. DBut in other instances he may find that there have
been real errors in the books—a fact which will equally convinee him of the
importance of the careful analysis of all statements Iying within hix range of
investigation.! T may quote here the words of Professor Huxley, both as to
the value of scientific doubt, and as to the nature of that sort of doubt which
the student should alone permit himself: ¢ There is a path that leads to truth
so surely that anyone who will follow it must needs reach the goal, whether
liis capacity be great or small. And there is one guiding rule by which a
man may always find this path, and keep himself from straying when he has
found it. This golden rale is, ¢ Give unqualified assent to no propositions
but those the truth of which is so clear and distinet that they cannot be
doubted.” The enunciation of this first commandment of science consecrates
doubt. It removes doubt from the seat of penance among the grievons sins
to which it had long been condemned, and enthrones it in that high place
among the primary duties which is assigned to it by the scientific conseience
of thesc latter days.” But ¢ yon must remember that the sort of doubt which
has thus been consecrated is that which Goethe has called “the active
scepticism, whose whole aim is to conquer itself; " and not that other sort
which is born of flippancy and ignorance, and whose aim is only to perpetuate
itself as an excuse for idleness and indifference.’

(6.) It is not merely necessary that the student shonld so examine astro-
nomical facts as to become possessed with a feeling of their reality, but he
cannot be rightly said to ‘have astronomy " at all (to use Shakespeare’s apt
expression) until he is capable of picturing to himself, however inadequately,
the traths of the science. A man may have at his fingers’ ends the distances,

! The necessity of such inquiry is inereased | others, thence to be re-quoted in other works,
by the circumstance that too often the state- | with perhaps fresh errors due to misprints, mis-
ments made in one work on astronomy aro | apprehension, &e.

repeated without modification or examination in
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volumes, and densities of all the planets, the rates at which they move, the
physical features they present, and a hundred other facts equally import-
ant in astronomy ; but, unless he has in his mind’s cye a picture of the
solar system, with all its wonderful variety, and all its yet more amazing
vitality, he has not yet passed even the threshold of the science. He must
strive to picture in his mind the mighty mass of the sun, ruling from the
centre of the scheme the whole of that family to the several members of which
he distributes their due proportion of light and heat. Close round the sun
the student should see the family of minor planets; small Mercury lit up
resplendently by the sun, round which he speeds with unmatched velocity ;
Venus and Earth, the twin planects of the solar system, alike in all features,
save only that Venus has no satellite ; and lastly, ruddy Mars, the miniature
of our own earth, with his two minnte attendants. Then, beyond the path
round which Mars urges his course, the student must picture to himself the
interlacing paths of hundreds of asteroids, tiny orbs compared with even the
least of the minor family of plancts, yet each pursuing its independent course
around the sun, many dounbtless approaching almost within hail (if one may
so speak) of their fellow-orbs, and many free to depart far more widely than
any of the primary plancts from the general level near which the planetary
motions are performed. Then lastly, lie should picture to himself that
wonderful outer family of planets, the least of which exceeds many times in
bulk the combined volume of all the minor planets and asteroids. The vast
globe of Jupiter circled about by his symmetrical family of satellites ; the
complex system of Saturn, with his marvellons ring-system and a family of
satellites the outermost of which has an orbit range of more than four and
a half millions of miles; Uranus and Neptune, brother orbs, almost lost in
the immensity of their distance—all these planets, and all the wonders which
the telescope has taught us respecting them, should be clearly pictured. In
particular, the enormous distances separating the paths of these outer giants
from each other, and from the sun, should be clearly apprehended, and that
strangely incorrect picture which defaces so many of our books on astronomy,
wherein the paths of the planets are secn separated by nearly equal distances
from each other, should be as far as possible forgotten. When the student
has apprehended the fact that the whole famnily of the minor planets could not
span the distance between the orbits of Jupiter and Saturn, while the dis-
tance between the orbits of Saturn and Uranus, or of Uranus and Neptune,
almost equals the full span of the orbit of Jupiter, he has already made an
important step from mere book knowledge, almost useless in itself, towards

that clear recognition of actual relations which should be the true end of
scientific study.
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(7.) But beyond the solar system the thoughts of the stndent of astro-
nomy should range until he begins to apprehend to some extent the vastness
of those abysses by whieh our solar system is separated on all sides from the
realm of the fixed stars—that is, of the orbs which are the centres of other
systems like itself. And I know of no consideration better caleulated to
bring this idea clearly before the mind of the student than the thought that
our sun, with its attendant family of planets, is speeding through space with
a velocity altogether past our powers of eonception, while yet no signs of his
motion, and our motion with him, ean be recognised, even after the lapse of
centnries, save by taxing to the ntmost the powers of ounr finest telescopes.
The clear recognition of this fact. and of its real significance, enables the
thonghtful stndent to become conseious of the vastness of the depths sepa-
rating us from the nearest fixed star, even though he ean never form an
adequate coneeption of their tremendous proportions.  That within the region
which forms his present domain our sun traverses hnndreds of millions of
miles each year, while yet he seems always to hold a fixed place in that
domain,—this is the great fact which serves most strikingly to impress upon
us the vastness of the interstellar spaces.

(8.) Thereis another, however, which deserves mention. We commonly
find those comets which sweep round the sun in parabolic or hyperbolie orbits
spoken of as visitants from the domain of other stars.  And so in trath they
are. DBut we mmnst consider also the enormous intervals of time which have
elapsed since these startling visitants were travelling elose round some other
star, making their periastral swoop before setting forth on that enormous
journey which had to be traversed before they conld become visible to onr
astronomers | Taking into acconnt the directions in which certain comets
have reached us, and assigning to the stars seen in such directions, the least
distances compatible with known faets, it is certain that millions of years at
least must have elapsed since those eomets were last in periastral passage.
When we consider how some comets have flitted from star to star during a
long interstellar existence, the mind shrinks utterly hefore the contemplation
of the vastness of the time-intervals which have elapsed since those journey-
ings first commenced : yet the distances snggested by these time-intervals
afford but an imperfect means of estimating the seale on which the sidereal
system is built.

(9.) I will not dwell here -on those further coneeptions—equally neces-
sary to complete the picture which the true student of astronomy shonld
have present in his mind—which relate to the constitution of the sidereal
spaces, to the motions and changes taking place within themn, and to the
relations which the various forms of matter existing within those spaces
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bear to each other, or to the forms with which we arc familiar. It is to be
remarked, as regards many of these conceptions, that their nature will depend
on the views cntertained by the student as to the aceuracy of the theories
formed by different astronomers respecting the way in which the various
objects revealed by the telescope are distributed throughout surrounding
space. Doubt rests on many points, and must ever rest on some; yet what is
actually known is suflicient to form a picture full of interest as respects all its
visible details, and not the less impressive, perhaps, that a large portion of its
extent is still hidden in darkness and mystery.

(10.) Itis little necessary to point out that the course of study by which
astronomical relations may thus become clearly pictured forms a valuable
mental training.  Whether we regard the careful analysis of the evidence on
which astronomical facts rest, the study of the various facts as they are brought
one after another to the student’s knowledge, the due co-ordination of each
with its fellows, or, finally and chiefly, that nfention of the thoughts on the
complete series of facts by which alone their real significance can be appre-
hended, we see in astronomy the apt means for disciplining the mind and
fitting it for the highest work of which it may be capable.

(11.) But, besides the study of astronomical facts, we must consider here
the actual study of the heavens, cither with the unaided eye or with the tele-
scope. I speak of the study of the heavens with the unaided eye, though many
in this age of cheap telescopes may be inclined to sinile at the thought that such
study can have any value cither to the student or to the science of astronomy.
As a matter of fact, however, I am of those who believe that much may still be
learnt even from the study of the stellar heavens without optical instrnments
of any sort. Setting aside the fact that it is in the astronomer’s power to add
by such study to our store of knowledge, it is of the nutmost importance that he
should become directly cognisant of astronomical facts, whether those facts be
the seeming motions of the celestial bodies, the telescopic aspect of the sun, moon,
planets, stars; and nebule, or the statistical relations, changes, motions, and
so on, of the stars of various orders. A student of astronomy whose know-
ledge is founded on actual observation holds all his knowledge with far
sccurer grasp than one who has devoted his attention, however earnestly,
to the study of book-knowledge alone.

(12.) I bave spoken of the value of astronomical research. No one is
likely to dispute the assertion that in our highly utilitarian age the practical
applications of astronomy subserve highly important purposes. The whole
system of commerce, for example, depends on the accuracy with which the
astronomers of national observatories note the apparent motions of the stars.
The survey of land districts cannot be efficiently carried out without astrono-
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mical observations and a careful consideration of astronomical principles,
And besides a number of other instances in which astronomy is dircetly ap-
plied to practically useful purposes, it is only necessary to consider how many
and what mportant interests depend on the conmmercial relations hetween dif-
ferent countries, and on the careful survey of the earth's surface, to sce that
astronomy holds almost as high a position among the useful scieneesas among
those which relate chiefly to the extension of our knowledge,

(13.) It is not to this utilitarian aspect of astronomy, however, that I
refer, in speaking of its value, but to its nse as a means of mental training;—
whether as affording subjects of profitable contemplation ; or as offering pro-
blems the inquiry into which cannot fail to discipline the mind ; or lastly, as
suggesting the actual application of methods of observation by which at onee
the patience and ingenuity of the observer may be exercised, his knowledge
extended, and his mind supplied with fresh subjects for study.

For, whatever those may think who have not familiarised themselves with
the teachings of astronomy, there can he no guestion that the highest place is
given by astronomers themselves to those rather who have advanced our
knowledge of astronomical facts—whetker by careful observation or by judi-
cious investigation of observed relations—than to those who have applied
astronomy most successfully to practical purposes. If we take the names which
are most highly honoured by astronomers, and consider why they are honoured,
we shall see that this is so.  The labours of Copernicus, Kepler; and Newton
were by no means primarily directed to practical astronomy. Their effeet
in advancing the study of practical astronomy may be regarded as, in a
sense, accidental ; or rather this result affords an illustration of the fact that,
in scientific research, we need not keep continually before our minds the
question ¢ Cui bono?’ since gains which the student of science himself had
not perceived have resulted from even the least promising researches.

(14.) We know that Coperniens only sought to explain observed appear-
ances by a simpler theory than that which was in vogue in Lis day.  To Kepler,
perhaps, the idea may have suggested itself that the laws he sought =o
earnestly, in order to explain the movements of Mars as traced by the best
observational methods yet applied, might result in giving to astronomers a
new power of predicting the motions of Mars and of the other planets.  But
certainly the object which Kepler set himself was to replace the disorder of
the Ptolemaic system and the partial symmetry of the system of Coper-
nicus, by a harmonious series of relations.  When he had suceeeded, his
boast was, not that he had shown astronomers how henceforth they might
confidently predict the motions of the celestial bodies, but that he had ‘found
the golden vases of the Egyptians.” Nor is it possible to read Newton’s own
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account of those researches by which the law of gravitation was established
without feeling ‘that, to himself at least, the practical application of the law
in after-times was of secondary import. It was the law itself, regarded as a
discovery respeeting the manner in which the bodies distributed throughout
space influence and are influenced by each other, which he valued.

(15.) If we turn our thoughts to the astronomy of the past century, we
recognise the same fact. It would be difficult to find in the whole of that
noble series of papers which William Herschel contributed to the pages of
the ‘Philosophical Transactions’ a single paragraph directed to the application
of astronomical discoveries to practical purposes. The discovery of Uranus,
which s0o many suppose to have been Herschel’s noblest work, was un-
doubtedly full of intervest, but it certainly was not a practically useful
discovery. And to turn to that which was in reality the noblest work
achieved by Herschel—his rescarches into depths lying far beyond the range
of the unaided vision—in what sense can the counting of myriads of stars or
the discovery of thousands of ncbulee be regarded as advancing in the
slightest degree the material interests of mankind ? Even if it hereafter
happened that the discovery of Uranus or the processes of star-gauging
should indireetly lead to some practical results of value, it wonld still remain
certain that William Ierschel had had no such results in his thoughts when
e prosecuted his rescarches.

(16.) In our own time Sir John Herschel was justly held by all to be
the leading astronomer of his day ; yet it would be difficult to find in a single
astronomical rescarch of his the least practical value ; while certainly in that
long series of observations on which astronomers base their high opinion of
him, there was no practical value whatever. Sir John Herschel had already
devoted e’ght years of his life to the re-examination of his father’s work, with
the chief end of acquiring a mastery over his telescope, when at the Cape of
Good Hope he began a series of observations which formed the exact counter-
part of his father’s observations in the northern skies. Star-gauging, the
noting of double stars, the search for nebulie—all such researches must needs
advance the science of astronomy, but not one of them has any practical
utility.

(17.) Evenif we take the well-merited fame of departmental astronomers
(so to distinguish the workers in special branches from men who, like the
Herschels, have made all astronomy their subject) we cannot recognise the
title to such fame in practically useful work. When Adams and Leverrier
by subtle processes of research showed astronomers where to turn their
telescopes to detect the planet whose influence had disturbed the motions of
Uranus, they were not in any way advancing the material interests of the
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CHAPTER L

ANCIENT AND MODLERN METHODS OF OBSERVING THE HEAVENLY BODIES.

(19.) Formexrny it was not held an idle task to attempt to determine how
astronomy began and what people were its first teachers. But the inquiry
belonged to times when erroneous ideas were entertained about the past of
the human race. It was in reality scarcely more idle to attack such a problem
than it would have been then (as it is now) to endeavour to ascertain what
is the real influence of Jupiter or of Saturn on the fortunes of men and
nations.  The beliet that the problem might be solved was based on notions
belonging to the days when judicial astrology was regarded as a sound science,
When men imagined that the human race dated back bnt a few thousand
vears, when they supposed that to the various branches of that race definite pur-
suits could be assigned, and when therefore it seemed to them that astronomy
necessarily had its origin among a certain people however widely the science
had subsequently spread, it secmed worth while to endeavour to find out to
what race astronomy was due, and under what conditions its first steps were
made,  Knowing what we do now, we might as well ask whether speech
was first practised by Indians or Chinese, by Lgyptians or by Mexicans,
and under what condifions the use of spoken words spread from some first
originators of language until it became common to the human race. As-
tronomy, regarding the word in its widest meaning, did not begin here or
there among the nations and races of the carth, but everywhere and among
all races.  Its first teachings were only developed into a system among the
nations which rose to something like civilisation : but these also werec many ;
and regarding astronomy as a science having its origin in civilised times,
we still recognise that its origin was multiform.

(20.) The wildest and most savage races must in some degree have noted
the appearance, the movements, nay, the influence also, of the heavenly bodies.
The hunter cannot but recognise the power of the sun as day by day its orb
returns to the skies ; he cannot but note how the moon comes back month
by month to be a light by night ; he must be a dull and unobservant savage
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if he does not recognise also the annual growth and decay of the sun’s
influence ; and lastly, though not all the wilder races of savages may have
observed how special star-groups rule by night at special seasons of the year,
yet we know that even among those races which never rose above a life of
hunting and fishing, the more remarkable star-groups were recognized and
This could not be done
without some notice being taken of the planets, whose movements carry them

roughly associated with the progress of the year.

from time to time athwart remarkable star-groups.  We may well believe that
no race of mere hunters ever recognised the periodic character of the planetary
movements : yet must men even of the wildest and most savage races have
observed that some among the stars secem free to wander about over the
domed surface on which most of their fellow-stars appear to have fixed and
determinate places.

(21.) Doubtless the actual observation of the heavenly hodies would begin
in each race with the pastoral stage, which may be regarded as the first step
from savage towards civilised life.
to observe the orderly nature of the movements hoth of the sun and moon.

Pastoral races would not lone have failed

The steady diurnal motion of the sun, and the equally steady thoueh slower
y ) fually ) £

ot the

Then the orderly return of the moon after equal intervals of time

diurnal motion would first no doubt have attracted thenr

attention.
to her rule over the night would be recognised.

11001,

The value of the moon as
a measurer of time, a great celestial index whereby days and wecks might be
recorded, would be a matter of very great interest to races in this stage of
their progress, the stage when first the measurement of time had become o
matter of importance. For, with the pastoral period came not only oceasion
for careful watch on breeding cattle, and therctore for some means of mea-
suring such periods as months, but also the rise of hired labour, and therc-
fore oceasion for measuring suitable periods for hiring herdsmen.

(22.) The oldest records which have reached us present pictures of
pastoral life such ax we might have anticipated in these respeets. We find
the cares and anxieties of that life first deseribed in company with the
employment of hired labour, and the period of time employed is forth-
with mentioned. The first hiring time noticed at all in hman records is
the uweek, the natural division of the still more natural and obvious month.!

! The earliest record we have of hiring is that | such observation had led. Laban (Liban) asks

contained in Genesis, chap. xxix. ; and we find the
references to hiring, wages, &e. in company with
much curious matter in regard to breeding ; show-
ing that, at any rate, the observation of natural
facts had begun, however inistaken may have
been the ideas about natural laws to which

Jacob (Ya 'aqob), ¢ What shall thy wages be?”
who replies, ‘I will serve thee seven ycears for
Rachel (Ri'hel).” The seven years are presently
spoken of as a week (of years); * Fulfil the week
of this one,’ says Laban, ‘and we will give thee
the other also for the serviee whieh thou shalt
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The moon then almost from the first came to be regarded as a
‘ measurer.” !

(23.) But probably it was not until agricultural pursuits began to occupy
the chief attention of an advancing race that the heavenly bodies were spe-
cially observed. The hunter may be impressed by the phenomena of nature,
but the attention he gives to them is only such as is in a sense actually com-
pelled from him. The herdsman, again, is led rather to recognise the perio-
dicity of natural proeesses on which his welfare depends, and the power of
measuring time-periods which the heavenly bodies afford, than closely to ob-
serve times and seasons in order that his operations may thereby be regulated.
But the tiller of the soil must determine these times and seasons aceurately,
or his work will be thrown away. He must sow at the right season or he will
reap no harvest. Hemust not only learn how vegetation obeys the influences
of the sun, but he mmust find out also how the movement of the sun may be
measured and followed. The stars which are rising and setting with the sun
in spring and summer, autumn and winter, must be noted in order that the pro-
gression of those seasons may be duly recognised.  Before this can be done
it must be ascertained that such indications are regular, and therefore may
be trusted. The movements of the moon on the star-sphere serve to show

serve with me yet seven other years.’ Later - was called. If ancient races, as Whewell con-
Laban says, ¢ Appoint me thy wages and I will  siders likely, had a name for her as a conspicuous
give it,” and we find Jacob planning what among ~ object before they began to regard her as a
ancient pastoral races would probably have been  measurer of time, that name either fell out of
thought a clever iethod of securing the most  use, or else we find it (save only in Latin) in
favourable increase among the herds after their = company with another name relating to the moon'’s
months were fulfilled. In verse 14, the month  use as a celestial index. Thus we have in the
had already been mentioned, in obvious connee-  Sanskrit Misa, in the Zend Mas, in the Persian
tion with hiring; and doubtless the month was  Mah, in the Gothie Mena, in the Erse Mios, in
even older than the week as a time measure. the Lithuanian Mienu, in all of which the root
Yet throughout Genesis xxix. we find all aetual ' indicating measurement, and found in measure,
hiring, with direet reference to wages, assoelated ~ mensuration, mensa, mensis, metior, &e. is found.
with the week, the natural subdivision of the If the Greeks had SeXjup connected with SéXas,
month, light, and the Romans Luna connected with lux,
It shonld be mentioned that, althongh the  yet the Greeks also had Mjwn, associated with
story of Laban and Jaeob belongs to the Jehovistic = Mgy, a month—as our own moon with month
or later portions of the book of Genesis, it bears —and with Mégos, mean ; while, though among
manifest signs of having been borrowed from a | the Romans the measurement name no longer
much older Elohistie document. Lenornant re- | appeared as directly belonging to the moon, we
marks that the Jehovist compiler has followed | find it in mensis, the month, The connection
the older narrative step by step, for it can be = between the measurement of time and the lunar
recognised with certainty in several passages. monthly motion is rendered obvious by such
It is necessary to note this, as otherwise the = words as mensio and mensura, a measuring,
antiquity of the references to the onth, the = mensor, a measurer, mensum, a measured quan-
week, pastoral pursnits, and so forth, wonld not . tity, and so forth. In the Hebrew we have
be obvious. manah, to measare, and manel or mna, a
! The use of weeks and months in measuring | measured portion—probable evidence that the
thme can be recognised, however, in the still = Hebrews borrowed their names for measurement
earlier story of the Deluge. Itis seen,also,in the = from Aryan races. 'The same root appears in
very names by which among men of old time she | mene (mene, mene, tekel, phares), al-manae, &e.
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the fixity of the stars’ positions infer se¢ ; and if the study of those motions be
suitably combined with observations of the sun, the stability of the stellar
positions in regard to the sun’s annual and diurnal carcer can be ascertained.
(24.) Such observations early served, no doubt, to show that the plancts
cannot be trusted to tell the progress of the seasons. Yet the planets, even
after their unsatisfactory character as season-marks had thus been ascertained,
would still remain the objects of careful study. No race which had recognised
how the sun rules the day and the ycar and the seasons and with them
agricultural operations, and how the moon, another voyager round the star-
sphere, rules the month and measures time conveniently for man (to say
nothing of her observed influence on the tides), could fail to be impressed by
the thought that the five other voyagers round the celestial conecave must
have their special work or purpose also. If it had been worth men’s while
to determine the laws according to which the sun and moon pursue their
course, it must surely, they would infer, be worth their while to ascertain in
like manner the laws according to which the bright and shifty Mercury, and
Venus the star of morn and eve, with ruddy Mars, resplendent Jupiter, and
gloomy Saturn, various in aspect and in rate of motion, pour their influences
upon the ecarth, unknown though the nature ot those influences might be.
(25.) That with the gradual progress of such observations religious
or superstitious ideas shounld have been associated with the heavenly bodies,
and especially with the sun,noon, and planets, was natural enough.  We need
by no means suppose that, because not only such ideas prevailed among many
ancient nations but even in details their fancies were alike, the astronomical
and astrological ideas of ancient nations had a common origin, ~ Or rather we
must recognise that common origin in the identity of the observed phenomena,
not in the existence of one set of astronomieal teachers, from whom all the
doctrines as well as all the fancies of ancient races had been derived. The
daily contest between the sun’s light and the gloom of night, the annual con-
test between the sun’s heat and the cold of winter, the monthly change: of
the moon’s shape and her regularly renewed death and restoration, were phe-
nomena observed by Egyptians as well as by Chaldwans, by Indians as well
as by Persians, by Chinese, Peruvians, Mexicans—by all races, in fine, which
ever rose from savagery to civilisation. As a story of a deluge hy which the
waters of the ocean had been carried above the highest hills, could not fail to
be common among all races who looked upon the earth and saw sea-shells and
kindred marine substances in the rocks they quarried for their buildings, =o
the story of an ever-renewed contest between light and darkness, between heat
and cold, between life and death—a contest on which all the influences affecting
the fortunes of the human race depended—could not but hecommon among all
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races who looked upon the heavens and there saw the sun and moon con-
tending with darkness in their behalf. The daily birth of the sun as god of the
day, his birth with each midwinter as god of the year, could not fail to sug-
gest ideas common to all ancient races, and tinging not only the superstitious
fancies of their youth (as races) but even the religions of their later carecers.
(26.) Again, as gradually the power of exact preliction was aequired,
as the watchmen of the night learnt to determine by the appearance of such
and such stars or star-groups the progress of the sun as god of the year, the
hope would arise that predictions affecting the fortunes of men in detail, as well
as generally, might be obtained, if the planets were watched in the same way.
The influence of the sun on men’s fortunes was manifest enongh and could be
predicted ; the moon almost as clearly played her part in influencing men, and
her movements conld also be predicted.”  Why should not the nature of the
planctary influences be determined in like manner ? If this counld be done
the study of planetary movements would be as useful, men supposed, as the
Hence it became worth
men’s while to inquire what are the special influences exerted by the planets ;

study of the sun’s movements had already proved.

so that by ecarefully studying their movements and learning how to predict
them, events affecting the fortunes of men and nations might be anticipated,
and even to some degree controlled.

(27.) We tonch here, hut need only touch, on the relation between
astrology and astronomy. It would be asidle to overlook the influence which
the study of astrology has had upon the progress of astronomy as it wonld be
to overlook theinfluence of alchemy on chemistry. As alchemy was the parent
of chemistry, so was astrology the parent of astronomy. The alchemists
hoped that by continued and profound study they might discover the means
of transmuting baser into nobler substances, obtain the art of prolonging life
indefinitely, and detect other secrets, hidden as yet, but as they supposed
Nothing but such hopes as these encouraged them in their
arduons and even dungerous labours. It was the same with the study of
astrology.  Men believed in those days—they could not help believing—that
the heavenly bodiex were potent in influence, were signs which might be
read (could men but discover their secret), were orbs whose powers might be
used to aid the ambition of princes, the search for wealth, the struggle for

The belief

discoverable.

influence, the conduet even of the ordinary pursuits of daily life.

! There are reasons for believing that men |
early supposed the moon influenced the minds of
men as directly as the sun influences their bodily
fortunes. Herinfluence in a bad sense isindicated
by the association supposed to exist between lunar
influences and lunacy; the word ‘mania’ is as |

clearly connected with the other name of the
moon as ‘ lunacy ’ with luna; but mens also is a
moon-derived word, associated with her snpposed
influence on the mind in general, as well as
on the mind diseased. The very name Man—the
¢ measurer,"—is akin to moon, mens, &e.
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was certain to grow out of the observed influence of the sun and moon, ont
of the power men had obtained of predicting their movements, and out of the
advantage which could be taken of the knowledge of solar and lunar changes
to derive wealth from pasturage and tillage. So certain was this false belief
to grow and to be developed in special directions, that all the nations of an-
tiquity fell naturally into the same error. They even made similar mistakes
in many matters of detail. Dut into such points we need not here make
epecial inquiry. All we need note is, that none of the races of antiquity
rose above a certain level in civilisation without developing a belief in the
influences of the heavenly bodies, and devising systems for reading and
ruling the planets.  Out of the researches for forming such systems, and
out of the observations made in accordance with them, the science of astro-
nomy took its origin.!

(28.) And while we must remember how mneh astronomy owes to astro-
logy, with its natural but erroncous fancies, we must not forget that in every
nation of olden times, the studies of the heavenly bodies was a most important
part of religion.  Observation of the heavenly orbs signifiel observance of the
gods of heaven. Last, but also highest and purest of all forms of nature-
worship, was that which had the dome of heaven for its temple-roof, which
saw its deities visibly enthroned there or moving in solemn order above the
bowed heads of their worshippers, while all earthly temples were but as altars
within that glorious abode of the gods. Cloud and storm might for a time
veil those gods from view : but the power of the divine ones manifested itself
again and again. Ever the same orbs returned to power; but the storm-
clouds overcome by their might were not restored in the forms they had before
had. Night might overcome the sun, bt he retnrned in trinmph day after
day. The moon might wane, but she was restored to power month after
month. The sun as god of the year might succumb to the cold of winter,
but at the winter solstice the year-god was born again. Ilis power grew till,

! Should any deem sueh an origin as this less | phenomena that national observatories are due
worthy of the noblest of all the sciences than | now, any more than those observatories which
one free from considerations of ambition, greed, | Lhe kings and rulers of Babylonia, Ilgypt, India,
craft, or self-seeking in any of its various as- | China, and other nations, erected in past ages for
pects, let it be remembered that to this day the | the study of the heavenly bodies, were due to
professienal study of astronemy is directed solely | interest in pure scienee. That this is so is shown
to commercial pursuits. The ene objeet with | when appeal is made by certain modern mendi-
which all eur national ebservatories have been | cant orders for the alims which they demand in
built and are at present maintained, is to advance ' the name of the endewment of research; for,
the interests of eommerce, by measuring more | like the Egyptians of old and the gipsies of to-
carefully year after year the pesitions of the index- ' day, they accompany their appeal always by a

|

marks on the face of the heavens, and the meve- | premise that the hand which eresses theirs with
ments of those bedies which travel over the star- | gold shall receive vast benefits from their re-
sphere like hands moving athwart somme complex | searclies in return. The promise is false, but the
dial. It is to no zeal for the study of natural | fact that it is made is not the less significant.
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at the vernal equinox, he rose out of the tomb (pictured in the southern or
under half of the star-sphere), and advancing thenee in right ascension (as
astronomers still describe his motion, borrowing from the religious phraseo-
logy of more ancient days) passed to his full summer glory as ruler of the
heavenly host.!

(29.) In such movements and changes among the orbs of heaven, men
recognised no mere sequence of phenomena. They saw, as they imagined,
clear evidence of independent will, of overruling power. They feared, and
therefore they worshipped, the heavenly bodies, watehing for all the various
indieations of approaching phenomena presented in the heavens, preparing to
* blow up the trumpet in the new moon,’ to offer sacrifice to the new-born son of
the year, when the heliacal rising of his herald star had been observed by
their astronomer-priests or magi, to time his passing over the eqnator, alike
when aseending towards his summer glory and descending towards his
wintry tomb.  We need observe only, how astronomical relations find their
way (to this day) into the determination of religious festivals,? and to consider

! Multitudes of solar myths attest, amon all  of Christian worship, had an astronomical origin.
nations, the prevalence of ancient sun worship.  The astronomical priests or magi announced the
The Greeks had their Herakles, the Persians their  birth of tho sun as god of the year when they
Mithras, the Fgyptians their Osiris and Horus.  first saw a particular star rising heliacally— that
Lven the Hebrew records present solar myths,  is, just visible at its rising but presently lost in
though chiefly horrowed. Tor instance, we bave,  the glory of growing day. This indicated the
in Samson, the Babylonian sun-god Shamash.  birth of the sun-god in the cave of winter. The
Shorn of lis rays by the cold mists of the depart-  forty days of Lent correspond to the forty days
ing year (Delilah, or the Languishing One), he = of watching before the sun-god passed over tho
is so weakened that lis enemies, the Cloud-foes  equator, rising to his summer reign. Then fol-
he had so often overcome, blind him and enclose  lowed forty days of watch ashe advanced in right
himas ina prison. But he gathers strength in his  ascension till the time corresponding to our As-
wintry prison, and at length destroys his enemies = cension Day, when he entered the region of his
vet again, slaying more at his death (the end of = glory on passing the circle fifteen degrees above
the sun-god's yearly carcer only) than in the  the equator : and so on through the year.
days of his full strength. This has been partly lost through the later

In the Hebrew, Samson is Shimshon. Our  substitution of a time roughly indicated by the
bibles, in the multitude of their marginal notes,  moon for the true day of the sun's equinoctial
secm a little chary of the true interpretation of = passage—the passover or equatorial crossing of
this name, which means ‘ glowing sun.’ Inthis  the sun-god. Originally, the astrological priests
particular case, the Hebrews got the right equi-  independently determined this time—the cruci-
valent for the Babylonian name they had found in = fying followed by the resurrection of the sun-god
a borrowed story. Usually some similarity of sound ' of their worship—just as they independently de.
misled them, as in the well-known case of Babel, = termined the day of his birth about December 25,
really ‘ gate of God,” confounded by the Hebrews = and the corresponding days for the moon. We
with Balal, to confound. have traces of this more careful nsage in Lady

Other solar myths are scattered through the | Day, March 25; John Baptist's Day, June 24; and
Hebrew records. It is as easy to recognise the | Michaelmas Day, September 29. According to
history of Oannes, the wintry sun-god, in the story | this usage, May Day is the true or astronomieal
of Jonah, as that of Shamash, the summer sun-  Ascension Day; and it is noteworthy that the
god, in the story of Samson, ancient manner of celebrating both May Day

> There can be very little donbt that the | and Ascension Day corresponded with the solar
timing of all the festivals, not only of Jewish, = character thus assigned to the festival. [More on
Buddhist, and Mahomedan ceremonial, but also | this in dealing with astronemical ascension.]
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how unlikely this would have been had not the celestial bodies been them-
selves the objects of religious adoration in the old times when the various
festivals came into existence, to see how nniversal must once have been the
worship of the heavenly host.  Men had been so long accustomed to see their
temples turned towards the place of sunrise, to have their festivals and fasts
ruled by the sun and moon, their weeks numbered by the seven planets and
measured by lunar movements, that even when they purified their religions
of all actual worship of the hicavenly bodies, they could not get rid of the
old ordering of the fasts and feasts. of the symbolisations belonging to the
old system, or even of many of the myths whose original meaning is now
known to have been purely Sabaistic.  The rejection of sun-worship and
planet-worship, however, should not blind us to the interesting significance
of the retention of the times and seasons, the forms and symbols; of the old
religion. We cannot rightly apprehend either what ancient races achieved,
or what they failed to achieve, in astronomy, we cannot rightly understand
the edifices they erected or the labours they undertook in pursunance of
astronomical observations, unless we perceive and admit that, among them
all; astronomy was the servant of astrology, and astrology the high-priest
of religion.

(30.) Letus consider how the heavenly temple appeared to the obzerver
of old, reverent because considering the heavenly orbs uas deities, earnest
in observing them because he supposed that in their movements his own
fortunes and the fortunes of his race might be read and the will of the
hieavenly powers was recorded.

There was one region of the heavens where all the objects of hix venera-
tion attained their highest position and whence, he assumed, they exerted their
chief inflnence.  Sun, moon, and planets alike, in their course day after day
above the horizon, attained their greatest glory in the south. IFacing this
portion of the heavenly temple, the observer had on his left the region of the
lhorizon where the heavenly bodies rose, and on hix right the region where
they set. Behind him was the part of the liorizon beneath which he believed
the sun and moon and planets passed to the lowest portions of their
diurnal circuit. On the left, then, the heavenly orbs were in their ascendunt :
towards the south at their culmination ; towards the west decadent; and
towards the north in the tomb of darkness. To this day, expressions
derived from the supposed influences of the celestial orbs in these several
positions, remain in use among races which have long since rejected all Lelief
in astrology—so widely ranging, so long lasting, and so potent while it
lasted, was the faith of men in that most natural and, in a sense, most

reasonable of superstitions.
C
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(31.) What men recognised then in the movements of the heavenly
bodies is true now and true for all time. And even in dealing with the
limited knowledge and the imperfect methods of ancient astronomers, we
need not hesitate to consider these movements as they are now recognised
and understood.!

Let us suppose O, fig. 1, the station of an observer around whom can
be seen some such small portion of the earth’s surface as is within the range
of a single station. DBeyond is the celestial horizon E.S.W.N.; in a plane
passing through his station and square to that vertical direction which would
be determined by a plumb-line there let fall. Overhead is the dome of the
heavens, which, so far as it
is determined by the actual
positions of visible bodies,
like the heavenly orbs, or
by the blue of the sky, or
by clouds, has in reality no
definable shape, but which
may be geometrically re-
garded as a hemisphere
This

15 not, indeed, the natural

around O as centre.

idea of the observer, to
the
heavens appears to have a

whom the dome of

somewhat flattened form,

the horizon being Dhetween

A
Fre. 1.—The Celestial Sphere.

three and four times as far
away as the region over-
head.
rightly understand what we see, that usually the curved surface at which we
We mistakenly attribute to it the domed
shape of the heavens, whereas in reality its curvature is no greater than the

And in considering a cloudy sky we have to remember, if we would
look is much flatter even than this.

curvature of the earth itself, which under ordinary conditions is imperceptible.

' Yet I may remark in passing there are few |
researches more instructive or more -suggestive

of the ideas, customs, familiar superstitions, nay,
even religions of ancient times may be 1nore

than an inquiry into the probable procedure of
men examining the celestial phenomena with
gradually increasing knowledge, improving in-
struments, and growing mnsight. Apart from the
thorough grasp of astronomical phenomena which
such an inquiry is calculated to give, I believe
that the birth and growth of many, if not most

thoroughly understood through such an inquiry
as this than in any other way. What light such
results may throw on the prevalent ideas even of
our own times, those alone know who understand
how much of what men regard as the product of
advanced thought is in reality but the development
of ancient superstition.



METHODS OF OBSERVING THE HEAVENLY BODIES 19

But to the astronomer observing the orbs of heaven, differences of distance
seem lost in the general effect of the skyscape. For him there ix neither the
actual flattening of the cloud surface nor the apparent flattening of the sky,
but a spherieal hemisphere on which the stars appear fixed, and over which
the sun, moon, and planets appear to move,

(32.) Standing beneath this hemispherical dome of the universe temple,
the observer, watching hour by hour, and day by day, sees all the heavenly
bodies without exception carried to the highest part of their carcer towards
the south. The highest point, called the culmination, lies on an arch extending
from a certain point, N, of his horizon to the point Z overhead, his zenith, and
thence—always in’one vertical plane—ro a point N directly opposite N,

Thus the sun, if he vises at I on the horizon, midway between N and K,
passes to his highest point at M on the are SZ; and thence to W midway
between S and N on the part of the horizon opposite to 15, 1t he rises at ¢,
between I and N, he ix carried to his highest at m on S Z, and thenee to i,
on the are SW N, as far from N ax e, [t he rises at j'between E and N,
he is carried to his highest at N on S Z, and thence to r on the are S W,
as far from S as 7o I a star rises at 12 or e or 7 its conrse ix similar 1o the
diurnal course of the sun, after he has risen from these points respectively,
It a star rises anywhere on the are 11N it reaches its highest point on the ape
S Z, somewhere between M and N, according to its rising place. Thix hichest
point is on the same side of Z as S, if the observer's station ix at such a place
on the earth as London, for which Tig. 1 ix drawn: but elxewhere; ax will
presently appear, the place to which a star rises highest from N may be on the
same =ideof Z as N.  These starsreturn to the horizon between W and N, each
setting at a point as far from N ax its rising point.  Other stars. not rising
or setting, hut passing from the Jowest point, along > N.' of a complete circuit.
are carried thence round to its highest point. on the are P Z N, and so back
to their starting-place on P N, so moving as to he always at the same distance
from P, and continnally above the horizon.

(33.) These movements, more and more carefully observed, were recog-
nised more and more clearly as absolutely regular so far ax the stars are con-
cerned, and so far regukir in regard to the snm and moon and planets that the
are S 7 P N always includes the place of culmination.  The movements of the
stars, again, were found to be absolutely uniform, and in parallel circles,

thenee te 7’, while the nadir should be on an
elliptieal are from Z’ to W, and thence to Z. Dut
a correctly-drawn figure shewing the zenith,
nadir, peles, &e. correctly placed, weuld have
involved peculiarities which might perplex the
learner.

} The mathematieian will not fail te notice
that, as usual with the pieture illustrating 1he
celestial sphere, fig. 1 is ineorreetly drawn. The
zenith ought not to be where shown at Z, nor
ought ZON to be a right angle. The zenith
should be en an elliptical are from Z to I and
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around an axis O P—as uniform as though the stars were nails set in the
inside of a hollow globe, turning around an axis P O P/, and carried round
by some absolutely uniform mechanism. The same mechanism might be
regarded as carrying round the sun, moon, and planets also ; but not as if they
were nails in the inside of the great celestial sphere : rather as if they were
living Dbeings on that surface, and capable of moving upon it according to
certain laws more or less simple, to be determined with more or less accuracy
according to the instruments employed in measuring these orhs’ positions.

(34.) Hence arose the division of the horizon by the four points, E.
the cast, S. the south, W. the west, and N. the north, determined by snch
observations as [ have described. P, the point towards which the axis of
the celestial sphere scems to be directed, is the pole, and Z the zenith. A
point Z" on the unseen half of the heavenly sphere, opposite Z, is ealled the
noddir.

(35.) I pause here for a moment to note that all the peculiarities which
the earliest observers of the heavens noticed can be observed—and [ think
shonld be observed—by the student of astronomy to-day. Only very simple
instruments are necessary. such as any ingenious lad could construet in an
hour or two :(—

Tor instance, let A B, BC, fig. 2, be two rods at right angles, and of
such length that a line from C to A may be inclined at an angle of 51} degrees
to A B for an observer in London (else-
where he must ascertain the latitude of

Fra. 3.

his place, which he can do from any atlas,
and make the angle C A B to correspond).
D E is a cross rod for supporting ABC
in an upright position. I'G is a rod re-
volving easily in the pivot-holes at ¥ and G.
HI is a circle of card or other material,
marked round its circumference with de-
gree-divisions. L M is a rod turning round
on a pivot at O (the dotted figure indicates
the nature of its motion) and bearing a
small card-cirele, M.

(36.) Let this little instrument be set upright, A B pointing due north-
and-south as shown. Turn the rod ¥ G on its axis until L M, suitably rotated
on the pin at O, points to the sun. It will be easy to know when this is the
case by observing that when L M is pointing directly towards the sun, L M
will throw no shadow on the eard-circle M. (It is well to let the pivot at O
Le long enough to keep L. M an inch or so from G F ; when this is done it is

Fri. 2.—A simple instrument for studying the
motions of the heavenly bodies.
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easy to direct I M towards the sun, by observing its shadow and making
this disappear.)

(37.) The instrument is now ready for use. We note the division in the
card H K which is highest, or else the one which is opposite a suitable mark
down the middle of the face G 1. An hour later, inspect the instrument,
noting that now the rod L throws a shadow on the card M. But do not shift
this rod round the pivot O ; turn, instead, the rod F G on its axis. [t will be
found that by this movement alone the shadow of L can be made to disappear
again, and on inspecting the index-card H K| it will be scen that it indicates a
rotation through fifteen degrees. At the end of another hour the same amonnt
of rotation must he repeated to make the shadow of L. vanish—or, if one may
use here the poetical expression employed by the Lgyptians in recard to the
pyramids, this amount of rotation will make the rod L M ¢eat its shadow.

(58.) In due course the sun sets.  Until he is near the horizon there is
no change m the amount of rotation ; but when he is very low, the same atmo-
spheric effect which distorts hix shape on the horizon, slightly aftects the steadi-
ness of his rotational niovement ; (for observe : the steady rotation of the rod
I G by which we keep L M pointing towards the sun indicates a correspond-
ingly steady rotation of the sun around a heavenly axis eoincident in direction
with I' G.)  Taking it, as he assuredly may for granted, that this peculiarity is
atmospheric only, amounting to a sort of lifting up of the sun above the horizon
by an amount equal at its greatest only to his own diameter, our student of ax-
tronomy, whether a clever lad of the nineteenth century or an ancient observer
in the days when observation meant reverential observance, may in the night
hours carry I' (¢ round so that the degree-marks on 11 K are carrvied on fifteen
degrees per hour. 1f he does so, or in the carly morning hours of the folowing
day gives I' G the corresponding amount of rotation, he will find that he has
the rod L. M again pointing towards the sun. I his little sun-tracker has heen
very delicately and carefully constrneted he may find, espeeially it his obscr-
vations have been made in spring or autumn, that the rod I. M requires to be
slightly moved round the pivot at O to get the right inclination ; but the
rotational motion of the rod must remain appreciably uniform by night as
well as by day to keep the sun constantly aimed at by L M.

(39.) These observations might readily be continued during a whole year,
in the course of which the rod L M would have to be pivoted on O through
about the range indicated in the figure, the dotted picture presenting the mid-
winter position, the other the midsummer position, and the position in spring
and autumn being midway, or square to the length of I'G. In the
course of the year it would be noticed that, thongh the necessary rotation of
H K day by day is appreciably uniform, there is a slight change from day to
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day, corresponding to a total range of time by about fifteen minutes on either
side of the mean position for absolutely mniform motion ; but such slight pecu-
larities as these, corresponding to the varying rate of the sun’s annual motion,
need not at present be considered. .

One day's observation of the sun with such an instrument as this
teaches more about his diurnal motion than any amonnt of mere descriptive
reading.

The moon can be conveniently observed and the general nature of her
monthly movements determined by the use of the same instrument.

(10.) The stars can be observed in the same way by removing the card
M and looking along M L. at whatever star is selected for observation, or
through L M if a tube be substituted for the rod.  But for observing the stars
an instrument without sueh supports as E C; A B is more convenient. If the
student consider that all he requires ix some sort of pointer, as S A, fig. 3,
turning on an axis having a fixed position such as O P. and capable of being
inclined at any angle to it, he will be able easily to invent convenient ways of
supporting this axis and attaching to it a suitable pointer, so as to be able to
follow and measure the motion of any star on the heavens. A very eonvenient
plan may be thus indicated.  Suppose G I and H K of fig. 2 fixed, I’ G hollow,
an axis running through I (i, and projecting out above G. Let a tube or
pointer like L M (or A S of fig. 3) be pivoted to this axis, and let the axis,
as 1t turns, carry a pointer travelling ronnd the face H K above . With
such an instrument a star can be readily followed.

(41.) It will be found that each star is carried round with absolute uni-
formity, its direction as measured from the axis of rotation remaining abso-
lutely unchanged day by day and year by year. DBut instead of a ecircuit
heing effected in 24 hours, which is the average time for a solar eircuit, the
star cirenit, it will be found, is accomplished in about fonr minntes less.

The planets ean be conveniently observed in the same way, and the
peculiarities of their planetary motion readily recognised.

(42.) In very ancient times such instruments as these were devised
and improved upon, until the movements of the heavenly bodies, being more
and more carefully observed and measured, men recognised the phenomena
described in Art. 32,  They would doubtless have been content with this, or
even with much less; so far as the science of astronomy was concerned.  But,
as T have said, it was chiefly for what they might gain from the orbs of
heaven that they made their observations. Recognising in the sun and
moon and planets bodies which had great power, and might be made very
useful if duly propitiated and watched, they made instruments on a grand
and imposing scale, very solid (which was essential to exact observation),
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very carefully planned, and so large as to render possible the precise mea-
surement even of small differences or changes of position.

(43.) We have a rough example of an ancient observatory in the Tower
of Babel. Dut although the tower was intended for the observation of the
heavenly bodies (and their worship), and was no doubt duly oriented in its
original state, yet it was a comparatively rough work, and according to the
cylinders of Nebnehadnezzar was unscientifically built, so that rain had pene-
trated the brickwork, and the terraces of erude brick as well as the burnt hrick
casing had to be rebuilt.  Diodorus Sicalus tells us of an observatory-temple
at Babylon, built by Semiramis, and dedicated to Belus or Jupiter, lHere a
college of’ priests had been instituted by the monarchs of Babylonia, Their
temple was this observatory. It was quadrangular, and no doubt its four
faces were directed to the cardinal points, like those of the Egyptian
pyramids,  Observers ealled out, Diodorus says, when a star was passing
(doubtless xome kind of transit observation is referred to) and the priests
recorded the star’s position.

(44.) In the pyramids of Egypt, however, especially in those of (ihizeh,
and pre-eminently amongst these in the Great Pyramid, we have examples of
buildings which every astronomer perceives to have been built by astronomers
and for astronomers. The Egyptologist is possibly right in recognising the
chief purpose of all those structures to have been that they should serve
as tombs, each as a separate tomb for one tenant only. Ile is right also, no
doubt. for he is so far speaking on a snbject which he has especially studied,
in saying that. being tombs, they also had a religions significance, and were
in point of fact temples. DBut when in dealing with such an edifice as
the Great Pyramid the Egyptologist undertakes (as Lepsius has done) to
¢uestion the astronomieal character of ¢ualities which none but astronomers
and skilful ones conld have given to those structures, and to deny the astro-
nomical purpose of features as significant to an astronomer’s eye as the
Great Meridian Circle at Greenwich, he is passing outside the department
he has studied. and his opinion ix no longer of weight.  The astronomer
does not need the evidence of Proclns or of Diodorus Sieulus ' to tell him that

! We have sneh evidence, however, and | they stare at a comet and a few stars which they
dounbtless it is trustworthy. Yet as those writers | eould have seen quite as effeetively and far more
knew nothing of astronomy, their account is | ecomforlably from the ground. Unquestionably,
nalurally somewhat inexact. Thus we are told | Proclus must have been referring 1o a tradition
by Proclus that the priests observed from the | relating to the timme when the grand gallery of the
sumniit of the pyramid, when that structure ter- | Great Pyramid opened out on a large square plat-

minated at the top in a platform. M.Flammarion, | form, where priests could be stationed in order

in his Myths of Astronomy, has a marvellous | to observeand to record observations, timing them
carefully, and deducing from them the positions

and the movements of the heavenly bodies,
Proclus, by the way, gives for the Greal Pyramid

pieture representing certain muscular astronomers
perched at the top of a mass of masonry on a
surface apparently about eight feet square, while
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at one time the Great Pyramid was an observatory ; for some of its instru-
mental arrangements remain still in existence, every detail of their structure
being obviously astronomical in character.

(45.) What arrangements the pyramid astronomers made for extra-
meridional observations we do not know, and probably never shall. But the
arrangements for observing the heavenly bodies when passing across the
meridian were effective in the extreme, and no astronomer can doubt their
significance.

(46.) Fig. 4 presents a section of the Great Pyramid taken through the descending
and ascending galleries, which all lic in the plane of the meridian. The entrance
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Fis. 4. South-and-north section of the Great Pyramid, showing its character as an
Astronomical Observatory.

passage is the prolongation of a long tunnelling eut into the solid rock to below the
middle of the pyramid’s base. Herodotus tells us this tunnclling was cut before
the pyramid was built; and I have shown in my treatise on the Great Pyramid that
in this way only eould the pyramid have received its marvellously exaet orientation—
certainly ten times more exact than the astronomers of Europe in the time before

the date 3,600 years before his time, or say about | in histime the Egyptians claimed to have made as-
3,150 years B.C., a date corresponding well alike | tronomical observations for more than 5,000 years,
with the results of Egyptological research and | a claim which the Sakkara pyramids and other
with the astronomical evidence as to the date of | tombs of the earlier dynasties appear amply to
the pyramid. Simplicius, in his commentary on | justify,

the first book of Aristotle’s De Celo, states that |
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the telescope could have attained. This passage was in all some 380 feet in length,
and four feet square ; earefully lined, along a portion of its length, with fine granite
from the quarries of Assouan (500 miles away). It bore on the pole star of the period,
the star Thuban (our 6 Draconis) when on the meridian below the pole, and doubtless
served for the perfect orientation of the huilding (used in combination with a plumb-
line in the dircetion L I' E) until the level A liad been reached. Yor higher levels a
similar ascending passage was taken up from B, southwards, into the very hody of the
pyramid, the rays of the pole star being doubtless reflected from a water surface tem-
porarily formed at B.  Once, perhaps, caeh year the observation was renewed, a fresh
layer of massive stones being added to the growing pyramid yearly during the life of
Cheops, aceording to Lepsius. We have evidence of this process, in the euriously
close fitting of the stonework near B (according to Professor P. Smyth ¢ a sceret sign,’
but more naturally explained as intended to meet the requirement 1 have indicated).
There is also evidence to the same purpose in the fragments of stone found in the
subterranean ehanber, as if large blocks, after being used to temporarily stop the passage
and hold water at B, were allowed to slide down to I, breaking in their fall.

(47.) Up to C, the internal passages were for construetive purposes alone, or
chiefly. But at C begins the finest pre-telescopic transit instrument ever made, the
grand gallery from C to G D, bearing directly upon the meridian. It was about
156 feet long (four times the length of the great Rosse teleseope), 28 feet high, and
in its widest part 6 feet 10 inehes wide.

(48.) Fig. 5 is a section of this magnificent transit tube, which was lined with the
finest and most beautifully polished stone. It is obvious that vertical sides would
have been unsafe. Slant sides, such as are shown in fig, 6, would not have been suited
for astronomical observation, as anyone who eompares the paths p, p,, ¢, ¢, across
the section of sky in the direetion of the dimrnal motion and the track P, P, in the
direction of planetary or solar motion, as shown in fig. 6 and tig. 5, will at once sec.
The seetion in fig. 5 shows the ingenunity with which the builders combined sloping
sides, essential to safety, with vertieal walls, essential to astronomieal aceuraey :
every part of each side of the section is vertieal, yet either side slopes from A B,
the narrowest part, to CD, the widest. In watching a star carried in transit by
the diurnal motion from p, to p,, from ¢, to ¢,, or from r to r, the obscrver had
no difficulty, so long as he preserved his distance from the mouth of the gallery un-
changed ; had the sides been sloping, any change in the height of the observer’s
eyes, by ehanging the position of the points on the slope where the star appeared and
disappeared, would have affected the accuracy of the result.  The observation of the
progress of the sun or moon eastwards on the star-sphere day after day, as along the
path P, P,, would have been rendered even more unsatisfactory had the sides heen
sloping. So also would have been the study of the planets—the other five planets,
as they were then eonsidered—the keys or interpreters of the will of the gods.

(49.) The interior of the grand gallery is shown as through an imaginary vertical
section cutting off one-fourth of its upper portion, in fig. 7. The black sky of night
is supposed to be secn through the tube, a long vertical slice of the meridional part of
the sky being commanded. The ramps all along cither side of the lowest portion of
the gallery will be noticed. In each are scen seven ont of twenty-cight rectangular
openings cut into the stone. 1 forget what special mystical meaning Professor Smyth
finds in the ramps and holes. I am content, myself, with the comparatively common-
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(51.) It will be observed in fig. 3,
Plate I. that the layers of the Great
Pyramid from the base to the sareopha-
gus-level number fifty. They are of
unequal thickness,and probably design-
edly, since there are reasons for sup-
posing that the whole work of building
proeeeded not only under the direct
supervision of the astrological priests,
but in strict subordination to the sup-
posed indieations of the heavenly bodies.

(52.) Fig.8 represents the appear-
ance which the Great Pyramid would
have presented at the time when the
grand gallery was completed. The
square surface there shown, and not
the nseless small square depieted by
Flammarion, represents the platform
mentioned by Proelus, 3,600 years or
so later. It will be noticed how care-
fully the requirements of observatory
work were eonsidered, in plaeing the
gallery slightly to one side (the castern)
of the central and vertieal axis of the
pyramid, so that the central point of
the square platform, commanding the
angles preeisely towards the 8.1,
S.W., N.W., and N.E., should be free
to be occupied by suitable instruments
for sweeping the horizon, taking alti-
tudes, and the like. We can understand
how the work of observers stationed
near this central point could be noted
by persons appointed for that purpose,
who would also reeord the moments
of the appearance and disappearanee
of stars in the transit field of the
great gallery (fig. 7) as proclatmed by
observers situated at different points
of that gallery’s length.

eensiderable numbers during the building of the
lewer layers of the pyramid, were certainly applied.
At last, indeed, the ascending passage was
plugged along the greater pertion of its length
with sueh stenes, all of which had to be removed
before entrance ceould be made to the King's
Chamber (see fig 4), where was the sarcophagns
(S in both fig. 4 and the third figure of Plate I.),

F16. 7. -The interior of the Grand Gallery, showing
one-fourth of its length ; illustrating its Astronomical
Character.

which ne doubt eventually held Cheops’ body.
But these plug-blecks at any rate could not have
been stered in the Queen’s Chamber, being an
inch each way-—-i.e. in breadth and height too
large to pass aleng the herizontal passage.
There are reasons for believing that the Queen's
Chamber was the sepulehre of Khnumu-Khufu,
Khufu's co-regent.
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(53.) What means the transit observers had for taking altitudes we eannot now
determine. Probably the double groove, Ik, shown in section, fig. 5, may have been
used for earrying sliding frames by which altitudes and possibly trne transit epochs
too were determined. So far as the time of transit was concerned, there would be no
diffieulty, as the moments of a star’s ingress and egress would, of course, precede
and follow the true transit epoch by equal intervals, giving the mid-moment for the
moment of transit. Still, in special cases, a vertical line or edge dividing the field of
view cxaetly in half might have been used with advantage. Horizontal cross-lines or
edges would give the meridional altitude very satisfactorily. We may even imagine,
seeing how ingenious the astronomers of the pyramid manifestly were, and how admir-
ably the grand gallery would hiave lent itself to such work, that sereens may have been

Fi6. 8.—The Great Pyramid Observatory.

used for solar observations. By using at the upper end of the gallery an opaque
sereen with a small aperture (preferably but not necessarily eireular) and reeciving
the sun’s light upon a smooth white surfaee placed at right angles to the sun’s direetion,
amuch magnified image of the sun would be formed, on which any spots which ehaneed
to be present on his face would be well shown. The Egyptians were certainly
aequainted with the faet that in this way an inverted image of an objeet ean be
formed ; and if they ever tried the experiment in the ease of the sun, espeeially in the
winter months, when, as shown in Plate I., his rays penetrated far down the gallery,
they could not have failed to deteet the sun-spots.!

! T have seen large spots myself in this way | ordinary sitting-room, by rays admitted through
in an inverted solar image formed at one side of an | a quarter-inch hole in an opaque blnd. The
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(54.) The slant of the southern face of the grand gallery in Plate I. scems to
correspond with the belief that, on occasion, sereens were used in some such way as [
have suggested.

(65.) Of course against the whole theory of the pyramid asan observatory, and of
the pyramids generally as observatories, may be urged the seemingly overwhelming
objeetions : First, that each pyramid was covered over soon after the death of the king
for whom it was built, and the value of the building as an observatory was thus entircly
destroyed ; and secondly, that if the Great Pyramid was an observatory, the second
pyramid, nearly as large, was a mere waste of labonr, and all the other pyramids were
entirely useless. In reality, these objections, which involve very real difficulties,
afford the strongest evidenee in support of the theory: in this way, that they destroy
every other theory, and are met by this one alone. If the Great Pyramid was
a dynastic tomb or a temple, the second pyramid and the others were useless;
for the members of the dynasty who ruled together might well be buried together,
and might well worship together. But if the Great Pyramid, besides being a tomb and
a temple, was also to be used as an observatory for watching the movements of the
heavenly bodies, with direet reference to the fortunes of Cheops, it would be uscless
for all other men (even for his brother, Chephren, or his son, Myeerinus) born
under other stars and needing other pyramid horoscopes. Regarding the Great
Pyramid in its astrologieally religions aspeet, there would be something of profanity,
to Egyptian eyves, in the employment of an edifice every stone of which had been laid
with direct reference to the aspects of the stars nfluencing Cheops' fortunes, for the
observation of the heavenly bodies in regard to the fortunes of Chephren or any other
prince. During Cheops’ life it was not only worth his while, but worth the nation’s
while, to go to any expense and employ any amount of labonrin the construetion of his
horoscope temple, in which to conduct religious observanees relating specially to him,
with the whole amount of devotional energy whieh could be direeted to the task.
After his death, perhaps for many years, the obscervatory-temple might still be used,
in solemn memory of Cheops, possibly in the hope that he might cre long be re-
stored alive (if ceremonial observanees were duly conducted) to reign with Chephren,
Myeerinus, Asyehis, and other princes, with their chiefs, ministers, and generals,
restored to life amid that marvellous place of star-watehed sun-lit tombs.  But neither
during his life, nor while his memory lasted, would his observatory-temple be of any
use save for observances direetly relating to his own fortunes.  When, in due eourse,

Tndeed, the light-pencils might be somewhat re-
duced. Of course, in the ease of the sun, a much

moon also might have been well observed in this
way, and possibly Jupiter and Mars might have

been thus scen on the white screen when at their
highest. The diameter of themoon, thus observed,
supposing the scrcen a little over 100 feet down
the gallery, would be one foot, and supposing the
aperturc to be half an inch in diameter, many
of the details of the moon’s surface would be
recognisable, though the light would of eourse
be faint. It would be in fact an image of the
moon painted in moonlight (such as we sec it on
a white surface at night) as with a pencil half an
inch broad at the point. Supposing all other light
shut out, the image would be distinet cnongh.

smaller opening would suflice, cspecially if all
extraneous light were earefully excluded. 'The
diameter of Jupiter, estimated for a point.like
aperture, would be under favourable conditions
about one quarter of an inch at the distance
which would make the sun's or the moon's di-
ameter one foot; and it is hardly necessary to
say that the circular form of Jupiter could not
possibly be recognised. Barely could his light
be seen, and that only by a very careful darken-
ing of the gallery—even starlight being excluded.
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his pyramid was eompleted, the sacred observatory, with all its instruments, was
entombed as surely as the body of Egypt’s erst powerful monareh.!

(56.) It may be noticed as agreeing with this interpretation, and this alone, of the
Great Pyramid, that the other pyramids were severally designed to correspond with
the importance of their future tenants during the life of Cheops himself. Had they
been ereeted for tombs by the several princes who eventually occupied them, they
would have been more nearly of the same size. For in aetual life these prinees, as they
came to manhood, held positions mueh more nearly comparable with the position of
Cheops himself than one would infer from their smaller pyramids. Doubtless the
whole set of pyramids, as well as the massively eonstrueted and earefully oriented
tombs of the chief priests and ministers in the elosely adjacent eemetery, were planned
as a national work, in the hope that in due course the dead kings, princes, and
leaders of the people would be restored to renewed life and power.?

(67.) T have been eareful to indieate the character of the Great Pyramid as an
observatory, not only or chiefly because of its interest so viewed, in the information it
eonveys as to the marvellous skill and aceuraey of the astronomers of aneient Egypt,
but beeause light is thrown on many problems of great importance in regard to the
past—aye, and the present too-—of the human raee, so soon as we recognise that the
observation of the heavenly hodies was a matter of religion with the nations of old.
We fondly imagine an orvigin for the religious ideas of to-day absolutely free from all
the superstitions of astrology and star-worship. But these superstitions were too wide-
spread, they were too intimately associated with the whole life of each nation and
cach individual, and they lasted too long, to have been thus evanescent in their effects.
To this day, the language and the symbols, the fasts and the festivals, nay, the very
doctrines of the ancient star-worshippers are extant, in the midst of nations who
would reject with horror all idea of substituting the worship of ereated things, even
the most glorious, for the worship of the Creator.

(58.) Let two examples, not taken—as examples might be taken—from our own

! To this day the horoscope of the Parsee
(the living representative of Sabaistic worship) is
sacred, to be preserved religiously by the person
for whom it has been caleulated, to be burned to
ashes on his death, and to be then thrown on the
waters of the Sacred River.

* 1 would earnestly recommend to the atten-
tion of all who are interested in the Great Pyramid,
that fine work, The Pyramid and Temples of
Gizeh, by W. M. Flinders Petrie. Apart from its
great value in other respects, it contains just such
information about the pyramids, and especially
about the pyramid of Cheops, as was required for
the testing of those views which I have advanced
m my book on the Great Pyramid. I had
hoped to have been able myself to make such
special study of the pyramid as I felt to be desir-
able ; but could neither obtain the necessary time
nor spare the expense which the work would have
mvolved—much more, be it remarked, than the
hundred pounds advanced to Mr. Petrie by the
Royal Society. After delaying the publication
of my work some time, in the hope that after all

I might be able to study the pyramid as I wished,
I decided that the evidence collected by others
was presumably trustworthy, and that at any rate
the astronomical evidence on which my theory
was Dased must be regarded as ample. In the
meantime, unknown to e, the evidence I so
much desired was being collected by others.
That it confirins my views in all respects, even in
details and 1 ways scarcely expected, does not
greatly surprise me; for my views had been very
cautiously reasoned out. But it is natural that I
should be gratified at the result. There are pas-
sages in Mr. Petrie’s thoroughly excellent work
which I might suppose to have been written
specially to advocate my views, did I not know
that Mr. Petrie eould have heard nothing about
these. I may remark that my theory explains
several matters which Mr. Petrie found perplex-
ing; and gives an interesting meaning to some
relations which he deals with without recognising
their importance. This I may show in full detail
hereafter.
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time or from among European nations, be eited to show how long the old astrologieal
ideas remained, and how those who retained them were ready to ercet struetures, at
great eost of labour and money, for the reverential observanee of the orbs of heaven.

(59.) Fig. 9 represents an observatory at Benares, said to have been erected by
the Emperor Ackbar. Sir Robert Barker, in the ¢ Phil. Trans.” vol. Ixii. p. 598, men-
tions the following partieulars of this eurious eolleetion of stone instrnments.

(60.) ‘I made inquiry when at Benares in the year 1772, among the prineipal
Bramins, to endeavour to get some information relative to the manner in whieh they
were acquainted of (sic) an approaching eelipse. The most intelligent that 1 eould
meet with, however, gave me but little satisfaction. 1 was told, that these matters were

¥16. 9. Ancient Observatory of the Brahmins al Benares.

confined to a few, who were in possession of eertain books and records ; some contain-
ing the mysteries of their religion, and others the tables of astronomical observations,
written in the Sanskirrit language (si¢), whieh few understood but themselves: that
they would take me to a place which had been eonstructed for the purpose of making
sueh observation as I was inquiring after, and from whenec they supposed the learned
Bramins made theirs. I was then eondueted to an ancient building of stone, the
lower part of which, in its present situation, was converted into a stable for horses,
and a reeeptacle for lnmber ; but, by the number of eonrt-yards and apartments, it
appeared that it must onee have been an edifice for the use of some public body of
people. We entered this building, and went up a stair-ease to the top of a part of it,
near to the river Ganges, that led to a large terrnee, where, to my surprise and satis-
faction, I saw a number of instruments yet remaining, in the greatest preservation,
stupendously large, immovable from the spot, and built of stone, some of them being
upwards of twenty feet in leight; and although they are said to have been erected
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200 years ago, the graduations and divisions on the several ares appeared as well eut
and as aceurately divided as if they had been the performanee of a modern artist.
The exeeution in the eonstruction of these instruments exhibited a mathematieal
exaetness in the fixing, bearing, and fitting of the several parts, in the necessary and
sufficient supports to the very large stones that eomposed them, and in the joining
and fastening each into the other by means of lead and iron.

(61.) ¢ The sitnation of the two large quadrants of the instrument marked a in the
plate, whose radius is nine feet two inches, by their being at right angles with a gnomon
at twenty-five degrees elevation, are thrown into sueh an oblique situation as to render
them the most difticult, not only to eonstruet of such a magnitude, but to seeure in
their position for so long a period, and affords a striking instance of the ability of the
architect in their construction: for, by the shadow of the gnomon thrown on the
quadrants, they do not appear to have altered in the least from their original position ;
and so true is the line of the gnomon, that, by applying the eye to a small iron ring of
an inch diameter at one end, the sight is carried, through three others of the same
dimensions, to the extremity at the other end, distant 38 feet 8 inehes, without ob-
struetion ; such is the firmness and art with which this instrument has been
exceuted.,

(62.) ¢ Lieutenant-Colonel Archibald Campbell, at that time chief engineer in the
Tast India Company’s service at Bengal, made a perspective drawing of the whole of
the apparatus that could be brought within his ¢ye at one view; but I lament he
could not represent some very large quadrants, whose radii were about twenty feet,
they being on the side from whence he took his drawing. Their deseription, however,
is, that they are exact quarters of circles of different radii, the largest of which I judged
to be 20 fect, constructed very exactly on the sides of stone-walls built perpendienlar,
and sitnated, I suppose, in the meridian of the plaece; a brasspin is fixed at the centre
or angle of the quadrant, from whence, the Bramin informed me, they stretched a
wire to the circumference when an observation was to be made ; from which, it oceurred
to me, the observer must have moved his ¢ye up or down the circumference, by means
of aladder or some such contrivance, to raise and lower himself, until he had diseovered
the altitude of any of the heavenly bodies in their passage over the meridian, so ex-
pressed on the ares of these quadrants : these ares were very exaetly divided into nine
large sections ; cach of which again (si¢) into ten, making ninety lesser divisions or
degrees; and those also into twenty, expressing three minutes each, of about two-
tenths of an inch asunder ; so that it is probable they had some method of dividing
even these into more minute divisions at the time of observation.

(63.) ¢ My time would only permit me to take down the particular dimensions of
the most capital instrument, or the greater equinoetial sun-dial, represented by fig. a,
which appears to be an instrument to express solar time by the shadow of a gnomon
upon two quadrants, one situated to the east, and the other to the west of it; and,
indeed, the chief part of their instruments at this place appear to be constructed for
the same purpose, exeept the quadrants, and a brass instrument that will be deseribed
hereafter.

(64.) ¢ Tigure B is another instrument for the purpose of determining the exact hour
of the day by the shadow of a gnomon, which stands perpendieular to and in the eentre
of a flat eircular stone, supported in an oblique situation by means of four upright
stones and a eross-piece; so that the shadow of the gnomon, which is a perpendicular
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iron rod, is thrown upon the division of the eirele deseribed on the face of the flat
circular stone.

(65.) ¢ Figure ¢ is a brass cirele, about two feet diameter, moving vertically upon
two pivots between two stone pillars, having an index or hand turning round hori-
zontally on the centre of this cirele, which is divided into 360 parts; but therc are no
counter divisions on the index to subdivide those on the ecirele. This instrument
appears to be made for taking the angle of a star at setting or rising, or for taking
the azimuth or amplitude of the sun at rising or setting.

(66). ¢ The use of the instrument, figure o, T was at a loss to acecount for. It econ-
sists of two circular walls; the onter of which is abont forty fect diameter, and cight
feet higli; the wall within about half that height, and appears intended for a place to
stand on to observe the divisions on the upper cirele of the outer wall, rather than
for any other purpose; and yet both eircles are divided into 360 degrees, cach degree
being subdivided into twenty lesser divisions, the same as the quadrants,  There is a
doorway to pass into the inner eirele, and a pillar in the centre, of the same height
with the lower circle, having a hole in it, being the centre of both cireles, and sccns
to be a soeket for an iron rod to be placed perpendieular into it. The divisions on
these, as well as all the other instruments, will bear a nice examination with a pair of
compasses.

(67.) “Fignre g isa smaller eqninoctial sun-dial, eonstructed upon the same prin-
eiple as the large one, A,

(68.) ‘I eannot quit this subject without observing that the Bramins, without
the assistance of optieal glasses, had nevertheless an advantage nnexperienced by the
observers of more northern climates. The sercnity and clearness of the atmo-
sphere in the night time in the East Indies, except at the scasons of changing the
monsoons or periodieal winds, 1s diftienlt to express to those who have not seen it,
because we have nothing in comparison to form our ideas upon: it is clear to per-
feetion, a total quietude subsists, and searcely a eloud is to be scen.’

(69.) Two other observatories were crected in this favourable recion of the earth,
one at Agra, another at Delhi. The Gentur Muntur (or Royal Observatory) of Delhi
was built by Rajah Jeysing, in the reign of Mohammed Shah, about the year
1710. His own aceount of the objects for which it was crected gives a good idea of
the eurious mixture of rcligious and superstitious ideas involved in ancient scientific
researches.!

(70.) ¢ Sewai-Jeysing, from the first dawning of reason in his mind, and during its
progress towards maturity, was entively devoted to the study of mathematical scicnee,
and the bent of his mind was constantly dirceted to the solution of its most diftienlt
problems; by the aid of the supremec artificer he obtained a thorough knowledge of its
principles and rules. He found that the ealenlation of the places of the stars, as
obtained from the tables in common use, gives them widely different from those
determined by observation: especially the appearance of the new moons.  Secing that
very important affairs both regarding religion and the administration of empire
depend upon these ; and that in the time of the rising and sctting of the planets, and

1 Sce ‘Some Account of the Astronomical | ingthe antiquityassignedtothe lutter by the Brah-
Labours of Jayascinha, Rajah of Ambhere, or | mins, Tor Jeysing states that he caused other
Jayanaga,” by W. Hunter, Esq., in Asiatic Ite- | observatories to be erected at Benares, Jeypore,
searches. Probably the Delhi Observatory was | Matra, &c., to test the results he hal obtained at

constructed before that at Benares, notwithstand- | Delhi.
D
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the seasons of eclipses of the sun and moon, many considerable disagreements of a
similar nature were found;’ he represented the matter to Mohammed Shah, ‘the
majesty of dignity and power, the sun of the firmament of felicity and dominion, the
splendour of the forehead of imperial magnificence, the unrivalled pearl of the sea of
sovereignty, the incomparably brightest star of the heaven of empire ; whose standard
is the Sun, whose retinue the Moon ; whose lance is Mars, and his pen like Mercury ;
with attendants like Venus ; whose threshold is the sky, whose signet is Jnpiter, whose
sentinel Saturn ; the emperor descended from a long line of kings; an Alexander in
dignity ; the shadow of God; the victorious king Mohammed Shah : may he ever be
triumphant in battle!” A reply was given to his representation. ¢ Since you who
are learned in the mysteries of science, have a perfect knowledge of this matter,

¥1c. 10, —Ancient Royal Observatory of Delhi.

having assembled the astronomers and geometricians of the faith of Islam, and the
Bramins and Pundits, and the astronomeers of Europe, and having prepared all the
apparatus of an observatory, do you so labour for the ascertaining of the point in
question, that the disagreement between the ealculated times of those phenomena and
the times in which they are observed to happen may be rectified.” Jeysing justly
remarks that this was a < mighty task,” but having ‘bound the girdle of resolution
about the loins of his soul,” he constructed several of the instruments of an observatory
in brass. ‘But finding that brass instruments did not come up to the ideas which he
had formed of accuracy, becanse of the smallness of the size, the want of division into
minutes, the shaking and wearing of their axes, the displacement of the centre of the
circles, and the shifting of the planes of the instruments,” he erected the existing great
works ¢ of stone and lime, of perfect stability, with attention to the rules of geometry,
and adjustments to the meridian, and to the latitude of the place.’

(71.) ¢ The observatory consists of several detached strnctures. The firstis a large
equatorial dial, tolerably entire in its outline, but the edges of the gnomon and of the
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circle on which the degrees were marked are broken in several places. The gnomon
measures above 118 feet ; its base (each side) is computed at 104 feet, and its perpen-
dicular height at nearly 57 feet. This instrument Jeysing speaks of as the ¢ prince of
dials.” It is built of stone; but the edges of the gnomon and of the arches where the
gradnation was, were of white marble, little of which remains. Another equatorial
dial, smaller and of different construetion, stands at a little distance, in a very perfeet
state. The gnomon, which stands in the middle, contains a staircase leading up to its
top, and on either side of the gnomon are concentric semicireles, having a ecrtain
inclination to the horizon. They represent meridians, removed by a certain angle
from the meridian of the place.  On each side of this part is another gnomon, of equal
size to that last mentioned. The north wall of this struneture eonneets the three
gnomons at their highest end; and on this wall is described a graduated semicirele
for taking the altitudes of bodies that lie due east or west from the observer. A
double quadrant is deseribed on a wall to the westward of the building. South
of the great dial arc two buildings, apparently exactly resembling each other, and
adapted for the same purpose—the observation of the altitude and azimuth of the
heavenly bodies.  They are eircular, with a pillar in the eentre of each, rising to the
top, which is open. From this pillar, at the height of about three fect, hranch
horizontal radii of stone to the cireular wall.  The radii arve thirty in number : the
spaces between them are equal to the radii, which inercase in breadth as they recede
from the pillar. In the wall, at the spaces between the radii, are recesses with holes.
to enable a person to climb to the top, and containing cach of them two windows.,
On the edges of the recesses are marked the degrees of the sun's altitude, as shown
by the shadow of the pillar. The degrecs are again subdivided into minutes. The
spaces in the wall are divided into six equal parts or degrees, by lines drawn from the
top to the bottom, By observing on which of these the shadow of the pillar falls. the
sun’s azimuth is determined.  The altitude and azimuth of the moon and of a star
may also be found by means of this erection., The errcumference of the building is
172 feet 6 inehes; of the pillar, 17 foet ; length of cach of the radii, 24 feet 6 inches.
The height is not stated. Mr. Hunter remarks: <1 do not sce how observations can be
made when the shadow falls on the spaces between the stone radii or scctors ; and
from reflecting on them, 1 am inclined to think that the two instruments, instead of
being duplicate, may be supplementary one to the other; the sectors 1n one corre-
gponding to the vacant spaces in the other, so that in one or other an obscrvation of
any body visible above the horizon might at any time be made. Between these two
buildings and the great equatorial dial is an instrument, formed of mahogany, in the
shape of a concave hemispherical surface, to represent the inferior hemisphere of the
heavens. It is divided by six ribs of solid work and as many hollow spacces, the cdyes
of which represent meridians, at the distance of 15 degrees from cach other.  The
diameter of this work is 27 feet 5 inches.’

(72). We have no means of knowing in what degree astronomy was advanced by
work done with sueh contrivances for observation as the pyramid passages and galleries,
or by such great gnomons, shafts, walls, and the like, as were erected in India.  We
may be assured, however, that when Dbuilding up these instruments (for such they
were), men hoped to determine the positions and track the movements of the heavenly
bodies, trusting in the size, weight, and rigidity of thesc structures to give aceuracy to ob-
servations made by their means. Quite possibly the knowledge possessed by Egyptian

D 3
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and Chaldean astronomers long before the days of Hipparchus was chiefly due to
ohserving appliances of this kind. More probably, however, the skilful and ingenious
astronomers of Egypt and Chaldza early recognised the advantage of using less mas-
sive and unmanageable instruments (so to call their great gnomons, tunnellings, and so
tforth), and did the best of their observing work with instruments akin to the astro-
labes, quadrants, and parallactic vods cmployed by Hipparchus and Ptolemy. We
may well believe, in fact, that as Hipparchus borrowed most of his astronomy from the
I*]g';'pti;ms and Chaldaans, so also he borrowed from them the plans for the various
instruments he employed in observing the heavenly bodics. ,

(73.) Many forms of astrolabe, or instrument (as the name implies) for ¢ taking the
stars,” were invented by ancient astronomers. In some, the chief object aimed at was
to determine the Jongitude and latitude of the celestial orbs—in other words, their posi-
tions 1 relation to the great circle in which the sun appears to travel ronnd the eelestial
sphere.  In others, observations more nearly akin to those made by modern astronomers
were aimed at, the distances of the heavenly bodies from the poles and therefore from
the great cirele midway between them (the eelestial equator) and their movements real
and apparent around the polar axis, being the details which the observers sought to
determine.' In yet others, the bearings of the celestial orbs with respect to the horizon
and their altitndes above the horizon were determined. While lastly, observations
akin to those made by means of our modern transit instruments were made by meri-
dional cireles, that is cireles set in the plane of the meridian (their plane vertical and
north-and-south) so that a pointer extending fromr rim to rim of one of these circles
and passing athwart the centre would be directed upon the meridian, and would sweep
the meridian it carvied round a horizontal east-and-west axis passing through the
cirele's centre.

(74.) A chapter, and a tolerably long one, might be written here, on the ancient
observing instruments ; but it would occupy space whicli is required for other matters.
The instruments formed by great masses of stonework such as I have dealt with at
some length, not only have an interest outside their astronomical siguificance, as bear-
g on the history, the superstitions, and the customs of ancient races, but we know
that they are the very instruments which ancient astronomers employed. The smaller
instruments used by Chaldean and Egyptian astronomers may have done more useful
and more permanent work, little permanent though they were in themselves; but we
have no cvidence as to their exact nature. Their armillary (or braceleted) spheres
with embracing cireles sitnate <o as to correspond with the meridian, the horizon, the
equator, and the prime vertical (or east-and-west circle passing through the zenith)
have long since perished. Ot their astrolabes we can form no better idea than may
be derived from Tycho Brahe's astrolabes, modelled on Ptolemy’s deseriptions of astro-
labes such as Hipparchus almost certainly used, and such as he probably formed on
methods derived from a much older astronomy than his own.

(75.) Let Figs. 11 and 12 from Tycho Brahe’s Astronomie Instaurate Mecanica

! Such instruments were called ‘parallactic  (not parallactique), becanse such an instrument
astrolabes *; but the term is a inisnomer. Pto- = follows stars along their parallels (of declination).
lemy’s parallactic instrument, devised for deter- = We must suppose that the incorrect use of * paral-
wining the woon’s parallax, was not akin to the = lactic’ has resulted from that strange fonduess
equatorial astrolabe in any respect. Lalande | for long words of classical origin which persons
(dstronomie, § 2278) points ont that the proper . who know little or nothing of the dead languages
word for an equatorial would be parallatique  curiously affect.
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suffice to illnstrate the movable instruments employed by astronomers in pre-tele-
seopic days.

(76.) Fig. 11 represents an instrument whieh conld manifestly be used both for
meridional and extra-meridional observations. The outer circle S Z N P’ represents
the meridian, P P’ being the polar axis.
(From- the degree-divisions marked
round the eirele it will De seen that
the instrument has been adjusted
for about latitnde 57°; for the lati-
tudes of Kgvpt, Babylon, and Greece,
P would have to be brought much
nearer N.) To the polar axis PP’
the hour-circle A HB H’ is attached,
and earries with it, when rotated
on the polar pivots, the cquatorial
cirele eHe'H’, which shides frietionally
through grooves cut in the fixed
meridian cirvele, at ¢ and ¢/, On the
hour-circle are the movable sights A
and B; on the equator the movable
sights ¥ and G. At C, the centre of
the axis, a small evlinder projects at
right angles to the plane of the hour-
circle. Lastly, there is a plumbhne
ZL to adjust the meridian cirele
exactly in the \'u_rtiuu]; while four
screws s, s, and 5”7, and another not
seen in the drawing, are provided to
raise or lower ecither end or side of
the base.

(77) It will easi]y be scen Fi6. 11.--Ancient polar Astrolabe, akimm to the modern
that, by means of this instrument universal Equatorial (having adjustment for lati-
i ) ’ B tude).

the position of any heavenly body

could be determined, alike as to its distanec from the pole or equator, and as to
its rotational direction with regard to the axis PP The sights on the hour-
eircle were not used however, as might be supposed, together, diametrally across C,
but separately—A for objects north of the equator, and B for objects sonth of them.
To measure the distanee of a eelestial object from the pole or equator, the hour-circle
was first rotated till its plane passed through the star, and then the sight A or 13 was
so moved round its quadrantal arc that the star could be seen both above and below
the eylinder C, the orifiee of the sight being made just large enough to allow this.
Then, of eourse, the position of the sight on the graduated are indicated the distance
of the celestial objeet from the pole and from the equator. For instance, if A was the
position of the sight in observing a star north of the equator, the are AH measured the
star’s distance from the equator, while the are P’A measured the star’s distance from
the north pole. 1f B was the position of the sight in observing a star south of the
equator, the arc B H’ measured the star’s distanee from the equator, while the are P'B
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measured its north polar distance, greater in this case than 90 degrees. To determine
the hour-angle or right aseension of a celestial ohject, the sights I' and G were employed.
Usually such observations took the form of differential work, the object being to deter-
mine the difference of right ascension between two celestial objects, one of them having
a known position. Two observers.
worked simultaneously, one sighting
through G, the other through F, each
placing lis sight so that the object
observed was seen on the axis, both
on one side and on the other—pre-
cisely as, in making polar-distance
observations a celestial ohject was
sighted on either side of the eylinder
C. This being done, the are distance
between the sights ¥ and G on the
graduated equator-circle indicated
the difference of right asecension be-
tween the two objects.

(78.) It will be casily scen that
by bringing the sights B3 or A to the
meridional circle, transit observa-
tions, though ot rather a rough kind,
could be made with this instrument.

(79.) Fig. 12 represents an astro-
labe akin in principle to the modern
equatorial. An liour-circle HP BP’
rotates with the axis P’ directed
to the poles. At C, tlie centre of the
axis, is a small cylinder as in the

other form of the instrument. CA
Fre. 12.—Ancient polar Astrolabe, akin in principle to the a o 5
modern Equatorial. and CB are sights carried on the
radial bars CA and CB round the
centre C. The distance of a celestial object from the equator or poles, was determined
with this astrolabe as with the other, by observations through A or B athwart the
central cylinder C. Observations for the hour-angle or right ascension are made by
noting where the hour-cirele crosses the fixed equatorial cirele ¢ ¢/, when situate so
that a celestial body is visible through either of the sights. It is evident that some trust-
worthy time-measurer must have been in use when this instrument was employed, as
no provision was made for simultaneous observations, by which alone (where no good
cloek or other time-measurer is used) the right ascension of a celestial body can be
accurately determined.

(80.) Hipparchus and Ptolemy also used, and indeed would seem chiefly to have
depended npon, another astrolabe, called by Tycho the Ecliptical Astrolabe (Armille
Zodiacales, the Zodiacal Rings) the one shown in Fig. 11 being the Equatorial Astrolabe
(Armille Adiquatorie, the Equatorial Rings). It may be described as resembling the
equatorial astrolabe with the addition of a graduated circle inclined to the equatorial
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cirele at an angle equal to the observed inclination of the plane of the sun’s path to
the equator. it is evident that by suitably rotating the equator round the polar
axis, the eeliptical eirele could be brought to eoineidenee with the real eeliptie, that is,
with the plane of the sun’s path at the moment.  Two movable longitude circles pivot-
ing on the movable polar axis of the ecliptic, one outside the other inside, were em-
ployed to obtain differential observations by which the longitude of the moon could he
determined, that of the sun being supposed known, for while the outer longitude cirete
was set by the graduations round the ecliptie eircle to correspond with the longitude of
the sun, the other was turned so that its sights hore on the moon, and thus the differ-
ence of the longitudes of the sun and moon was determined, as welt as the moon’s
latitude, precisely as with the equatorial observations for determining polar distanee
and right aseension, already deseribed. When the longitude of the moon had been
determined, the longitude of any star eould be obtained by differential observations, as
well as its latitude direetly. But manifestly the adjustment of the echiptic plane being
true only at the moment for whieh it was intended, observations with this instrument
had to be made promptly, as every minute whieli passed impaired the ecliptical
adjustment.

(81.) We have seant means of determining to what degree of perfection astro-
nomers in ancient times earried their observations with instruments of this sort.
Probably the ehief diftieulty they encountered arose from the want of accurate means
of measuring time, without whieh observations dirceted to determine position lose
a large part of their value. This applies, but not equally, to observations made
upon the heavenly bodies when on the meridian and to such bodies observed
when off the meridian. Yet the means of eorrceting time measurements, i some
degree, by observing bodies on the meridian, must have led carly to the construc-
tion of instruments as specially construeted for meridional observation as was
the great gallery of Cheops’ pyramid itself. We shall recognise further on,
the prineiples on whieh sueh instruments are eonstructed ; for the transit
instruments and meridian cireles of to-day are hut developments of those used
in days Dbefore the telescope was invented. In fact all onr telescopic instruments
for praetieal astronomy are but instruments on the old plans with added means
for direeting them more preeisely and ascertaining their directions more correctly
than of yore.

(82.) The invention of the transit instrument is usually attributed to Romer,
in 1690 ; but the principle of meridional instruments was much earlier suggested by
Tycho Brahé—among the moderns. His mural quadrant was, in fact, a scetional
transit instrument.

(83.) The Mural or Tychonic Quadrant was a quarter-eircle of copper, working on
the face of a solid wall, in whieh its axis was fixed. The plane of the wall's face, and
therefore of the quadrant, was that of the meridian (in other words, the wall was
vertieal and stood exaetly north-and-south). The quadrant was nine feet in radius,
and the limb, or curved edge of the instrument, was divided to read to ten seconds of
arc, or the 360th part of a degree——about the 200th part of the average apparent
diameter of the sun or moon. Tycho showed that by observing any celestial body
through the pointers earried round his quadrant (that is, when such a body was on the
meridian), and noting the time of the observation, the exact position of the body on
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the star-sphere could be determined. But he himself was not content with the
time determinations possible in his da), and preferred to use his mural quadmnt
in taking the midday height of the sun.!

(84.) Meridional observations of particular celestial bodies can only be taken -at
intervals averaging about a day (exactly a sidereal day for a star) and it may happen
that the sky is clondy when the body to be observed is on the meridian ; or the passage
of the meridian may occur in the day-time, which for other bodies than the sun

and moon renders observation impossible.

R Henee such instruments as the astrolabe
QVADRAI\S MAXIMVS CHALI{ and parallactic instrument were not dis-
R0 G INEREEm placed by meridional instruments even

Horizontiazimuthali chalybeo

e en when good elocks made these more effective

than they can be without the power of
nmeasuring time exaetly. Accordingly we
| find that Tycho Brahe, whose instrumental
arrangements represent abont the highest
development which observational astronomy
attained before the telescope, employed ex-
tra-meridional instrnments.  Among these
were quadrants which could be moved in
azimuth—that is, could sweep the horizon.
Of these Tyeho possessed several, the largest
| Dbeing six feet in radins.

(85.) Fig. 13 represents Tycho’s largest
extra-meridional quadrant. It serves to
give a good idea of the way in which obser-
vations were made before the telescope was
applied to astronomieal work :—

The instrument consisted of a steel
quadrant, A BCD, having its centre at A,
the edge A B horizontal, and the edge AD
oo 15 Tvehn Dbt e Tomet Altommma vertical. ’1"he adjustment was ob.tained ‘by

Quadrant, six feet in radivs. (Fac-simile.) the plumb-lines G Vand G W on either side
of one edge of the carefully squared frame
EFGA enclosing the quadrant, and by the level L L, the screws Y Y being used to secure
the exact level. The frame and quadrant turned on the vertical axis N Z so that the
vertical plane of the quadrant could be directed towards any point of the horizon.
Observations were made by looking through the sight-holes which are shown in the
figure near H and C. The part of H C beyond C had a fine edge whose position on
the divisions upon the frame-edges E F, F G, indicated the altitude of the body
sighted ; while the position of the frame-edge E A on the horizontal divided eirele
R S indicated the azimuth of the body, that is, its direction with regard to the com-
pass-points. Tycho Brahé's largest quadrant of this elass read to quarter-minutes
of arc.?
(86.) For all such observations good means for time measurement were required,

; Awtron?mize Instaurate Mecanica, No. 4. indicates an eccuracy of observation tenfold
Agcordy}g to Professor Swnyth, the correct-  greater than Tycho Brahé’s best observations
ness with which the Great Pyramid was oriented , secured.
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sinee the positions of celestial hodies alter with respeet both to the horizon and the
compass-points from moment to moment.

(87.) The instruments used by Hevelius represented the last attempts of pre-
teleseopic astronomy to seeure acenracy of observation. He nsed the teleseope to
obtain views of the heavenly bodies, but he elaimed that for determining positions,
pin-holes were better than teleseopes, and throughout his observing career, he refused
the assistanee which the magnifying power of the teleseope would have given him.

(88.) 1t has been mentioned that modern observing instruments are but develop-
ments of the old instruments.  The telescopic power added to them serves to magnify
displacements, and so enables the observer to direet his instrument more exactly, and
to deteet smaller errors and differences of direction than he could otherwise deal with.
It also enables him to see objeets whieh could not he scen with the naked eye.  But
this power no more affeets the prineiples on which the practical observation of the
heavenly bodies is condueted, than do improvements in dividing the limbs (or
edges) of the instruments, or the mieroseopical adjuncts employed for reading these
divisions.

(89.) To introduce here an account of the invention of the teleseope would e an
ingenious and easy way of filling up a few pages, if that were needed : but since, as a
matter of fact, all the space 1 have is wanted for matter properly belonging to my
subject, 1 here note simply what the teleseope, as used in astronomical observation,
aetually 1s and does.

(90.) The principle of the teleseope used by Galileo is shown in fig. 14, A B repre-
sents a large glass called the object-glass becanse it 1s towards the objeet observed, a b
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F16. 14.— The Galilean Telescope,
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a small coneave glass called the eye-glass, becanse nearest the eye.  The tube holding
these glasses (set at suitable distanee), is directed towards the distant objeet 12 M1,
which must be snpposed at snelr a distance on the right that the outside lines chown
on the right of A B would eonverge on the point P.  The line joining the centres of
the eye-glass and object-glass tends to M.  But the other lines are supposed to repre-
sent rays belonging to a pencil from P, falling on the full object-glass and converging
towards p, a point  in an image of E P ¥ which would be formed at ¢ p 7, did not the
eye-piece a b intervene. This eye-pieee is so plaeed that it alters these convergent
rays into parallel ones (suitable, therefore, for distinet vision with ordinary evesight), by
which the objeet is seen as if nearer. For, as Roger Bacon pointed out six centuries
ago, the apparent nearness of an oljeet depends on the angle which any part of it
subtends to the eye. Now the small part pm of the image fe¢ manifestly subtends
the same angle from the middle of the object-glass A B, as would the correspond-
ing part P M of the objeet itself. Fig. 15 shows this, in which O represents the
centre of the objeet-glass : we see that the angle m O p is equal to the angle M OP;
“but the angle subtended by mp from ¢ the middle of the eye-glass is greater than the
angle m O p in the same degree that m O is greater than m ¢. Since the observer using
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this Galilean teleseope sees the point P in direetion ¢ p’ on p ¢ produced, and the point M
in direetion ¢m’ on me produced, and the angle p’ec m” is equal to the angle pem, each
sueh part of the objeet as P M subtends a greater angle than as viewed with the
T S e 14
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Fic. 15. —Explaining the apparent magnifying of an object or angle by a Galilean Telescope.

naked eve, in the same degree that ¢ O is greater than ¢ p, or that the focal length of
the object-glass is greater than the (negative) foeal length of the coneave eye-glass.

(91.) But clearly this instrument is not suitable for determining the positions of
Leaveuly bodics. 1t would not compare favourably even with the pinnules through
which celestial objects were viewed before the teleseope was invented.  The observer
could get an object into line with the pinnules through whieh he saw it, the pinnules
and the object being visible together: but in looking through the Galilean teleseope,
as fig. 15 shows, or as anyone ean see who looks throngh an opera-glass, you cannot
at the same time sec the objeet and any nearer defining points or lines.  We should
want our defining marks set beside m p, fig. 15, in order to estimate the displacement
of P from the centre M, as indicated in the image beside m p.  But the eye looks away
from m p when the Galilean teleseope is employed.

Tor astronomical observation then, at least in determining position and measuring,
it is necessary that the eye should be set so that the image epf (fig. 14) shall be viewed
in the same direction as the object E P F.

To this end the astronomical teleseope was devised, the prineiple of which is
illustrated in fig. 16, Here A B represents the object-glass; ab, a small eonvex glass, is
the eve-glass.  The tube holding these two glasses is directed towards the distant
object 12 M I'—supposed at such a distance that the outside lines from A and B
towards the right would meet at P.  (The line joining the centres of the eye-glass and
object-glass 1s direeted along the line mM.) Under these cireumstanees an inverted
image of M 1" is formed at ems. The figure represents the course of a beam or
pencil of rays, which, originally diverging from P, has fallen on AB, and thence after
refraction through this lens converges to a foeus at p. Diverging from p the beam

Fi. 16. ~The Astronomical Telescope.

falls on a part of the lens « b, and after refraction through it emerges as a beam of
parallel rays (suitable, therefore, for distinet vision by ordinary eyesight) to the eye
here placed. For this purpose the lens « b must be set so that m is in its prineipal
foeus. For distant objects m is in the prineipal focus of the object-glass AB. The
object i1s magnified as with the Galilean telescope. For the small part pm, of the
image f¢, subtends the same angle from the middle of the object-glass AB, as would
the corresponding part PM of the objeet itself. Fig. 17 shows this, in which O re-
presents the centre of the objeet-glass: we see that the angle m Op is equal to the
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angle MOP; but the angle subtended by mp as viewed by the cye E through the
convex eye-glass, whose centre is supposed to be at ¢, is equal to the angle m ¢ p,—
by the well-known optical property that after a pencil diverging from p has fallen at b
on a lens, the axis b E of the emergent peneil is parallel to pe.  And the angle
subtended by m p from ¢, the eentre of the eye-glass, is greater than the angle m O p,
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Fro. 17.—Explaining the apparent magnifying of an object or angle by an Astronomical Telescope.

in the same degrec that m O the focal length of the object-glass is greater than m ¢ the
focal length of the eye-glass.

(92.) This instrument is obviously suitable for determining the positions of the
heavenly bodies.  For m, (figs. 16 and 17), the middle of the field of the eye-glass can
be marked, either by the interscetion of eross lines, or in some other way, and when
the optical axis of the telescope is direeted exactly towards a star, the star will be scen to
coineide with the point thus marked. Any divergenee of direction will be magnitied
and so recognised more easily.  Ior example if a star lics towards P, fig. 17, and the
telescope is directed towards M, the divergence, whieh is really measured by the angle
PO M orits equal p O e, will appear to the observer’s eye to amount to the mueh greater
divergence p ¢ m. The inversion of the image, and therefore of any apparent displace-
ment (considering the astronomical teleseope as an instrument for determining diree-
tion) is obviously a matter of no moment whatever in astronomieal work.

(93.) Regarding the teleseope, or rather the combination of an ohjeet-glass forming
an image at its focus with an eyc-glass for examining this image, as simply an aid to the
exaet determination of direction, we sce that all the vartous methods of observation
considered above can be applied advantageonsly with this special optical contrivance
to make them more effective.  Without for the moment eonsidering what partienlar
nature an object-glass should have to form the most perfect image, or what kind of
eye-glass (or combination, perhaps, of glasses) will best cnable the observer to examine
that image, we sce that if, instead of a small hole at the object end of a rod or
pointer, we have an object-glass, while instead of a small hole at the eye end of such
arod we have a convex glass or other magnifier by which to examine the 1mage
formed by the object-glass, our means of directing the line of sight and so determining
the direction of an object must be improved at least as mueh as our glasses inercase
the apparent dimensions of objects observed.

(94.) Of eourse the teleseope was applied, even from its first invention, to magnify
remote objects with the idea of recognising their nature more clearly. Galilco,
Scheiner, Hevelius, Huyghens, and a host of other astronomers directed telescopes of
gradually increasing power towards the sun, the moon, the planets, and the fixed stars,
to see what these orbs were like, not to determine their exact direetions or movements.
Physical astronomy, or the study of the heavenly bodies, regarded as other worlds
and other suns, had its beginning at this time—for we can hardly consider the vague
inquiries started by some of the old astronomers respecting the nature of the sun and
moon as belonging to this the most interesting department of modern astronomical
research. It does not appear that the first to use the teleseope paid any attention
to the use of this instrument as a means of making exact obscrvations of the
positions of the Leavenly bodies. The Galilean telescope, which has no value for such
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work, was not replaced by the astronomical telescope until after 1630, though Kepler
had pointed out its advantages as early as 1611, or two ycars after Galileo had made
his first telescopic observations. Scheiner, in his ¢ Rosa Ursina,” published in 1630,
states that he had tried a Keplerian instrument thirteen years before; but the
Galilean telescope continued in general use until the middle of the seventeenth century.,

(95.) The nse of the telescope as an instrument for determining and measuring
directions began somewhat earlier than this, probably about the year 1638. The honour
of inventing the telescopic method of obscrvation, which is as it were the fonndation of
modern exaet astronomy, must be assigned to Gascoigne, who certainly as early as 1640
had used the telescope as an adjunet to his quadrants and sextants, ¢ with threads in
the common foeus of the glasses,” even extending the improvement so far as to use
artificial light for illuminating the threads, a method which he found * very needful
when the moon appeareth not, or it is not otherwise light enough.’ But it was not
mntil 1667 that this method, revived by Picard and Auzout, eame into general nse.!
It shonld perhaps be mentioned that, as early as 1635 Morin pointed out the
advantages of the astronomical telescope for determining positions ; but he does not
seem to have recognised the advantage of the use of eross-threads at the focus of the
object-glass. It is the nse of snch threads and the power of magnifying and measuring
the field of view across which they are stretched which constitutes the most essential
feature of the modern astronomieal method. '

(96.) Although refleeting telescopes are muel less nsed for determining positions
than telescopes in which images are formed by refraction throngh an object-glass
(which ave thercfore called refracting telescopes, or simply refractorsy, this scems the
right place to mention that the properties of reflection as well as refraction have been
enlisted into the service of the astronomical observer. The formation of an image by
means of a concave wmirror is exhibited in fig. 18, where the points of the real object
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Fi6. 18. —The Reflecting Telescope.

and the corresponding points of the image, are lettered as in figs. 14 and 16. Sinee the
observer’s hiead would be placed between the object and the mirror, if the image,
formed as in fig. 18, were to be examined through an eye-glass, as in fig. 16, varions
devices are employed in the construction of reflecting telescopes to avoid the loss of
light which wonld result—a loss which would be important even with the largest
mirrors yet constructed. In Gregory’s telescope, a small mirror, having its concavity
towards the great one, is placed in the axis of the tube and forms an image which is
viewed through an aperture in the middle of the great mirror. A similar plan is
adopted in Cassegrain’s telescope, a small convex mirror replacing the concave one.
In Newton’s teleseope a small inclined-plane reflector is used, which sends the pencil

! In 1640 Gascoigne was bnt nineteen years  1644). In this one life the human race lost more
old. He gave promise of a noble life of scientific = than the whole race was worth over whose ‘divine’
and philosophic research. But unfortunately he | rights Englishmen squandered so much blood
was killed in the battle of Marston Moor (February | and property in the seventeenth century.
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of light off at right angles to the axis of the tube. In Hersehel's largest telescope the
great mirror was inelined so that the image was formed at a slight distance from the
axis of the telescope. In the first two eases the ohject is viewed in the usual or direct
way, the image being ereet in Gregory’s and inverted in Cassegrain’s. In the third the
observer looks through the side of the teleseope, seeing an inverted image of the object.
In the last the observer saw the objeet inverted, hut not altered as respects right
and left. The last-mentioned method of viewing objects was called the front view—
apparently because it is the only one in whieh the observer's back is turned towards
the objeet!

(97.) In all astronomieal telescopes, refleeting or refraeting, a real image of an
object is submitted to microscopieal examination. The image is affected, however,
by certain optical defeets; to wit : currature, indistinetness, and false colonring of the
image.

(98.) The eurvature of the image is the least important of the three defeets named
—a fortunate circumstance, sinee this defeet admits neither of remedy nor modifica-
tion.  The image of a distant objeet, instead of lying in a plane, that is, forming what
is teehmically ealled a flat field, forms part of a spherical surface whose centre is at the
eentre of the objeet-glass.  This is shown in the eurvature of the image e om s in fies.
14, 16, and 18 ; E M F being straight. It follows that the centre of the fiekd of view
is somewhat nearer to the eve than are the outer parts of the ficld,  The amount of
eurvature clearly depends on the extent of the field of view. Thus, if we suppose that
the angular extent of the field is about half a degree (a large or low-power ficld), the
eentre is nearer than the boundary of the field by about 1-320th part only of the
field’s diameter.

(99.) The indistinetuess of the image is partly due to the oblignity of the peneils
which form parts of the image, and partly to what is termed spherical aberration,
The first cause cannot be modified by the optietan’s skill, and is not important when
the tield of view is small.  Spherieal aberration causes those parts of a pencil which
fall near the boundary of a convex lens to converge to a ncarer (i.. shorter) focus
than those whieh fall near the eentre. This may be corrected by a proper selec-
tion of the forms of the two lenses which replace, in all modern telescopes, the single
lens hitherto eonsidered.

(100.) The false eolouring of the image is duc to cliromatic aberration.  The peneil
of light proeceding from a point such as P, figs. 14, 16, and 18, consists of rays of
different refrangibility, and therefore not eonverging to a foeal point such as p, but
to a short line on the axis of the pencil,—one end of this focal line (the end nearest the
objeet-glass) being violet, the other red, and the intermediate points heing orange (next
the red), yellow, green, blue, and indigo. Thus a scries of coloured images is formed
at different distanees from the object-glass; and if a screen were placed to receive the
mean image in focus, a coloured fringe due to the other images (out of jucus, and
therefore too lurge) would surround the mean image.

(101.) Newton supposed that it was impossible to get rid of this defeet, and there-
fore turned his attention to the construction of reflectors. But the discovery that the
dispersive powers of different glasses are not proportional to their refractive powers,
supplied opticians with the means of remedying the defect. Let us earefully eonsider
the nature of this discovery. If with a glass prism of a certain form we produce
a spectrum of the sun, this speetrum will be thrown a eertain distance awny from
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the point on which the sun’s rays would fall if not interfered with. This distance
depends on the refractive power of the glass. The spectrum will have a certain
length, depending on the dispersive power of the glass. Now, if we ehange our prism
for another of exaetly the same shape, but made of a different kind of glass, we shall
find the speetrum thrown to a different spot. If it appeared that the length of the
new speetrum was increased or diminished in exactly the same proportion as its
distance from the line of the sun’s direct light, it would have been hopeless to attempt
to remedy chromatic aberration. Newton took it for granted that this would happen.
But the experiments of Hall and Dollond showed that there is no such striet propor-
tionality Detween the dispersive and refraetive powers of different kinds of glass. For
instanee, the refractive power of flint glass is greater than that of crown glass; but
its dispersive power is greater in greater degree. Henec if, instead of a single lens of
cither erown glass or flint glass, we have a double lens such as is shown in fig. 19—a
convex lens of crown glass with a coneave lens of flint glass—we may so
combine their refractive and dispersive powers as to obtain an image in
which though a little colour still remains, there is not enough to inter-
fere seriousty with the distinetness of the image. The convex erown
alass lens, which is towards the object, would, alone, canse the rays to
converge towards a focus, as shown in fig. 16, with a considerable
dispersion and therefore much colour. The concave flint glass undoes
a certain portion of the convergence, sending the rays to a remoter focus ;
but it undoes the whole of the dispersion between certain tints of rved and
violet. 1t would undo the whole chromatie dispersion, were the disper-
F. 19. sions by flint glass and erown glass proportional throughout the whole
speetrum.  But as this is not the case, the telescopist has to be eontent
with an arrangement by which the most troublesome part of the chromatic disper-
sion Is corrected, the part which remains being, in good double object-glasses, very
slight.

(102.) But even if the image formed by the object-glass were perfect, yet this
image, viewed through a single convex lens of short focus placed as in fig. 16, would
appear curved, indistinet, eoloured, and also distorted, because viewed by peneils of
light which do not pass through the centre of the eye-glass. These effects can be
diminished (but not entirely removed together) by using an eye-piece consisting of
two lenses instead of a single cye-glass.  The two forms of eye-piece most commonly
employed are shown in figs. 20 and 21, Fig. 20 is Huyghens’s eye-piece, called also

W

F16. 20. —Huyghens’s Eye-piece. F16. 21.—Ramsden’s Eye-piece.

the negative eye-piece, because a real image is formed behind the field-glass (the lens
which lies ncarest to the object-glass). Fig. 21 represents Ramsden's eye-piece
called also the positive eye-pieee, because the real image formed Dy the objeet-glass
lies in front of the field-glass.

(103). The eourse of a slightly oblique pencil through either eye-pieee is exhibited
in the figures. The lenses are usually plano-convex, the eonvexities being turned
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towards the objeet-glass in the negative eye-piece and towards each other in the
positive eye-piece. Coddington has shown, however, that the best forms for the
lenses of the negative eye-pieee are those shown in fig, 20.

. . I.‘ 1 G
(104.) The negative eye-picee has the advantage of
being aehromatie, and is eommonly employed in all obser-
vations requiring distinet vision only. But as it is elearly
D A

unfit for observations requiring mierometrical measurement, ~ 2o _
or reference to fixed lines at the focus of the objeet-glass,
the positive eye-piece is used for these purposes.

(105.) For observing oljeets ut great clevations the
diagonal eye-tube is often convenient. Its construetion is ¥ B
shown in fig. 22. A BC is a totally reflecting prism of The tlit\ig::z‘tlz%\'o-tubc.
glass. The rays from the object-glass fall on the faee A B, ’
are totally refleeted on the face B C, and emerge through the face A C. In using
this eye-pieee, it must be remembered that it lengthens the sliding eve-tube, which
must therefore he thrust further in, or the ohject will not be scen in focus.  There is

an arrangement by whieh the
ehange of direction is made to
take place Detween the two
glasses of the eye-picce; for
mstance, one lens of the cye-
piece would lie between D L
and A B, the other between ¥ G
and A C. With this arrange-
ment (known as the diagonal
eye-picee) no adjustnent of the
eye-tube is required. However,
for amateurs’ teleseopes the
more convenient arrangement
1s the diagonal eye-tube, sinec
it enables the observer to apply
any eye-piece he chooses, just
as with the simple sliding eye-
tube.

(106.) Not with such eon-
venient aids, however, did the
first telescopie observers pur-
sue their work, when as yet
the single objeet-glass, with all
its optical defeets uneorreeted,
was employed; only the use of
objeet-glasses having great foeal
length would give Images whieh
would bear mueh magnifying.
Fig. 23 will serve to give an
idea of the ineonveniences whieh resulted. Tt represents Huyghens’s method
of mounting a long-foeus telesecope. The olject-glass, enelosed in the short tube k,

Fia. 23. -Huyghens'’s method of mounting a long-focus Telescope.
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and set on the frame ¢ fed, was carried up and down the tall pole a ¢, by means of the

cord I a ¢ passing over the pulley a.  The weight of the frame and object-glass was

connterpoised by the weight &, The weight n brought the centre of gravity of the

apparatus attached to the object-glass into the ball and socket above f, so that it

could be easily managed by the wire I m, and its axis brought into line with the eye- -
glass at o. When it was very dark Huyghens was obliged to make his object-glass

visible by means of alantern L, so construeted as to throw the rays of light upon it in a

parallel beam. The picture is a fac-simile of an engraving which appeared in the

first edition of the Kneyclopedia Britannica (art. ¢Opties’). The perspeetive might have

been improved upon.

(107.) Campani at Bologna made object-glasses having foeal lengths of 86, 100,
and 186 feet. Divini at Rome and Borelli in Irance also made object-glasses of great
focal length.  But, unless the stories related of Hartsocker are true, Auzout surpassed
all others in the foeal Iength he gave to object-glasses, one of his having the preposterous
focal length of 600 feet ; naturally he eould never use it.  He sueceeded in looking
oceasionally at the heavenly bodies through another, 300 feet m focal length, but not
to any useful purpose.

(108.) Weare at present concerned, however, only with the telescope as a means of
increasing the accuracy of astronomical observations for determining the positions of
the heavenly bodies.  The method invented by Gaseoigne was brought into general
use after its suceessful adoption by Picard and Anzout in 1667. It was then that the
series of exact determinations of position began which has Dheen the basis of modern
exact astronomy.

(109). From this time two prineipal forms of instrument for determining positions
came into vogue :—

First, instruments mounted to turn on an east-and-west horizontal axis, to which
the optical axis of the instrument is gred at right angles, so that as the instrument is
turned round on its horizontal axis, the centre of its field of view sweeps the meridian.
Such an instrument is said to be mounted meridionally, and is called a meridional
instrument : according to details of construction it is named a transit instrument, a
transit cirele, or a mural circle,—the last being now little used.

Secondly, instruments mounted to turn on a polar axis (that is, an axis directed
to the pole of the heavens), to whieh the optieal axis of the instrwment may be set
at any angle, so that as the instroment is tonrned round on its fixed polar axis the
centre of its field of view sweeps a declination parallel,—sueh an instrument is said to
be mounted equatorially and is called an equatorial instrument, or sometimes simply an
cquatorial, under whieh general name several special forms of instrument are ineluded.

(110.) Tothese may De added a class of instruments used only for special purposes
in large observatories, but commonly the form of telescope with which the young
stundent of astronomy is most familiar, viz : —

Thirdly, instruments mounted to turn on a rertical aris to which the optieal
axis of the instrument may be set at any angle, so that as the instronment is turned
round its vertical axis, the centre of the field of view sweeps a circle parallel to the
horizon.  Suel an instrument is called an alt-azimuth ; because one movement alters
the direction of its optical axis in altitude or angular elevation above the horizon,
while the other alters that direetion in «zimuth or direction with regard to the com-
pass points :—
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Of telescopes of the first kind, a general idea may be obtained from fig. 234,
borrowed from Herschel’s ¢ Ontlines of Astronomy.” It will be casily seen that if the
axis of such an instrument is exactly horizontal, and lies also exactly east-and-west,
the optical axis of the teleseope must lie always in the meridional plane, and the
centre of the telescope’s field of view will always be a point on
the meridian. Thns if we turn the teleseope on its axis the <
centre of the field of view will sweep the meridian. /

(111.) But it need hardly be said that for astronomieal
surveying, instruments of a less simple construetion are required. \I a
To ensure the aceurate horizontality of the axis reguires careful ‘ \

[\

Fii. 23+ Illustrating

the principle of Tran-
sit Instruments.

levelling. The ecast-and-west position of this axis is determined
in the first place by assigning due positions to the notches
in which it turns. But this is a work requiring great ecare;
moreover, after the right position of the axis has been obtained,
changes are apt to take place from a number of causes which
cannot be prevented nor in all cases loreseen. The notelhes wear unequally s the
ends of the axes are cqually liable to unequal wear; the axis itself yields more or
less, and more or less unequally ; changes of temperature affeet the side supports, the
axis, the teleseopic tube.  Even the gronnd and the pier on which the transit instru-
ment stands undergo slight changes of position from time to time——changes which
would not have been worth considering with the old astrolabes and guadrants, but
which may measurably affect the exeeedingly delieate observations whieht the telescope
cnables astronomers to make.  Thus the transit instrument must be eonstantly nnder
careful supervision and adjustment.  Fortunately the very gualities which eanse such
instruments to require adjustments so delicate, enable the observer to effect the
adjustinents with the necessary accuracy.

(112.) The general prineiples on which the transit instrument in ordinary use in
observatories—the so-called portable transit instrument —is eonstrueted, are illnstrated
in fig. 24—from the ¢ Penny Cyclopedia.”t  The principal parts here pictured are :—

1st.—The metal stand, A B, earrying the grooves (technically ealled Y's) in whieh
the axis of the telescope works, and the adjustment by which these are
bronght into position.

2nd.—The teleseope CD, and its axis, EF, with a vertical circle, G, at one
end of the latter, so that the inclination of the teleseope to the horizon may
be known, and that stars to be observed in transit may be brought mto the
field and identificd.

3rd.—The ¢ striding level ' H K, for adjusting the axis to horizontality. Tart of
the milled head of a serew under the left-lhand Y can be seen in fig. 24,
By this the Y is raised or depressed till horizontality is secured.  The

is that the astronomer has to keep all the details
of his instruments under constant snpervision.
But he cannot be many days al work with an
instrument, even though of novel construction,
without recognising the mutual relations and

! The student of astronomy must not be led
by the apparent complexity of astronomieal instru-
ments as pietured in figs. 24, 26, and 31, and the
like, to imagine that working the instruments is
a eomplieated affair. Many of the appendages

which have the most complieated aspeet, have
little more to do with the observer’s aetual work
than the interior details of a pianeforte with the
-execution of a performer. The chief differcnce

interactions of its parts; after which he can huve
no diffienlty in attending to them, adjusting,
lubricating,‘ensing. tightening, or the like, as
occasion may require.

E
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right-hand Y is moved horizontally —-that is, in azimuth—by a serew, the
milled head of which is seen under the glass of the lantern in fig. 24.

(113.) The axis of the telescope is made of two strong brass cones, soldered on
a central sphere S, through which the tube of the telescope passes; pivots are soldered
to the ends of the eones. The right-hand pivot (in the figure) is pierced to admit
light from the lantern L. This light falls on an annular plate in the middle of the
central sphere, inelined at an angle of 45° to the axis and to the length of the
telesecope.  The light from the objeet observed passes through this annulus, but the
light from the lantern, falling on the surface of the ring, is refleeted to the eye-end,
illlninating the field of view. (This light can be regulated.)

(114.) The level rides on the pivots as seen.  There is a pin at cach end falling into
a fork, i, for safety. The level is adjusted to parallelism with the axis, and the left-
hand pivot is then lowered or raised nuntil the level indicates horizontality.

(115.) Theinstrument, it will be seen, ean be lifted out of its Y's (after the striding-
level has Deen removed) and reversed, that end of the axis which had been to the
east being set to the west, and viee eersd. This is an important aid to adjustiment,
enabling the observer to ascertain the correetions for several of the eauses of ervor.
though not for all. 1 do not enter here into an account of the varions adjnstments
by which either the mstrument is brought into a position of practical exactitude, or the
corrections to be applied to its indications are ascertained, before observations begin ;
all such matters are fully treated of in books on practical astronomy, and if dealt with
fully here would occupy an inappropriate amount of space, with matter, too, which
would be by no means original or suitable to my special purpose in this work.

(116.) Tn large observatories the transit instrument rests on stone piers instead of »
movable metal stand, and as the instrument itself 1s larger and heavier, arrangements
have to be adopted for supporting its weight in such sort as to diminish flexures,
friction, and so forth. But into such details we need not here enter.

(117.) In the focus of the eye-picce of the transit instrument is set a system of five
or seven equidistant vertieal threads, (vertical, that is, when the instrument is direeted
horizontally) and one central horizontal cross-thread
(or preferably two horizontal cross-threads close to-
gether). These are ealled “wires,” but in reality the
finest wires would be too eoarse for this work, and
the filaments of the spider web are used. A special
kind of spider is, indeed, chosen to supply transit
wires ; and some attention is given to the scleetion
and breeding of this particular arachnoid.

(118.) The field of view of the transit mstrm-
ment thus presents the appearanee shown in fig. 25.
Three stars are in the field, passing across from right
toleft (the telescope being astronomieal or inverting). ] _ 3
The one under observation, between the horizontal Tig: 25 ‘The Field of \('i‘;,“';,’fush,'f’i“,f:
lines, has already passed two wires. The time of  struments five vertical wircs and one

: g s : horizontal wire would be used.)
passing eaeh wire is noted, either by mentally re-
cording the indieations of the clock (beating sidereal sceonds), or by tapping a break-
eirenit key so that a reeord will be left on a registering apparatus, in company with
records of the clock-beats. The time of passing the eentral wire, if correetly taken,

E 2
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would be the true time of the star’s transit of the meridian. The mean of the times
of passing the middle three wires, or the middle five, or all the seven, would also, if
correetly taken, give the true time of transit. But as a matter of faet no observer
can be trusted, or trust himsclf, to make any such observations exaetly. The use of
the seven wires is to give several observations, the mean of which may better be
trusted than any single observation, or than the mean of a smaller number. It is
found accordingly that the rceorded time of transit aeross the middle wire is seldom
the same as the mean of the reeorded times of crossing the seven wires. When it is
the same it is only by ehanee. 1t 15 found also that different obscrvers make errors
varying in amount, while the error for each observer is apt to be of a kind speeial to
himself. One observer will always or generally record the transit of a wire a little
ahead of its trne time, or always or generally be a little behindhand; the average
amount of sueh error being greater with some observers than with others. Suneh
peculiarities are ealled the observer’s ¢ personal equation,” which must be earefully
taken into aceount in considering each observer’s work.

(119.) The old Egyptian astronomers watching transits from inside the Grand
Gallery of the Great Pyramid would have been amazed to hear of the developments of
observing accuracy which have thus been obtained by modern science—and that, too,
without any such reliance on mere mass and solidity as made their own eonstructions
for observation so expensive, alike in regard to time, to labour, and even to life.

(120.) The transit istrument gives the true thme of meridional passage, but not
the precise altitude at which the transit is made. This, of course, it must roughly
indicate, or the identification of a star would often be difficult ; nay, the observer could
not be sure of the star passing through his field of view unless he had the means of
determining with eonsiderable accuracy the inelination of the tube to the horizon.
But to determine altitudes with such aeeuraey as modern astronomieal work requires,
a transit instrument of a different sort must be employed. The vertical cirele, or
circles, for determining the inclination of the instrument, must be larger and must be

ore finely divided, while methods for precisely ascertaining the indieations of these
eircles must also be provided.

(121.) The mural cirele was formerly much used for this purpose. It may be
described as a transit telescope whose axis passed through a vertieal north and south
wall on whose face the flat cirele turned, with suitable devices for indieating its posi-
tion, and therefore the inelination of the telescope to the horizon.

(122.) But the transit cirele, (pictured in fig. 26,') has now to a great degree re-
placed mural instruments in large observatories. The nature of the instrument will be
readily understood. The axis is supported by two piers on the cast and west—the
instrument being reversible, though, owing to its size and weight, reversal is not often
effected.  The telescope is set between two large circles, each graduated into 5
spaces, from 0° to 360°. By means of eight mierometers (four of whieh, on the
nearer side of the piers, are shown at A, B, C, and D) very preeise readings of the
great circle divisions are obtained, and thus the altitudes of a heavenly body ean be
ascertained with great aceuracy. But obviously the transit eircle can be used also
to determine the time of meridional transit. The meridional altitude (or its eomple-

' Fig. 26is borrowed from Loomis’s Practical | derived from various sources. Tt represents
Astronomy, in which it appears in company with | the transit circle of the Harvard observatory at
a number of other illustrations of instruments, | Cambridge, Mass.
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importance than transit instruments in the study of the heavenly bodies, becanse they
can be dirceted to all parts of the celestial sphere. They are used also for determining
positions. Indeed, it often happens that unless the position of a moving body could
be determined when it is off the meridian, the astronomer would lLave little chance, or
none, of determining its orbit.
(124.) The equatorial telescope is represented, alnost in its simplest form, in fig.
27. Here a is the polar axis, round which the teleseope is earried ; b is the axis which
bears the telescope ; ¢ and d are graduated cireles on these axes, by means of which
the amount of turning around either ¢an be indicated and measured; and « is o
counterpoise to the weight of the telescope, so arranged that the centre of gravity of
the whole mass moved round the axis « may fall on
this axis, the centre of gravity of the telescope itself
being in the prolongation of the polar axis . The
SCrews s, s, s, s are used to bring the polar axis to its
right inelination, and other serews not shown in tlhe
figure give to the vertical plane throngh « a motion
in azimuth, by which this plane is made to coinecide
exactly with the meridian. It will be seen that the
optical axis of the telescope may be inclined at any
angle to the axis «, from parallelism pointing towards
the pole to parallelism pointing from the pole ; but
i the last-named directions, useful positions are
limited by the position of horizontality (for astrono-
mers do not study oljeets below the horizon). 1In
rotating the teleseope on the polar axis, after its ineli-
nation to the deehnation axis has been fixed, it will
be found that there are limits to the motion, owing
to the interposition of the stand.  Xor instanee, sup-
posing the telescope elamped in deelination in the
position shown in fig. 27, it ¢onld be swung round the
polar axis to horizontality by bringing up the eye-end,
and from that position, by lowering the eye-end, it
‘ can be swung back to the position shown in the figure,
F16. 27.— The Equatorial Telescope,  anld thence onwards in the same direetion, till the cye-
end comes into contaet with the stand. Yet the range
of the instrument is not Hmited on this account. If any direction such as the
telescope canmot assume by rotation round the axis « on this side is required, all that
Is necessary is to carry the teleseope over, round «, moving the object-end towards
the left in the figure till the object-end is lower than the eye-end, and then, having
previously unelamped the deelination axis, bringing the teleseope to the right incli-
nation with the declination axis on the other side of the stand. It can then be swayed
round the polar axis on that side of the stand till the object to be observed is in the
ficld of view. Or the student may find it more convenient to first shift the telescope
round the polar axis (both axes being unclamped), drawing the cye-end up from the
position shown in the figure until the axis of the telescope is parallel to the polar
axis, passing beyond that position until the teleseope’s axis makes the same angle as
before with the polar axis, but with its eye-end above insteaa of below, or vice versd,
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as the case may be; then elamp the declination axis,! and sway the telescope round
to the other side of this stand from that which it had before ocenpied.?

(125.) The small teleseope attached near the eye-end of the telescope, in fig. 27, is
called the finder. Its optical axis is parallel to that of the large teleseope, and it has
a large field of view; so that by hringing an object to the centre of the field of this
small telescope, marked by cross wires, the ohject is hrought to or near the ecntre of
the field of view of the large telescope.

{126.) The equatorial telescope does not appear, however, in this simple form in the
observatories of onr time.  Many ecomplicated appendages are attached to it to make
its work more complete. The prineiple of the instrument remains unchanged however.

Plate 11. represents one of the large equatorial instruments ® of ouwr day, and the
interior of the domed observing-room within which it is mounted.  The instrument
is provided with no less than three finders, one of which is a finder on a finder.  To
the eye-end spectroseopie adjuncts are attached, the instrunient heing supposed to
be at the moment employed in spectroscopic research.  The clockwork for driving the
telescope at due rate round the polar axis will be noticed. By its means a star can
be kept in an unchanging position in the field of view for a long time.  Any ohject also
whose movement in declination is slow ean he kept by the driving appavatus,
suitably regulated, a long time in the field; hut of course, as declination changes, the
inelination of the teleseope to the polar axis must he changed hy movement round the
declination axis.

(127.) The domed interior ol the modern ohscrvatory, asshown in Plate 11., is
wortlt noticing.  The roof revolves either on spheres, or, as illustrated in Plate 11,
on wheels; and thongh a roof may be very heavy it can he so well poised that a very
slight foree will set it revolving.  The enrved shutter, shown i Plate 11., can also he
casily closed and opened.

{128.) One such illustration as Plate 11 will tell all that the student of astronomy
requires to learn about equatorial telescopes from a work like the present. 1t would
be en regle hiere to introduce illustrations of ten or twelve well-kunown instrunents,
inelnding some which have heen repeated in our hooks of astronomy a score of times at
least.  But this, though it wounld suit me well if I wished to find matter to occupy my
space, wonld he exeeedingly inconvenient where my great dificnlty is to find space for
the matter I wish to deal with.

(129.) Instruments of the third or alt-azimuth class are less commonly used
by astronomers than either meridional or equatorial instruments. They are not

' By elamping an axis I mean using such 3 The telescope here illustrated is that which
clamp as the optician has provided to stopmotion  has bheen mounted in the Halsted Observatory at
round that axis. Irinceton. New Jersey. Its object-glass ix 23

* Tt may be interesting to the young mathe-  inches in diameter; focal length 80 feet; dia-

matieal student to notice that in one of the above  meter of the doned roof, 39 feet. The hour-circle
congidered directions of the telescopic axis with  (on the polar axis) and the declination cirele (on
respeet to the declination axis; motion around  the other axis) are each 30 inches in dianieter.
the polar axis causes the optical axis to assume | The performances of this telescope, hitherto,
suceessive positions of one set of generating lines | have not been remarkable; but it has only been
of an ‘hyperboloid of one sheet’; while in the = six or seven years at work, and its powers have
other direction of the telescopic axis, the same hitherto been devoted to matters of greater
motion causes the optical axis to assume sucees-  diffienlty than usefulness so diflieunlt some of
give positions of the other set of gencrating lines  them (and so useless) that one eould wish they
of the same hyperboloid. were impossible,
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suseeptible of the same degree of precision. Transit instrnments turn round one axis
constantly fixed in position, and determine with extreme precision the time of erossing
a particular plane, and also the direction of erossing in the case of the transit eirele.
The equatorial instrument derives its chief advantage from the fact that, after being
fixed at a certain inclination to the polar axis, it can be kept directed upon the same -
celestial objeet for a long time by uniform motion around the other axis alone. The
alt-azimuth has no such advantages.  To keep a eclestial objeet in the field of view,
motion must be maintained about both axes, and at varying rates to follow the varying
rates at which a celestial body changes its height above the horizon and its direction
with respect to the cardinal points. This does not greatly matter with small telescopes,
but with large ones and for observations of preeision it is a fatal objection for all save
such very speecial uses of the alt-azimuth as will presently be considered.

(130 The ordinary alt-azimuth instrument for astronomiecal amateurs is shown
in fig. 28, and needs no description.  In my own amateur days 1 devised an alt-azimuth
mounting which I found very conve-
nient in use. It is illustrated in fig.
29, The handles I, ', are eonveni-
cutly sitnated near the observer. By
turning the upper handle, so that the
rod e rotates on its own axis, the
endless serew near ¢ works the pinion
L and thus moves the quadrant «
so as slowly to raise or depress the
telescope as may be wished.  Rotating
similarly the lower handle 17, turns a
pinion working in a erown wheel, by
which another pinion, working against

Fre. 28, —A small Alt-azimuth for Fra. 29.— Proctor’s Alt-azimuth
amateur observation, Mounting.

the teeth of the cirele ¢, rotates the telescope in azimuth. For large movements in
altitude, the handle % is drawn slightly upwards, an elastie fastening at ¢ allowing the
endless serew to be thus drawn away from the pinion at ; then, the quadrant «
being released from the slow movement, the teleseope ean be moved freely. In like
manner, on slightly depressing the lower handle 1, the elastic fastening at ¢’ allows
the pinion at the end of this handle to be drawn free of the erown wheel, when the
telescope can be moved frecly in azimnth. With a little praetice it is as easy to
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keep a star in the field of view by gently turning the handles I, I’, as if the telescope
were an equatorial ;' while yet the telescope is freed both in altitude and azimuth
by an instantaneous movement,.

(131). The alt-azimuth has its value in exact astronomieal observations. lts
principle, regarded as an instrument for indicating positions, is the same, of course,
as that of the old non-polar astrolabe, Tycho Brahe's quadrant, and similar instru-
ments.  Suech instruments had their special value, and although the transit circle,
mural eirele, and transit instrnments of our time do all the meridional work which
instruments having a movement m altitude could cffect, there are cases in which
extra-meridional observations are essential.  (For example, the moon when near the
sun cannot be observed on the meridian.) Now such obscrvations ean e made with
the equatorial ; but with the equatorial mounting we are manifestly more apt to he
troubled by meechanieal displacements than with a mounting in which one axis i3
vertical, as with the alt-azimuth.
(In transit instruments there is
but one moveable axis.) For
instance, if we set an alt-uzi-
muth so that the telescope when
horizontal is directed due north
or south, and clamyp the vertical
axis, the instrument is mani-
festly for the time a transit
mstrument, and may he made
very trustworthy if the me-
chanical constructions are well

devised and well executed.  Now
the equatorial becomes a transit [
instrument if the declination Fre. 30. - Method of mounting an Alt-azimuth to work equatorially.

axis is brought to a horizontal

position ; but the teleseope 1s then on one side or on the other of the polar axis, and
however satisfactorily the weight of the teleseope may be counterpoised, yet as it is
not balanced by a counterpoise of the same shape and material, there must be changes
of balance arising from differenees of temperature, position, atmospherie currents
(and reswiting pressures), which, however trilling they may seem to others than
telescope is moved in nzimuth, the cord € 7 re
maming taut, the teleseope will move precisely as
if swayed round A C as an axis,  For throughout
the movement the shape of the triangle CAC

I An ingenious way of altering an ordmary
alt-azimmth into an instrument almost as handy
as an equaterial, is illustrated in fig. 30, borrowed
from that exeellent little treatise on amatenr

work in astronomy, my friend Captain Noble's
Hours with a 3-inch Telescope. The method
was invented by Earl Crawford, better known in
seientific eircles as Leord Lindsay. B M is a
herizontal bar attached finuly to the pillar A B,
and direeted towards the south. At C a hole
is bored sueh that CA is direeted towards
the pele of the heavens, It is evident that if
after the teleseope had been direeted towards a
star in the southern skies, a cord, as C(, is
tautened between Cand C’ (aeconvenient fasten-
ing-place on the tube) and fastened, then if the

remains unchanged—or this triangle mnoves pre-
cisely as though it were rigid.  Henee sinee €A
is directed to the pole of the heavens, the teloseope,
when meved nceording to the preseribed condi-
tions, is earried round a polar axis, preeisely ns
an equatorinl.  For observation of the north-
ern heavens ABM must remain unchanged
in position, but the tube must be directed to-
wards the north, and the cord, stretehed from
C to some suitable fastening.place near the cye-
end.
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astronomers, must affeet such precise observations as modern exaet astronomy
requires. Of eourse the best meridional instruments will do better work than an alt-
azimuth even of the best eonstrnetion; and no astronomer would eare to use an alt-
azimuth in meridional work except for eomparison with the work of some thoroughly
trustworthy meridional in- -
strument, whereby some of
the eorrections which the
alt-azimuth requires may
be ascertained. But for
extra-meridional work of
the surveying kind, the alt-
azimuth properly mounted
is the best instrument
available—at least, where
great aecuracy is required.
Of ecourse its use is more
laborious.  For every ob-
servation speeial eomputa-
tions must be made, both
heforehand that the instru-
ment may be duly direeted
to receive the orb observed,
and afterwards for the
exact interpretation of the
observations. But for such
work there are plenty of
paid assistants in large ob-
servatories.

(132.) Ifig. 31 repre-
sents an  alt-azimuth  as
cmploved in exaet astrono-
mical work.! The teleseope
is mounted between two
pillars H and H’ so as to
be poised over the eentre
of the azimuth cirele 1* 1",
The strong eirenlar plate G
bearing these pillars and
the telescope turns s;ooth-
ly and evenly on a vertical
axis. Two of the serews for

Fi16. 31.—The Alt-azimuth as used in large observatories. adjusting the azimuth eircle

to perfeet horizontality are

secen at B and E’. A contrivance will also be noticed in conneetion with the foot
L', by which the position of this foot ean be slowly shifted. (Instead of resting
! The figure is taken from Loowmis’s Practical | be found in the Penny Cyclopedia (Art. ¢ Circle,

Astronomy ; the original drawing, from an instru- | Astronomical ’).
ment made by Troughton and Simnms in 1836, will |
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on the fixed base, this foot rests in a groove on the small triangular top of a tripod,
one foot of whiel is the end of a screw while the others are sharp points: turning the
serew lifts or depresses the outer angle of the small tripod, and thus slowly raises or
depresses the free foot of the alt-azimuth.) D and C are mieroscopes for reading the
indications of the graduated azimuth circle.  The telescope is fixed between the eireles
N and N’, whieh are fastened together for greater rigidity by a number of small brass
pillars. Circles, telescope, and double conical axis (shown on one side at 1), are
earried round the horizontal axis on the pivots [ and L', The microscopes A and I3
for reading the indications of the gradnated altitude civele N” are carried by two strong
arms, I’ and P’, attached near the top of the pillar 117

(133.) The alt-azimuth has been much used for extra-meridional observations of the
moon. But there are other objects which may conveniently be observed by means of
this instrument, which should find a place in all Targe observatories.

(134.) Before passing from this preliminary discussion of teleseopes as the instru-
ments used in modern astronomy for the exact snrvey of the heavens (the use of the
telescope for physical research i astronomy will be considered farther on) I must
malke a few remarks on the devices employed for reading the indieations of graduated
circles.

(135.) Of these the vernier, though practically replaced in precise work by the
micrometer, is still constantly used for first adjustments and where very precise
readings are not required. 1ts principle is very shmple :—

In fig. 82, C C'is supposed to represent part of the gradnated eirele which is to

he read : in this ease it is a circle divided into acgrees (71°, 72°, and 73° are shown)
and tenths. V'V’ is the vernier carried round with T
the motton we have to measure by the reading =l

indicated, the edge pra being the indicating or point-
ing edge. (For instance, in the merenrial barometer
the pointer p is made to coineide with the top of
the mereury.) In such work as we are considering
now, an instrument is directed to some heavenly
body, and when that body is brought centrally into
the field, the edge p « takes a certain position, which ¢
the graduated cirele and the vernier V'V enable us Fia. 32..- The Vernier.

to determine in the manner now to be explained.

The are VV/ measures exactly nine of the divisions of the are C(/, and is divided
into ten equal parts, each of which therefore measures cexactly 9-tenths of a division
of the graduated circle. Now it will be noticed that the edge p a reads off on the
graduated circle 72°, 2-tenths, and a fraction which we might roughly estimate as
three or four fifths of one of the tenth divisions. The vernier, by showing its sixth
division in elose if not exact agreement with one of the tenth divisions on the are
C (', tells us that this fraction is nearly if not exaetly 6-tenths, or gives the reading
72° 9-tenths 6-hundredths as approximately corveet. The reason is not far to seck.
1f division 6 on the vernier agrees with a division on the gradnated eirele, division 7
is one-tenth behind a division on the cirele; division 8 is two-tenths behind; division 9
is three-tenths behind ; and finally the edge p « is 4-tenths behind a division on the
graduated cirele, or 6-tenths in advancee of a division, which we sce at once is division
7"°'2 ; so that our reading is 7226, 1t is easy to perccive, by similar reasoning, that
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‘whatever may be the number on the vernier in nearest agreement with a division on
the ecirele, that nnmber gives the number of lengths of the divisions on the graduated
circle, or, in the case illustrated, the number of hundredths of a degree whiech we are
to add on account of the fraction of a division between the pointing-edge p a of the
vernier, and the graduation (72°2) next behind it on the circle.

(136.) Suppose now, that instead of reading the indications of the vernier when the
pointing-edge is in a partienlar position, we wish to set the pointing-edge in sueh a
position.  Suppose for example we wish to adjust an equatorial telescope so that it
will point, when suitably rotated on the polar axis, to a star having north declination
72° 15" 86” (which we reduce at once to 72°:26 becanse our graduated eircle is sup-
posed to show degrees and tenths of a degree). We revolve the telescope on its
deelination axis until the pointing-edge of the vernier falls between 72>2 and 72°3.
That already brings the telescope into rough adjustment for declination. We then
bring the 6 mark on the vermer into agreement with one of the neighbouring division
marks on the graduated circle, seleeting that division with which the 6 mark on the
vernier can be brought into agreement without the pointing-edge p « passing outside
the space 2-3 on the graduated cirele!  Then our adjustment is as nearly exaet as
the vernier can make it.

(137.) It is hardly necessary tonote that where exact tenths of the divisions on the
gradnated circle are not indicated, or given (as the case may be), it is easy, if necessary,
to approximate to the true intermediate reading.  Supposing, for example, the vernier
6 mark, i fig. 31, were shghtly behind the 9 mark on the graduated cirele : then we
should know that the reading was slightly less than 72:26, while the reading would be
shightly more than 7226 if the vernier 6 mark were in front of 9 on the circle. Were
the 6 mark as far behind the 9 as the 5 mark was in front of the 8, the true reading
would be 72-255: and it is easy, by noticing the proportion hetween the displacements
of one mark behind and another mark in front of neighbouring divisions, to get a near
approach—all that ean be needed in vernier work—to the hmndredths of the circle-
divisions, or in this case to the third decimal place of degrees.

(138.) But in modern astronomical work verniers are only used for eomparatively
rongh adjustments. For exact work the microseope is constantly brought into play, in
company with screw adjustments by which the minutest displacements may be de-
termined.  Instruments of this kind are ealled mierometers, and are of three principal
kinds : instruments for the exact reading of graduations, called ¢ reading micrometers ' ;
mstruments for measuring small eelestial ares, ealled ¢ measuring mierometers,” and
usually found in the form known as the ‘filar mierometer ’; and instruments for deter-
mining celestial directions, called ¢ position micrometers.” At this point we need only
consider the Reading Micrometer.

(139.) Fig. 33, from Hersehel's ¢ Outlines of Astronomy ’ indieates roughly the way

! Tt is necessary to notice this point : unless . the rough adjustment of the vernier when the
the observer, as is always desirable, has already  required reading is 72°22. If now the 2 division
brought the edge p a to its approximately correct  in the vernier, which falls about halfway between
position, in which case the particular division | 5 and 6 on the graduated circle—really nearer 5,
on the vernier which is to be dealt with will | but a careless eye would not notice this—is
be already quite close to the right division on | brought to agreement with 6, the instrument, in-
the graduated circle.  Otherwise, a little care- l stead of being adjusted to 72°22, will be adjusted
lessness might set the vernier a tenth division l to 72%32,
wrong. Suppose, for example, that fig. 32 shows
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in which a fixed mieroseope commands a view of the graduated circle, moving as the
telescope is swayed round some partienlar axis. The interior of the microscope with
its eross-wires at the foeus of the eye-pieee is shown in fig. 31.  Fig. 35, from Loomis’s
¢ Practical Astronomy,’ is a more exaet view of the exterior of the mieroscope, showing
the eye-piece (positive) G.I, and the position of the object-lens L. K is a rectangular
frame, across which are placed two spider lines, at the conmmon foeus of the eye-picce
and the object-lens. M H, divided round its eireumference into 60 equal parts, is the
milled head of a serew shown at SC in fig. 36; and « b 1s a scction of the rigid har,
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Frs. 33. - Simple index, a; Vernier index, b; the Fis. 34, Interior of the

Reading Micrometer, ¢, and the Graduated Circle. Reading Micrometer.,
or other fixed support to whieh the micrometer is firmly attached.  IMig. 86 shows a
part of the graduated eirele C dd d, in the ficld of view of the microseope, with the
positiont of the frame K (fig. 35) and the milled liead M H. 1n the ficld of view is
shown also the eross-wires of the micrometer; and it ean casily be seen that by turning
‘the screw the inside frame bearing the cross-threads will be carried across the ficld of
view so that the interseetion will travel along the graduated circle in etther direetion as
may be desired, within eertain Iimits of distanee suflicient for the observer's purpose.
Matters are so arranged, by suitable adjustment of the eye-picce and objeet-lens (often
requiring repeated trials) that five revolutions of the screw will just carry the inter-
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Fio. 35.—Exterior view of the Fia. 36.  Field of view of the
Reading Mierometer. Reading Micrometer.

section of the eross-threads over one division of the graduated cirele, representing 5'.
One revolution, then, corresponds to 1/, and as the cireumference of the head is divided
into 60 equal parts, it follows that a movement of the screw-head through oune of these
divisions, (measured by an index-mark at ¢, fig. 35) gives the cross-threads a move-
ment of 1 along the graduated circle. Thus it will be easily seen that by noting first
the reading of the graduated eircle, as seen through the mieroscope, for the 5 division
next heyond which the eross-threads lie, and then turning the serew-head (supposed
set originally, as it should be, with the zero-division exuetly opposite the index) until
the interseetion of the cross-threads is carried Dack to that division, we can read the
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circle with great aeccuracy. Suppose, for example, the reading is 72° 10" plus the
distance at which the intersection of the cross-threads lies heyond the division marking
72° 10’, and that to carry the eross back to that division, the head of the screw must
be turned round 4 times plus an amount shown by the index to be 83 divisions and
53-10ths. Then we read the circle as indicating 72° 14" 33-3”,

(140.) A vernier may be used with advantage in reading the indications of the serew-
liead ; that is the index i, fig. 35, may be provided with a vernier. And a magnifying
alass of small power may be used in reading the vernier. Theoretically, indeed, one
might read the divisions of the serew-head with a microseope, or use micrometer on
micrometer, ov adopt methods of even more minute measurement. But we gain nothing
by carrying such measures beyond a certain point.  For the graduations themselves
which we have to read cannot be made with more than a certain degree of accuracy ;
and 1t 1s idle to attempt to read to within thousandths of a sccond graduations which
cannot be trusted within hondredths or perhaps tenths.

(141.) Sueh are the leading features of that amazingly exact system of
measirement which modern astronomy applies to determine the positions and
movements of the heavenly bodies.  The work of aneient astronomers seems
rongh and even coarse by eomparison ; yet it is not less worthy of respect,
seeing that they used the methods available to them patiently and resolutely
and thus prepared the foundation and the seaffolding of modern astronomy.
Iven more remarkable, however, than the development of instrmnental
methods and deviees in modern astronomy, has been the system of cross-
(uestioning to which the results obtained by telescopic observation and
mierometric reading are exposed before their evidence is aceepted. The
modern astronomer does not aceept the evidence given by a eelestial body
respecting its position till he has xiftred from it the false evidence given by
the air (eorrecting this very sifting, for the varying effects of heat, moisture,
clevation, and so forth), till he has taken into aecount the inflnence of our
carth’s motion in modifying the apparent direetion of light-rays reaching her
from outside, till he has considered the effect 6f our earth’s reeling and nod-
ding (preeession and nutation), besides a multitude of minute correetions and
movements depending on the movements of the earth’s crust either beeause
ot subterrancan aetion or local displacements. Even when all sueh eorrec-
tions have been made to the best of his ability and knowledge, he retains a
mental attitude of fitting scientifie doubt, as recognising the possibility, nay
the probability, that other eorrections still remain to be made of which the
astronomy of to-day has as yet no elearer coneception than the astronomy of
aneient times had in regard to the eorrections for the aberration of light, or
for terrestrial nutation, or for the proper motions of the stars.
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CHAPTER TII.

ANCIENT AND MODERN STUDIES OF THE EARTIES SIHAPL.

(142.) AstroxoMERs in the course of their study of the heavenly bodies
from different parts of the earth’s surtace. accumulated obscervations by which
the various facts of astronomy ax understood now were disclosed gradually.
but not in any systematic or ovderly sequence.  The votundity of the earth
began to be recognised simultaneously with the laws of the apparent motions
of the sun, the moon, the planets, and the stars.  Measurements of the carth
regarded as a globe were in progress simultaneously with exact investiga-
tions of the detuils of the movements of the heavenly hodies.  The range of
observation and inguiry over which astronomers had to work was =0 vast,
even in those earlier days, the diffevent departments were so intermixad, and
each department was so extensive and o difticult, that it was not possib'e to
undertake separately the inguiries necessary for each and to earry them to a
final issue. It is necessary to study these matters sepavately, however, it we
would have clear ideas not only of cach individnally hut of thetr mutual inter-
dependence. A certain order. which must necessarily he artificial —since it
annot correspond with the actual order of discovery—must be seleeted at
the outset.  The order followed here has Leen adopted as that which on the
whole seems to correspond best with the requirements of the student of the
astronomy of to-day.

(143.) First, the astronomer has to determine the ficure of the earth on
which he lives and from which his observations are made.  He is supposed,
however, to have already aseertained that, from whatever place he observes
the heavens, the stars are carried around in the manner already deseribed, as
if they were fixed points inside a great enclosing sphere turning on an axis
through the observer’s station, and inclined at a certain angle to the horizon,
so that one pole or unmoving point of the spherical surface is above the
observer’s horizon, the other being below.

(144.) The first point to be determined is the apparent position of the
pole of the heavenly sphere, when the astronomer oceupies different stations
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ontheearth. We can imagine an astronomer of Babylon visiting Egypt, and
inquiring there whether the polar axis of the heavens around which all the
diurnal movements take place, and whose inclination in the north-and-south
plane (or meridional plane) he had carcfully ascertained at his Babylonian
station, is the same at the chief observing station of his Egyptian |
fellow-workers.  We know from the Great Pyramid that the position of the
pole was very carcfully determined in Egypt ; and we have good reason to
believe that the astronomers who did the work were either from Mesopotamia,
or were well acqnainted with the astronomy of Mesopotamia. Hence we may
fairly suppose that among the indications men obtained of the earth’s figure,
the difference between the star sphere as seen in the latitudes of Babylon and
of the Great Pyramid were the earliest and most decisive.

(145). The latitude of the Babel Observatory near Babylon being about
32° 20/, and that of the Great Pyramid about 29° 59', it follows that the diree-
tion of the pole of the heavens at the former station is inclined to the horizon
at an angle exceeding by rather more than 2} degrees the corresponding angle
at the latter. This, to observers so skilful as the builders of the Great Pyramid,
would be a very obvious and indeed measurable difference, corresponding
to more than four timesx the apparent diameter of the sun or moon.
Moreover. as it wounld be found that at both stations the stars were carried
with the same uniformity of motion round the polar axis, it would be certain
from such observations alone, that the horizon plane at Babylon was not the
same as the horizon plane at the Great Pyramid. But for this, it might have
been possible to suppose that while B P (fig. 37) was the position of the

P
p
//
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A B k
Tra. 37, Ilustrating the different directions Fi1c. 38.—Interpretation of the ditference of Polar
of the Pole of the Heavens at different Altitude at different stations.

stations.

polar axis of the heavens at Babylon, B, A P was the position of the axis at
the Great Pyramid A. DBnt skilful mathematicians, as the astronomers of
Babylon and Egypt undoubtedly were in those days (probably some 3,400
years before the Christian era), were well aware that the star-sphere could not
rotate, or seem to rotate, about two axes inelined to each other, like B P and
A P, at a measurable angle. They would see, in fact, that the difference
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in the apparent direction of the polar axis of the star-sphere could not
possibly indicate a real difference of direction, and therefore could not be
explained as in fig. 37. Nor would they have long failed to perceive that
the real explanation must be such as is suggested in fig. 38. Here H B 11" is
supposed to represent a north-and-south horizon line throngh the Babel
Observatory, B P the position of the polar axis of the star-sphere as observed
there. The Great Pyramid cannot be anywhere in H B H', as for instance at
a, because wherever we suppose the Great Pyramid, the polar axis there
must be in such a position as @ I’ parallel to (or—which is the same thing—in
the same direction as) the axis BT’; and if the pyramid were at « the
inclination of the polar axis would be I« I, or the same as the inclination
observed at B, which astronomers had fonnd not to be the case. Evidently
we must suppose the pyramid somewhere, as at A, below H B 1, its horizon
plane being as A A //, so that the inclination of the polar axis is A %, an
angle smaller than P B H, as observation requires.

(146.) Already, then, the astronomers of Egypt and Babylon would
have ascertained that the earth cannot be a plane, but that in passing from
one station to another the astronomer travels below the horizon plane of
the point from which he set out. Ior we note that if the Egyptian had set
out from A, to compare the conditions existing at Babylon, B, with those at
the Great Pyramid, e would have found B below his horizon plane A A/,
just as his ‘Babylonian brother
would have found A below the , /"7’/" S N
horizon plane H B I’ of Babylon. 7,

(147.) The idea would at
nnce be suggested that at any 5
rate in travelling northwards or
southwards — the only part of
the travelling between Babylon v
and the Great Pyramid which l

s A,
affects the apparent position of '
the pole—the voyager is pur- ¢ )
. ’
suing a curved course—mot a s "
s

course such as B LA, fig. 38.

And this would be confirmed

when, in traversing a southerly 5

coursge as abed from a, ﬁg 39, Fia. 39.—11lustrjz:)tlil:ge;;xznegleectk:rfthx‘loyth-nnd-south
the pole was found steadily pass-

ing lower and lower, as shown by the diminishing angle between the polar

directions and the curved arc d ¢ ba; and when, returning to a and travelling
»
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northwards along aefg, the pole was found to be as steadily and uniformly
rising. The idea conveyed would be that, passing further south, as to E, the
pole would be brought actually to the northern horizon, as in direction I N,
the opposite pole appearing now on the southern horizon, as in direction E §;
and that, on travelling still further south, the northern pole of the star—
sphere would pass below the horizon, the southern steadily rising. It would
further be suggested that by travelling north beyond g the north pole would
rise higher and higher above the horizon, till at last it would be overhead
when the observer had reached such a position as P. '

(148.) It would not thus be proved that the earth is a globe ; for other
solid figures besides the globe have circular sections such as Pa E in fig.
39.  For instanee, the earth might be eylindrical (or drum-shaped) or cone-
shaped, so far as such observations as have hitherto been considered were
concerned ; and indeed we find that some among the ancient astronomers
considered that the earth might be drum-shaped. Still such ideas could never
have conmmended themselves to mathematicians, as the ancient Babylonian
and Egyptian astronomers undoubtedly were.  I'or, after cven only such
observations as I have desceribed already, it would be manifest that, if the
earth were cylindrical, the axis of the eylinder must he at right angles to the
polar axis of the enclosing star-sphere.  We see this from fig. 39, where if we
suppose P 1L P" I a cirenlar section of a eylinder, the axis would be as scen
endwise at C, as a point, or at right angles to P I". Clearly there would be
something altogether improbable in the coneeption ot the earth as having an
unsyminetrical relation, such as thix, to the enclosing sphere. We need not
be surprised therefore to find that the ancient lgyptian astronomers, and
therefore probably the Chald:wans, regarded the earth as a globe, whose centre
was the centre of the star-sphere.!

(149.) But withont some means of determining time very exactly, the
observers of those days could not prove that the earth is a globe. For
journeys east and west do mnot alter the aspect of the star-sphere like
journcys north and south. The elevation of the pole of the heavens remains
unchanged by ecast-and-west journeys, and when any given star is rising at

! Diogenes Laertius, In Procemio. Manihus, | approach and pass below the western horizon,
in the first book of his Astronomzicon, ver. 179, | and as they rise above the horizon in the east,
shows clearly that in his day the position of the | show observers at even a single station that
earth as a globe (though he does not mention | the surrounding star-strewn regions are carried
the shape) in mid-space, was clearly recog- | round the comparatively limited region occupied

nised :— by the earth, unless (which equally explains the
Nunc quia non imo tellus dejecta profundo, observed appearances) the earth itself is turning
Sed medio suspensa manet, sunt pervia cuncta, on an axis inside the much vaster region within
Qua eadat, et subeat cslum, rursusque resurgat. which the stars are strewn. On either view, the

The unchanging forms of the constellations— | idea seems natural that the earth’s figure is glo-
apart from the slight effect of refraction—as they | bular.



STUDIES OF THIE EARTII'S SHAPE 67

one statton, the aspeet of the star-strewn heavens is precisely the same there
as it is when the same star is rising at some other station due ecast or due
west.  The only difference is in the time of the star’s rising : and to re-
cognise this an observer at one statio:r mnst have some means of determin-
ing exactly what time it is at the other station ; and this can only be done,
at least when astronomy is young, by the use of some such time-measnring
instrnments as ehronometers, which can convey the time of one place to an-
other place.  The ancients had no snch istruments.

(150.) But assuming the earth to be a globe, as the ablest astronomers
and thinkers naturally would and did, the north-and-south ohservations al-
ready described would snggest a ready way for determining the size of that
globe :—

The method adopted by Eratosthenes (thonugh doubtless it had been
employed centurics before by Chaldean astronomers) was based on observa-
tions of the sun. which, however, in this inquiry % B
might be regarded simply as a convenient index !
on the star-sphere. At the smmmner solstice the ‘
sun is moving nearly parallel to the equator, at | , /
hix greatest distance (about 24°in the time of
Eratosthenes) from that circle ; and therefore
at noon when due south, the midsummer sun
indicated the exaet direction of a celestial body
at a known distance from the pole.  Now
Eratosthenes found that at Syene, the modern
Assouan (latitude 24° 5" 307 8); the midsnmmer
sun” was vertieal at noon, or in direction ~ 7,
fig. 40, C s Z being drawn from the carth’s
centre C); whereas at Alexandria (latitude
31°11”) the midsnmmer sun at noon was below
the zenith towards the south by one-fifticth

~0

part of a circmmference, or by 7° 12'—which,

& g R q 5 . a F16. 40. - Iltustrating the measurement
considering the comparatively rough nature of oF vive Exbots by Eratosthenes.

his observations, was very fair work.! This

angle is represented by ¢ A S infig. 40, where C A ¢ is drawn from the carth’s
centre towards the zenith z, and A S is supposed to represent a line towards
the distant sun, a line appreciably parallel to S Z. Thus since the angle s C A
is equal to the angle S Az, it follows that the are S A between Syene and

' He set Syene on what is now ealled the Thus he cet Alesandrin in latitnde 31° 84"
tropie of Capricorn, whieh, in his day, aceording =~ Such results from mere observations of a noonday
to his own measurements, was in latitude 23° 51}’.  shadow wero very fair.

2
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Alexandria is one-fiftieth of the circumference of the earth. Eratosthenes
estimated the distance between Syene and Alexandria (which, nearly enough
for such observations, are in the same longitude) at 5,000 stadia, and there-
fore concluded the circumference of the earth to be 250,000 stadia. The
best estimate we have of the Greck stadimn assigns to that measure a length
of 6063 LEnglish feet, whence it wonld follow that the ecircumference of the
carth as determined by Eratosthenes has a length of 28,7287 miles, which for
him was a fair measurement, thongh considerably in excess of the truth.

(151.) Wemay regard such observations and measurements as these, with
the experience derived from long journeys, as giving such sufficient proof of the
earth’s rotundity as the best informed astronomers of old had obtained, and as
we nced alone conxider here. The voyages beyond the equator which Hero-
dotus mentions, when he tells of travellers who saw the sun move from right
to left across the sky, instead of from left to right, must have satisfied astro-
nomers, at any rate, that the earth is globular in formy, and surrounded on all
sides by star-strewn space. For in such journeys men became acquainted
with the whole snrface (so to call it) of the star-sphere. Indeed at the
equator, in the conrse of a single night of twelve hours, the whole of the
steliar sphere could be seen, were it not for the star-concealing light of the
morning and evening twilight.  During a month, in any part of the year, at
the equator, all the star-groupings, over the whole celestial sphere, wonld
become visible ; and no doubt would be left in the mind of any reasoning
observer that the carth is enclosed on every side by stellar regions presenting
the appearance of the inside of a hollow sphere strewn with stars, and turning
once round the carth in four minutes less than an ordinary day.

(152.) At this stage, many parts of the earth which had been snrvéyed,
would have shown the globular form recognised when snch surveys began,
And in those days, when men were possessed, naturally enough, with the
idea that thronghout nature regular forms exist wherever possible, no doubt
would remain that the earth is a perfect sphere.

(153.) We need not be prevented from recognising that this must have
been the opinion of astronomers and men of science, by the consideration that
a number of other ideas were entertained then and till much later times.
Various ideas were suggested by those who were not astronomers or mathe-
maticians ; just as similar fancies would be suggested now, but for the general
spread of scientific knowledge among those who have no time, or perhaps
capacity, for independent scientific research. We learn from Cleomedes
(‘ De Mundo,” lib. 1), what we might have guessed without his testimony,
that some considered the earth a plane; others thought its figure that of a
cube, or a pyramid or a cylinder. The heavens were regarded gencrally as a
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vast hemispherical vault, with its base resting on a circular continent beyond
the ocean encircling the earth.! In the ancient poems called the Chaldaan
Oracles (but not known to represent Chaldzean philosophy) we are told that
“The All-Father made seven orbs, enclosing each in a globnlar form’ (not
the Sun, Moon, Mercury, Venus, Mars, Jupiter. and Saturn, but the orbs or
spheres carrying these seven planets of the ancients) ; ‘he made the great
host of the fixed stars ; he also placed the earth in the middle, the waters
within its bosom, and the air above it.’

(154.) The exact figure of the earth will be considered further on, ax
will also those phenomena and observations on which its determination
depends.
even at a single station on the earth, the rotundity of the earth’s figure.

But it will be well to consider here those phenomena which show,

(155.) Sinece irregularities like mountains, hills, valleys, ravines, and so forth,
necessarily prevent an observer from recogmsing the nuniform rotundity which belongs
to the earth’s figure regarded as a whole, we must seck some place where ather there
are broad traets of level ground such as we find in prairies, or better (smee we never
can be sure that even the most seemingly level prairie has not had its surface rounded
independently of the general rotundity of the carth) we must take for our observing
station some place near a widely extending water surface.

(156.) The dweller near the sea has evidenee in the darkened outline often pre-
sented by the horizon that the surface of the water is not plane.  Were it so, it 1s
obvious that he would sec the sky and the carth mingling by indefinite gradations, and,
so to speak, Tost in one another. The outline of the sea, which would be his true
horizon-line, would be hidden by the extended atmospherie medium through or rather
into which the eye, directed horizontally, would be looking.  But in clear weather the
sea-line is very strongly and sometimes even darkly projected against the sky.

(157.) The sea affords other evidence. Ships and roeks which, if the sea had a
plane surface, would never disappear exeept through the effeets of interposed air, are
lost to sight at sea, in a different way, as our distance from them mereases.  We lose
sight of the hull of a ship while the upper part is still clearly visible.  As its distance
increases we lose sight of more and more of the ship, but always from below upwards ;
and we finally lose sight of every part, not through the effeet of distanee (for, were
it 50, a telescope would bring the ship into view again) but by the obvious interposition
of the rounded or domed surface of the sea between ns and the ship.

(158.) As commonly presented in popular treatises on astronomy, however, the
proof of the earth’s rotundity afforded by the appearanee of ships as they pass over the
horizon-limit and beyond, is apt to perplex, though sound enough in itself. A rounded
hill of water is shown, over the top of which a line of sight is earried from an observer

! In the Eleventh Orphic Hymn (10) ver. 15, réppa Ppikov yaiys, dpxr) mohov UypoxéXevbe.

we find the eneircling ocean referred to in the
line:

*Qreavis e wépi§ évi Gdage yatav ENirowy
and in the Eighty.second Orphie Hymmn (ver.
7), the engirdling continent is referred to in the
line:

There are reasons for supposing that in the
aceount of the Shield of Achilles given in the
Iliad, and of what is ealled the Shield of Her-
enles (evidently belonging to the same original
poein), the ancient poet deseribed a Zodiac temple
in which this arrangement was presented.
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as at A, fig. 41, a departing ship being shown in several positions as at 1, 2, 3, 4,
fully seen at 1 and 2, hull down at 3, and showing only the upper part of her mast
at 4, to the speetator at A. In such pictures the depression of the line of sight A«
touching the convexity of the water, or the angle « At which it makes with the,
horizontal line A t, is so econsiderable as to be obvious. The student is thus taught
two things—one true, the other untrue. He learns correctly enongh how and why a
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T'ti. 41.—DMuch exaggerated effects attributed to the Sea's curvature.

ship disappears heyond the convexity of the sea; hut he is also taught what is not
correet, viz. that the sca-horizon dips observably helow the true horizon, and that the
depression of the sea-horizon hecomes obvionsly greater as the observer’s height above
the sca-level inereases.  For in fig. 41, the angle hetween the true horizon-line A ¢,
and the depressed line A « to the apparent horizon, is one of several degrees. At the
seaside there is no such visible depression ; indeed, when the observer is a good deal
above the sca-level the sea-horizon appears higher (by an optical illusion, but still
very strikingly) than when he stood on the sca-shore.  Thus the student is perplexed
by the contrast between what he has heen taught and what he sees.

(159.) In like manner an illostration sach as that in fig. 42 is misleading unless
it be clearly stated that the vertical dimensions are greatly exageerated.  So under-
stood it illustrates fairly the cvidence of the earth’s rotundity given by the varying
appearance of the seaseape as an obscrver ascends a cliff sueh as A « «, viewing from
various heights a ship such as s, or a distant shore such as B 1. Or the observer
may be supposed to climb the cliff B 47, and thence to view the ship s and the cliff
a’a Al

(160.) The cvidence of the carth’s rotundity obtained in sneh cases as are illns-
trated in fig. 42, ave striking and convincing, beeause of the differences of distance
involved.

Fre. 42.—Effects of the Earth’s curvature.

Thus if « (fig. 42) be the place of an observer, A the sea-level beneath him,
and « P b the line of sight touching the sea-horizon at P, and extending onwards to
the cliffs at 5, we are not merely convinced but perceive that I is much nearer
than b; for we find that the sea-horizon at P is seen much more clearly than the
cliffs at . We know then that the surface must be rounded above the straight line
A B in order to have this relative nearness at P. '

(161.) But an even more effective proof of the rotundity of the water-surface may

w
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be obtained by using a powerful teleseope at a station such as «, fig. 42, and dirceting
it upon the horizon-line at P toward a ship as at s. It will be found that when the
teleseope is focussed so as to show the sea-horizon distinetly, the masts and sails of the
ship s are scen indistinetly.  Fig. 43 gives an idea of what is scen.  To bring the ship
sharply into view, the focussing rackwork must be used so as to draw in the eyve-tube,
as for a more distant object ; and then presently the parts of the rigging in view are
seen sharply defined as in fig. 44, while the sea-horizon has become hazy and indis-
tinct. Where a low magnifving power is employed on a large te ]esmpc, so that the
focal range for different distances is relatively great, this observation is singularly
effective. I have never known anyone who has ever tried it, wnder good n];svr\'in;r
conditions, without finding that, strong though his faith might already have heen in
the rotundity of the earth, it was much confirmed and strengthened by this particular
observation.  As the focussing rackwork is shifted to and fro, bringing the ship

Frc. 43.— T('lescople illustration of the farth's Fri. #4.—The same view with change ot 1ocns;
rotundity. A ‘hull down’ ship seen indis- the ¢ hull down " ship seen distinetly beyond
tinetly beyond the sharply-defined sea-line. an indistinct horizon.

into focus and out of focus while the horizon passes out of foeus and into focus, the
observer seems to feel that the sca-snrface rises in a bold sweep between him and the
more distant object seen in the same field of view.

(162.) But this way of recognising the sea’s rotundity may be improved apon :

Let us suppose that onr observer starts from A, fig. 42, to elimb up the ¢lifl (along
the roadway will do very well) till, after passing the level a, he reaches the summit of
the eliff at «’. When he is at A the line of sight to the sea-horizon meets the sea-
curve close by as at p, and the elearness of the sea-line, supposing the observation
made in good obgerving weather, is very striking; as is also the contrast between the
sharp definition of the sca-surface at p and the haziness of the eliff at b"if that is
visible at all, and (in less degree) that of a ship at s. If the telescope is used as in the
cxperiment just deseribed, at such a station as A, the amount of focussing required to
correet from a elear sea-horizon into well-defined ship-rigging, or rice versd, is much
areater than when the telescope is set higher above the sea-level.

(168.) When the observer has reached «, the sea- -horizon has retreated to P, and is
less distinetly scen, though it is very marked against the distant eliff b1’. But when



72 OLD AND NEW ASTRONOMY

passing onwards to a’, he brings the sea-horizon to B or even farther from him, so
that he sees to the very foot of the eliff, then the sea-horizon on either side of the
eliff B ) (whieh we suppose to be a cape projecting towards him) is no longer seen
to be freer from the effects of haze than the cliff’s face at b. If the observer has noted
the sea-lhorizon from time to time during his asecnt he will have seen (presuming the
weather remains tolerably eonstant) that the sca-horizon gets lighter and lighter in
tone as he passes higher and higher, showing that it passes farther and farther away
and is thus more and more affected by the presence of any haze that may be present
in the air. For, even in the elearest weather, there is always enough haze near the
sea-level to affect the distinetness of the sea-horizon, when, owing to the observer’s
ascent, it is thrown twenty or thirty miles away.

(164.) The actual amount of depression of the sea-horizon for any given distance
may be readily deterinined by geometrical considerations based on the known dimen-
sions of thie carth; or a reverse process might be employed, and the dimensions of
the earth determined, somewhat roughly, by the observed aetual depression for given
distances.

(165.) Thus, suppose ¢, fig. 45, a teleseope (or other observing instrument by which
a direetion line may be given, as by looking through a tube or rings) directed towards an

F1c. 45,—Measuring the Earth’s globe from its observed curvature.

objeet ¢, so situate that its height C ¢ above the surface of water is exactly cqual to
the height At of the telescope above the same surface ; and let B b1 be an upright
carefully divided into inches and parts of an inech, set up at B, exaetly midway
between A and C, or onc mile from each. Suppose Bl exaetly equal to At or Ce;
and let £ e the point where the line of sight ¢ ¢ crosses the upright B I/,

Then tb ¢ is part of a cirele about 7,920 miles in diameter, ¢ ¢ is & chord 2 miles
long, divided into equal parts in 4. Henee by a familiar property of the cirele the
square on t I, is equal to the rectangle under bk and the earth’s diameter (less bk, but
bk by comparison may be negleeted). That is to say, using miles for the unit of length,

T920x bk=1x1=1
b I:=8 inches almost exaetly.

(166.) The actual depression of the are ¢ b ¢ below the true horizon-line t 1'¢’ is I’D,
which is obviously equal to » I, in so flat an arc—where ¢ I and ¢ k are practieally equal.
(Or we might have begun by saying the square on t ¥’ is equal to the reetangle under
b1 and the earth’s diameter). The depression for one mile, determined geometrically,
amounts to 8 in. ; and obviously the depression ¢ ¢’ for two miles is four times 8 inches,
or 2 {t. 81in.; for 3 miles the depression is 9 times 8 inches, or 6 feet ; and so on—within
such greater distances as have to be eonsidered in ordinary observations. Thus, up to
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100 miles, it may be said that the depression, estimated geometrieally, is equal to
8 inches multiplied by the square of the number of miles.

(167.) But as actually observed the depression is econsiderably less than this. The
layers of air above the earth’s surface, being eurved like that surface, the lines of
sight, like rays of light, are slightly curved in their passage through the air. Thus,
if P (fig. 46) be a point on the earth’s surfaee, from which a line touching the surface
would pass along the true horizon plane to «a,b, and ¢, then a line of sight directed
towards ¢, from P, would in reality pass along sueh a curve as P o' V" ¢/, the point «
being thus raised to the horizon, or to the apparent position «; 5" would be raised to
the apparent position »; and ¢’ to the apparent position ¢. The depression, then,
of A, B, and C below the Hne of sight P «'V'¢’, will be A«’, B ¥/, and C ¢’ respeetively,
instead of A«, Bb, Ce¢. Moreover it is obvious that refraction ecorrespondingly
diminishes the depression of the horizon as seen from any point raised above it.

P a. 4

—_—— r-
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Fia. 46.—The effeets of refraction in diminishing the apparent curvature of the Earth.

For the line of sight P «’V/¢’ from P to ¢ 1s also the line of sight from ¢ to P; and it
is elear that ¢’ the direction in whieh an observer at ¢ sees the horizon at P, is more
inelined to the vertieal C ¢/, and thercfore less inclined to the horizon, than a tangent
from ¢ to PABC would be. Itis also tobe noticed, as a point which has to be taken
into aceount in mwany astronomieal inquiries relating to the earth, moon, planets, and
even the sun (as my diseussion of sun-spots will show), that, owing to refraction, an
observer at ¢’ or any point further away (on the right) sces more of the arc C BAP
than he otherwise would.

(168.) This cffeet of refraction varies measnrably according to the density of the
air. It is greater when a high barometer shows inereased atmospherie density, and rice
versd. At average atmospherie pressure, and supposing PA=AB=A C=1 mile, A «’
=62 in. (instead of 81in); B/ =4A«'=2{t. 13 in.; C/=9A «'=4 ft. 9} in.; and so
forth. DBut sometimes atmospherie refraction diminishes the geometrieal depression
by as muech as a fourth or even more, sometimes by barely a sixth or even less.  For
ordinary rough ecaleulation it suftices to put 6 in. for the optical depression due to one
mile.

(169.) Itis easy to deal with any problem requiring us either to find the distance of
the sea-horizon for any given height of the eye above the sea-level; or, vice versd, to
determine what is the height of the eye when the sea-horizon lies at a given distanee.'

! Thus, if d is the optical depression for one Here we have, taking a foot as the unit of
mile, D the depression at a distance of n miles, length, and d =4 foot—
no= 20 -2 = 40
= 6} approximately.
If we had put &=6? inches, wo should have

D g
we have D =n?d; "=’\/l' Since d may usu-
€

ally be taken equal to half a foot, we have a very

simple numerical relation to deal with when—as had. takine the inch as the unit of length—

usual—the depression is given in feet. ’ ° e
Suppose, for instanece, the problem—If the eye = \/_z;l():.— .

18 20 feet above the sea-level, how far off 18 the = Ji§¥ = VBTS

sea-horizon? or n = G} approximately.
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The varying effeets of atmospherie refraction appreciably affect the results of such
caleulations. (See preceding note.) As, however, the calculations are never required
for exact measurements of heights and distances, this is a matter of little importance.
In geodetical surveying, where exact levelling is required, levels are never taken over
distanees which ean be appreciably affected by changes in atmospherie refraction.
In rough surveying, indeed, over short distances, not only may the effects of such
changes be neglected, but the difference between the optical and geometrical depression
may be overlooked, or even the depression itself disregarded. For instance, in a dis-
tance of 88 yards or ' th of a mile, the depression (even eonsidered geometrically)
is only ,},th part of 8 inches, or the ;' th part of an inch. Taking this twenty times
we get only 2ths of an inch of error in taking levels over a mile thus subdivided.
Thus in ordinary levelling, unless great exaetness is required, the effects of the earth’s
curvature mmay be neglected. In back-and-fore-sight levelling, where the observer
takes levels from a station midway between two others, and compares their level, no
correction at all is required ; for, whatever depression there may be for the station on
the same depression is there for the station on the other
no difference whatever arises from the earth’s

one side of the observer,
side ; hence, in ecomparing the two,
curvature.

(170.) Tor instance, if B, fig. 48, be a station midway between two others, A and
C, we see that, observing along the ¢ ke, the horizontal line through %, we determine

miles the depression of the sea-surface below a’
tangent-line is 8 inches multiplied by the square
of 21, or 441 i.e. 294 feet. llenee it seems as
though the beacon light must have been 294 feet
above the sea-level, less only the height of the
observer’s eve above the sen. Putting this
height at 16 feet, we should obtain 278 feet for
the height of the Galley Head Light. or about twice
the real height.

The problem should be dealt with as fol
lows:

Let LP O (fig. 47) be the earth’s surface, 1
the light, o the place of the observer's eye, I Po
touching L, P O at P; let L1 be the height of the
nghthouse, O o the height of the observer’s eye

Again, suppose the problem--If the sea-lori-
zon lies 20 miles away, how lilgh is the eye above
the sca-level ?

Here, taking the foot as the unit of length,
and d =} foot, we have—

D = (20)* =2
200 feet.
If we put d =67 iuches. we get, instead.

32
D = 203
9

inches

80 x 32 inches
2560 in. = 213 ft. 4 in.

Let us next take a class of problem searcely
less simple, but of more general use.

In a letter recently addressed to a daily paper,

[}

)2

Fia. 47.

Sea-range of a Signal Light in a lighthonse of given height.

in 1883, Prof. Tyndall remarked that, going out
in the steam.yaclt the * Princess Alerandra’
to a distance of 21 miles from the Galley Head
Lighthouse, the earth’s rotundity coming between
thrm and the shore, the light < dipped’ beneath
the hiorizon. Supposing the eyc of the observer
to have been 16 feet above the sea-level, what is
the height of the Galley Head Light above the
same sea-surface?

A eommon way of getting confused over such
a problem is to deal with it as follows:— For 21

above the sea, or 16 feet. Then putting =6 in.

we have

Dy = 0ot

Po =16~ § = v82 = 53 nearly enongh ;
SUP =21 — 5% = 15} mules
and

Ll =6 x (15})% inches
= 1,411 inches = 117 ft. 7 in.

If we had given d its average value, 62 inches;
we shonld have obtained for the height of the
light above the sea-level, at the time of ol)sor‘
tion, about 120} feet.
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by uncorreeted levelling, two points, ¢ and ¢, neither of which is at the same height
above the mean level ABC as kis; yet, as they are both at the same height, no
correction is required. On the eontrary, were observations made from ¢, we should not
determine, by nncorrected levelling, a point b at the same height as t above A B (' ;

Fia. 48.— Illustrating back-and-fore-sight Levelling and a method of measuring the Earth’s eurvature.

for a horizontal line at ¢, being tangent to the are the, passes above . Our crror

would be still greater (twice as great measured angularly, and four times as great

measured i linear height) if we were levelling from A to C; for the line the, from ¢ to

a point ¢ at the same height above the carth’s surface A B (', 1s inclined

at twice as great an angle as ¢ to the true horizontal line at ¢ (tangent 7

to the are ti ). I,_‘
(171.) Wherever there is a suflicient streteh of water surface, the ‘ll

student who has leisure can make observations on the carth’s curvature

in the way illustrated in fig. 48. A telescope may be set up at A cither

in a boat or at a measured height At above the water's surfaec; at I3 !
may be a boat earrving an upright B/ d with a dise at 7, at the sane p ‘
height as ¢ above the water-level; and at C another may be set, cither A4

in a boat or on the gronnd at the other side of the water, (' ¢ being made ,
cqual to Bhor At. It is convenient also to have the dise ¢ twiee as I',f}f",(ﬁ:;ll Hr
great in diameter as the dise b, becanse then it appears of the same size  observed from
as scen from 7. Looking then from ¢ towards ¢, the appearanee seen is ;112:::m -
that shown in fig, 49, 4 being seen measurably above e.

(172.) Tt is elear that, if the surface of level water were plane, the telescopes and
dises set up as deseribed would be arranged as in fig, 50, where ¢ e is a straight line ;
so that the dise / would just hide the dise ¢ from view.

t b !

Fre. 50.-—Observations on a plane surface.

(173.) One can by means of suech observations as these form a rough estimate
of the earth’s size. Suppose, for example, A B (, fig. 48, is a distance of 6 miles,
A B=BC=3 miles; and let the dise s have a diameter of 1 foot. Suppose the rod,
b I: B, divided into feet and inehes. Then the same observation which shows ¢ below b,
as in fig. 49, indicates also, by suitable division marks along B b, how mueh ¢ lies
below 4, when thus seen—or, in other words, the length bk, Suppose we find bk
thus to be 5} feet, then our estimmate of the earth’s diameter wonld be obtained from

the eonsideration that
bl x earth’s diameter=(t k)?
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or, with one foot for the unit of length,
5% x No. of miles in earth’s diam. x 1760 x 3= (3 x 1760 x 3)?
*.* No. of miles in earth’s diameter=1760 x 27 x 2.
=160 x 54
=8640
whieh, though considerably too large, would be a very good estimate for so rough a
method, applied upon so short an are.!

(174.) Among the effects of the earth’s rotundity whieh are most easily observable,
I may notiee the two following :

If an observer, situate as at C (fig. 51), looking over the sea-horizon towards a
ship as at P or P’, alternately raises and lowers the eye over such a range as « b, he will
find the horizon-line shifting most obviously downwards and upwards over such a
range as pq or p'q’ on the mast and sails of the distant ship. The further off the
ship the greater is the effect. So also the effeet is greater, the nearer the observer’s
eye is to the sea-level.

(175.) Again, in the railroads aeross the prairie regions in Ameriea, the track is
sometimes perflectly direct and runs on an unchanging level for several miles.  Along
such parts of the road one can look back from the rear carriage on two parallel lines

F1a. 51.—Illustrating the effect of changes of Level in shifting the Horizontal Line,

of rails appearing as in figs. 52 and 53. Suppose now that, standing up on the rear
platform, the eye is as at «, fig. 51, so that the horizon is at A. Then the rails will be
seen as at BA,DC, fig. 52, meeting the distant horizon HH” at A and C. But if
now, by stooping, the eye is bronght to a considerably lower position, as at ?, fig. 51,
so that the horizon is at B, then the rails will be seen as b, ¢ d, fig. 53, meeting the
less distant horizon I I’ at « and ¢—a ¢ appearing considerably greater than A C, for
the simple reason that it is really the same distanee (viz. the breadth between the

rails) seen much nearer.
with AC.) *

! Observations of this kind in principle were
once made at the Bedford Level, on a range of
water six iniles long, to settle a wager made by
a person who, not being able to understand the
evidence showing the rotundity of the earth, had

been persnaded by a charlatan that the earth’s |

surface is plane. The results were of course
such as are indicated above.
satisfy the donbter; at which we need not be
surprised, since it may fairly be assumed that
one who is unable to understand the astronoinical
evidence of the earth’s rotundity must be beyond
the influence of evidence in such matters, nor
could any explanation avail to make the case
clear to him. The power of self-bewilderment
shown by the believers in a flat earth, when

They did not |

(In fig. 52, « ¢ indieates the change of distanee as eompared

discussing a result which (comparing figs. 48
and 50) should have been not only convincing,
but striking, would be amazing did we not re-
member that the initial ineptitude they had
shown renders their subsequent bewilderment
altogether natural.

2 I have never so thoroughly felt the rotun-
dity of the earth as I did on the day (in the spring
of 1880) when first this illnstration ocenrred
to me. I was on the rear platform of a train
running smoothly and swiftly over the prairie
region of Kansas. In the clear air of that region
the two rails on which we were running seemed
to meet the horizon in two sharply defined points
like the ends of two slightly slanted rods. Lower-
ing the body the ends drew apart; raising it,
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(176.) On the other hand, when we might expect to rccognise the effect of
change of elevation very markedly, as in climbing great heights, or from the car of
a balloon, we are apt to be more than disappointed. Not only does the horizon not
appear as much depressed as we expected : it often appears actually raised.

B

Fic. 52.- Direct Rails on a prairie Fi1c. 53.—The same Rails viewed from a
viewed from above. slightly lower level.

(177.) The appearance which the earth presents, for instance, when seen from a
balloon, is peculiar, and at first view suggests anything but the idea of a convex sur-
face, such as a globe like the earth might be expected to present.  The earth beneath
the balloonist appears, in fact, like a gigantie basin, the rim ol which is the horizon
all round him, while its deepest part Hes below him. Mr. Glaisher, the well-known
mecteorologist and acronaut, has spoken of this illusion, though of course he was in no
sense deceived by it :—

Fig. 54 illustrates the peeuliar cffect in question; but I have added to the illusion
affecting the aspect of the earth’s surface another equally marked, but not noticed
because much more familiar, which affects the aspeet of the clouds.

(178). The explanation of hoth peculiarities is the same.

I consider farther on how we are deceived into the idea that the clonds form a sort
of dome over our heads, whereas the under surface of a layer of clouds, though slightly
arched, is in reality very nearly flat within the range of view commanded by the eye.
The eye is not sensible of the much greater distance separating ns from the clouds

they approached again; and alternately raising | and draw apart as if they were really moved to
and lowering the body, keeping the eyes steadily l and fro.
fixed on the horizon, the ends seemed to approach
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near the horizon than from those overhead ; and losing the effect of distance we picture
the clond surface ncar the horizon as springing almost if not quite vertically from the
earth’s surface, to arch over, gradually at first and more rapidly afterwards, towards
the point overhead. When we view the under surface of clouds from a balloon situ-
ated as shown m fig. 54, a similar effect is produced. .
(179.) But also, and for precisely similar reasons, a similar effect is produced on
the appearance of the ecarth’s surface below us. When we look directly down we see
that the earth lies far below us, the greatness ol the distance being very obvious and
striking.  On the other hand, when we look towards the horizon, although the line of

Ti6. 54, Illusion affecting the Earth’s appearance as seen from a balloon.

sight is really depressed slightly below the horizontal dircetion, the depression is not at
all obvious, even when we are a mile or two above the sca-level.

Say, for instanee, we are even so much as two miles above the sca-level.  Then
the depression of the visual horizon (supposed to be a sea-horizon) below the true
horizontal direetion, corresponds to the angle subtended by four miles at the distance
where the line of sight from a height of two miles tonches the sea-level.  This dis-
tance, neglecting refraction, which increases it, is about 127 miles, and four miles at a
distanee of 127 miles subtends less than two degrees, which to the eye appears hut
an insignificant angle.  Comparing unconsciously the slight depression of the horizon,
with the obvions and starthing depression of the earth’s surface underneath his ear,
the acronaut is deecived into the impression that the surface underneath rises up all
around him to his own level or nearly so,—in other words, the illusion of a basin-
shaped depression such as is shown in fig. 54 is produced.

(180.) The recal state of things is represented, only the carth’s curvature is of
course monstrously exaggerated, in fig. 55, where 1 is the position of the balloon, « ¢«

Fia. 55.—The illusion explained.

the earth’s surface, ¢ immediately below the balloon, ¢d ¢’ a layer of clonds parallel to
the earth’s surface. The lines g p ) and b p’ ¢’ are tangent lines to the earth’s surface,
which they meet in the points p and p’, while they meet the layer of clouds in ¢
and ¢'.

(181.) There is a way of recognising, and indced of measuring the depression of
the sea-horizon (the only horizon to be trusted in sueh observations), which can easily
be put in practice. If the sea-horizon is really depressed below the real horizon, then
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it is obvious that the sea-horizon imaged in a vertieal mirror ought to appear below
the centres of the imaged eye-pupils of the observer. For in the mirror the horizon is
shown with its depression truly refleeted, while the eve-pupils must be in the same hori-
zontal plane as their images reflected in a truly vertical mirror.  When the experi-
ment is tried, there usually seems to be no such depression of the imaged sea-horizon.
But it is easy to understand why this is, and to devise a way by which a vertical mirror
may be made to demonstrate and even roughly measure the rotundity of the earth.

(182.) Let us first see what is the actual depression of the sea-horizon, viewed
from some suflicient but easily attaimed height, such as 200 feet :—

Let « (fig. 56) be the place of the observer's eye, A « being 200 It.: A B the sea
surface ; « B3 the dircetion of the line of sicht from « to the ewrved sea surface:
B I parallel to A «, through B, and « s the diveetion of the veal horizon at A, Draw
Al parallel to « b to meet B inl'. Then obviously BV =Aa=01" (since B is
parallel to A «).  Therefore Bh=2A«=400 ft. .Ience the dip of the horizon, or the
angle B « 1 is that subtended by 400 ft. at the distance « 3 or A m B (appreciably the

- - = S

F1a., 56. - Illustrating the Earth's curvature,

same).  Now (Buehd, Bk. I11.) the square on « B is equal to the rectangle under A o
and the earth’s diameter.  Ilence with leet for our unt of length
a B=4/7920 x 1760 x 3 x 200
=41450 ft. approximately (=173 miles).

(183.) Now a length of 400 ft. at a distance of 91,150 ft. subtends the same angle
as 1 {t. at a distance of about 228 ft., or about one-fourth of a degree. This is very
different, as anyone can sec by looking at a civenlar protractor and noticing how small
are the half-degrees usnally marked in, from the enormous depression nsually indicated
in pictures supposed to illustrate the globular shape of the carth.  The real angular
dip of the horizon is little more than threc-fourths even of this, atmospheric refraction
diminishing the true or geometrical dip by ncarly one-fourth.  The real angle of dip
is that subtended by 1 inch at a distance of about 320 inches or less than 27 feet.

(184.) In our experiment, supposing the cye one foot from the mirror or two feet
virtually {rom the imaged eye, the imaged horizon (if the station were 200 fect above
the sea-level, would be 1th of a foot or aboul 4-hundredths of an inch above the
imaged eye-level.  This would not be diseernible by ordinary evesight, the line of the
imaged sea-horizon being intereepted by the imaged head.  The nearer the head was
brought to the mirror the less the imaged depression of the horizon wounld be. But
this difficulty can be removed, and a pretty illustration of the earth’s rotundity ob-
tained by the mirror method.

(185.) Let ABCD (fig. 57) be a reetangular mirror, broad enough to inelude the
imaged face (the breadth of which is always exactly half the breadth of the real fuce),
and to show an inch or two elear on either side, as shown. Let aline « b be drawn on
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the glass exactly parallel to the sides AB, DC. Let the mirror be supported at E
and I by rods E G and I'H, which can be fixed firmly into the ground. Let the
observer so fix them into a turf-sward some 200 feet (say) above the sea-level, on a
spot commanding a fine sea-horizon, putting the face of the mirror seawards and
being careful to leave ample room for safe walking in front of the mirror. Suppose
that at K there is a fine thread K % bearing a plumb-bob
P, by means of which the face of the mirror may be made
perfectly vertical by suitably turning it on the pivots E, F.
But as the glass of the mirror may not be of perfectly
Fequal thickness throughout, let the plumb-line admit of
being fastened at L, the side D C being made uppermost
either by changing the supports or by shifting the mirror
JI in the pivot-holes E and F.
|

After setting the mirror exactly vertical, K uppermost,
let the observer retire from it to such a distance—say two
yards—that he can see with perfect distinctness not only
the pupils of his eyes in the glass, but the diamond-cut
line. Let him bring the pupils of his eyes centrally on
P the line « h.  He will then see that the water surface e d
A is about a quarter of an inch below « . On the other
3 hand if, by slightly raising his head, he brings the water
surface to exact coincidence with the diamond line, he
will see that the pupils of his eyes are about a quarter of
C H an ineh above that line. Inverting the mirror and letting
16, 57. Experiment for measur- the plumb-line hang from L, he will get the same result

ing the Earth’s curvature. . 9/ o 0

precisely if the mirror is a good one, and very nearly the
same result if the mirror is a bad one. In the latter case the mean of his two results
will correspond to the single result obtained when the mirror is a good one.

(186.) By using a brightly polished plane of steel, which need not be more than
four or five inches square, a better result still will be obtained.

(187.) But a polished plane of stecl four or five inches long and only an
inch broad or even less, may be very effectively used without a plumb-lne, as
follows :—

Let ABCD (fig. 58) be the polished steel plane, set on the edge of a saucer E F,
containing a little mercury (or ink). Suppose the cup set on a little platform,
admitting of levelling adjustment by a slow serew move-
ment ; and having set AB across the cup, and levelled
the eup’s rim in the direction A B (nothing very exact is
needed), slowly shift the rim in a direction square to AB
by means of the screw movement, until, looking down
the face A C, its image on the mercury is rednced to a
straight line. Then the face A B is perfectly vertical. Now, as before, look into the
steel murror A C, bringing the centres of the pupils to the edge A B, as at « and b. The
sea-horizon will then be seen as at c¢d, about a quarter of an inch below A B, if the
eyes be about two yards from the mirror.

{188.) If the edges A D and B C are finely divided, and the observer’s eyes are set
at a measured distance from the mirror, the rotundity of the earth (and therefore the

T16, 58.—A similar experiment.
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earth’s size) can be measured by this observation, at a single station and with exceed-
ingly simple apparatus.

For different heights, different depressions of the sea-horizon will be noted in this
experiment. TFor places near the sea-level there is no observable displacement of e f
below a b; for places muclh higher than the 200 feet of our experiment the displacement
is much greater.!

(189.) In this experiment the sea-horizon, as seen in the mirror, shows no enrva-
ture ; nor can any curvature be seen when the sea-horizon is viewed direetly. This
sometimes perplexes the observant student. It is, however, easy to explain it.

Let us take a case where it really scems that some curvature ought to be
recognised.

(190.) Suppose an observer whose eye is 200 feet above the sca-level looks at the
long horizontal roof-ridge of a house, beyond whieh lies a sea-horizon, and that he
brings the middle of the ridge just below the sca-horizon exaetly in front of him—ought
he not as his eye ranges to right and left along the ridge to lose the sea-horizon through
its curving down below the ridge ? Or, if he brought the ends of the ridge exactly
level with the sea-horizon, ought not the sca-line to stand visibly above the middle of
the ridge ?

(191.) Theoretically it ought and it does; praetieally the question is one of degree,
and our inquiry must be, how much does it eurve ?

Suppose the ridge to be 50 feet long, and its middle point 25 feet from the eye, so
that in sweeping along the ridge the eye ranges over a right angle. Suppose also
a fixed point set near the eye to guide it, for otherwise the observation wonld be
altogether inexaet. Every line of sight must be taken athwart this fixed point, 25
feet from the eentre of the perfeetly horizontal ridge-line, to different parts of this
line ; and what we want to find is how mueh the hnes of sight to either end of the

! The law eonnecting %, the height of the = |
observer, with the angular depression 8 of the sea |
horizon may be thus obtained :— . 1ile as our unit of length. Now

Call the radius of the earth ». The angle 8
is the angle ba B of fig. 50, er (appreciably it is
the angle subtended by Bb, or twice 7, at a dis-

»)I

&

eire. measure of 1 deg. = =
3960

taking a

Cire. measure of 1 deg. = 910 (1°5708) = 01745,

| . : 25 oY, 2 h
tance a B). I\'o';v ’ - .. squaring, »1(; (101745)* = 3500
(a B)? = 2rh (appreciably) 4 1
o chly) 25 (10003045) =
- B ah 5 say reughly) 25 (-0003045) 305
o %% 9B T MOy \/ r or b = 3094 x -0003045 nearly

= 09421 of a mile
= 4074 feet
Thus the angle of depression varies as the One may say that by aseending to the height
square root of the height of the observer's eye. | of 5,000 feet a depression of one degree (apparent)
In the above, 8 is the geometrical depression- | may be observed, if the sea-lorizon is visible.
angle. The apparent depression that we are deal- | To attain a depression of two degrees a height
ing with (which may, indeed, be ealled the real | of abeut four miles must be attained. This
depression, since it is what is observed) is about | angle would scem very small, scareely to be re-
four-fifths the geometrical depression. cognised by the unaided eye, even if the sea-
As an example, consider what height is re- | horizen were visible. An ordinary landseape-
quired to give an observed depression of one | horizon would net seem lowered at all reecog-
degree, which weuld be very slight—far too slight | nisably. Thus we ean readily understand the
to be neticed without the aid of instruments. | optical illusion by which the region visible below
The above equation gives us—sinee 3, the geo- | a balloon at a great height seems shaped like a
metrical depression in this case, is five-fourths of | vast basin.
a degree—

where a right angle = Z = 1'5708.
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ridge-line pass above a line of sight to the sea-horizon there, when a line of sight to
the middle of the ridge-line just touches the sea-horizon.

Let a, fig 59, be the fixed point athwart which the lines of sight are taken,
E BF the roof-ridge 50 feet long, B its middle point; a B square to EF; and o B
=FE B=BF=25 feet. Let a vertical plane through E BF cut the true horizontal
plane through a in el f, and let
E’ B I’ represent the sea-horizon
as supposed to be seen on this
plane; ¢ EE’, 1B, and fF F’
being vertical lines. We want
to find the length of E E’ and
F¥.

Now obviously Ba b in fig.
59 represents the same angle as
Bal in fig. 56, as dealt with in
the preceding note. For, pro-
duced far enough—really to some
174 miles—a B would meet the
sea surface and be the aB of
fig. 56 ; a b of fig. 59 would then
be the ab of fig. 56; and b B would therefore be 400 feet. The proportions of the
triangle B« b would be precisely the same in both cases (because we are dealing with
a point « in each case 200 feet above the sea-level). In each case B is 1-228th part
of al. Butabin fig. 59 represents 25 feet. Therefore B b represents 25 feet—+228,
or about 1} inch.

But it is clear that the triangles e« ' and fa I are also similarly propor-
tioned to Ba b of fig. 56. For ae, like a b, is truly horizontal, and « E’ like « B is
direeted to the sea-horizon. It matters not in what direction we look seawards from a
fixed point above the sea; the sea-horizon has always from such a point the same
depression.  The only difference is that « ¢ and « f are longer than « 3, while ¢ E’ and
S F” are longer than U B in the same proportion.

Whercas then BJ is about 1} inch in length, ¢ E" and fF’ exceed 13 inch in
the same degree that a ¢ or « f cxceeds a b; which is (appreciably) the same degree in
which « E or a F exceeds a B, that is as the diagonal exceeds the side of a square
(for « B and BE are equal and at right angles to each other). Thus since the dia-
gonal of a square is about 1-414 when the side is 1, we have

¢E'=f¥'=11 inch x 1-414
and ¢eE = /T =12 inch (cach being equal to B D) ;
<o EE'=FF =1} inch x 0-414="55 inch approximately

U

F16. 59.—Measuring the curve of the Sea-horizon.

€ B8 F
I . T
H

¥16. 60.—Curve of the Sea-horizon.

(192.) In reality, taking refraction into account, the angles of depression are all
reduced by about one-fifth, leaving E B’ and F ¥ optically equal to only ‘44 inch, or
4ths of an inch. The actual curvature of E' BF” would be fairly shown if in such a
diagram as fig. 60, EB and BT were each 25 feet long, EE’, BH, and FF’ each
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$ths of an inch long; and if then the curve E'BF’ were swept out in the narrow
rectangle E ¥/, whose length would be more than thirteen hundred times its breadth.

(193.) So that even from so great a height as 200 feet, a ridge-roof so long as
50 feet, seen from a distance of 25 feet, commanding therefore a range of a full right
angle along the roof, and brought at the two extremities to exact apparent coincidence
with the sea-horizon, would be less than half an ineh below the sea-horizon at its
middle point, even if use were made of such a point as a (fig. 59) to guide the eye.

(194.) Observations such as these suffice to show that around any place where
they are made, the earth’s surfaec is enrved, and equally curved towards all direetions,
north, south, cast, and west. Comparingalso the curvature found at one place with that
found at any other, the observer, by sneh methods, comparatively rough though they
are, sees no reason to suppose that the curvature of the carth varies in amount from
place to place. In the Old and New World, in the northern and southern hemispheres,
-anyone who cares to repeat such observations as are deseribed above will obtain
practieally the same result—an apparent depression of about six and a half iches
below the horizon-plane at a distance of one mile measured in any direction from the
observer’s station, the depression ineressing ountwards as the square of the distance
from that station inereases. And although the range of the earth’s surface whieh
can be dealt with in this way from a single station is small, yct when observations of
the kind are repeated in many parts of the earth, they in reality demonstrate the
earth’s rotundity in a very effective way.

(195.) The aetual portion of the earth’s surface whieh ecan be dealt with under
suitable conditions by this method is, however, mueh smaller than many imagine.
For instance, even from a height of six miles, the greatest ever attained by man, the
amount of sea surface (more favourably seen, of course, than the irregular surface of
land) within visual range would not be more than ./, of the entire surface of
the earth.! The position of sueh an observer may be represented by the point C in
fig. 61, where the tangent lines CA'T, CB T mect at a height of six miles above the
surfaee of the carth D C E—a height so small that on the seale of fig. 61 it can only be
recognised by a very slight thickening of the eireular outline. 'The inelination of the
lines CT and C T to the tangent-hne at the carth’s surface below C is also small.

! For such heights as can be reached above | visible area as though the carth’s sphere had a
the earth’s surface—very small compared with | diameter of 7920 miles increased as 8 to 63 or as
the carth’s diameter—the range of surface com- | 16 10 13. Hence the visible area 1s increased as
manded geometrically bears to the whole surfaee | the square of 16 to the square of 13, or as 256 to
the same ratio which the observer’s height hears | 169, ronghly as 26 to 17. And other cases, where
to the earth’s diameter. Thus, at a height of 1 | therefraction is greater or less, are similarly dealy
mile, the surface included within tangent-lines | with: we inerease the geometrically commanded
to the sphere would be .2 of the emth’s sur- | area as the square of the geometrical depression
face (which is about 196,800,000 miles), or about | per mile (8 inches) exceeds the square of the eptical
25,000 square iles, the area inereasing with in- | depression.
creased height, in direct proportion to the height How nearly this methed of determining the
attained. Taking refraction into account, we | geometrical range of view approximates in all
must increase the estimate, precisely as though | real aseents above the earth to the true value
the earth's sphere were increased in diameter, in | will be scen if we consider that it only differs
the same degree that the depression helow the = from exactness even for a 6-mile ascent, in the
horizontal or tangent-line is diminished (for any | degree in which tho distance of C, fig. 61, above
given distance) by refraction. For instance, if | the arc AB exceeds the distance of the bisection
the depression at a distance of 1 mile is only 6§ = of the are AB from the bisection of the chord
inches instead of 8, which but for refraction it | A B, which is the same as the degree in which
would be, we must increase our estimate of the = ¢ C exceeds c A,

G 2
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Twice this small angle is represented by the angle A ¢ B between lines drawn from A
and B to ¢, the centre of the circle CDE. The small circle a be round e as centre
represents the area commanded from such a position as C, supposed to be brought
centrally under the eye. This
circle is drawn double, the inner
eircle showing the geometrical
range from sueh a point as C,
while the outer shows the some-
what larger range which the effects
of refraction enable the observer
to command optically. It will be
seen that the surface commanded
is very small compared with the
earth’s whole surface, which is
equal to four times the ecirele
CDE. Yet though relatively
small, the area abe is in reality
large, being in faet no less than
150,000 square iles, or 30,000
o ) ) square miles more than the whole
Fio 1. et the small rce of e Eath which ean % oxtent of Great, Britain and Ire-

land,—this, too, without taking
into aceount the effect of refraction, which considerably enlarges the area within
the range of vision, making it indeed almost half as large again.!

(196.) When science enters on the inquiry into the earth’s shape, extended surveys
must be made and more trustworthy methods than those hitherto considered must be
employed. Sueh journeys in a north-and-south direction as we considered at the begin-
ning of this ehapter, carried out from different parts of the earth, show always the same
general result—the north pole of the heavens rising as the observer travels north and
sinking as he travels south ; while after the north pole has been brought to the horizon,
the south pole rises as the observer continues his jomrney south, and sinks again as he
returns northwards.  These apparent movements of the pole take place so nearly in
exact proportion to the distance traversed north or south as to suggest at first the-
impression that the earth must be a perfect sphere. Journeys east and west conld
uot be so readily interpreted by the astronomers of old times. A journey either
towards the east or towards the west (guided throughout, let us suppose, by careful
observations of the pole-star) leaves the aspect of the stellar heavens entirely un-
changed. This, indeed, of itself sufficed to convince ancient astronomers that the
region traversed must he curved convexly east-and-west as well as north-and-south,
since a journey in a straight line wonld necessarily alter the position of the observer
within the heavenly sphere, supposed in old times to lie at a measurable distance.
But an ancient astronomer had no means of recognising what the astronomer, the

AC !

! It is unnecessary to explain why the enlarge- | lived on a globe whose diameter was 7,920 miles
ment due to refraction has the value indicated. | x8--(8—z), the atmosphere on this enlarged
The recognition of (3 - ) instead of dinches as the | globe having no refractive power.
depression for a mile, with correspondingly re- It is an interesting consequence that, seen
duced depressions for greater distances, corre- | from such short distances, the earth is magnified
sponds precisely with what we should find if we | by refraction in the degree just indicated.
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geographer, and the voyager of to-day recognise so readily—the change in the absolute
time of the occurrence of such events as the rising, southing, and setting of partieular
orbs. The appliances he used for measuring time were inexact; and, sueh as they
were, they could not be conveniently carried from place to place while still indicating
time. A clepsydra, or instrument for measuring time by the running of water from
a cistern, would not be a handy instrument, even when not at work, for a traveller to
take with him on a long journey; but it would be simply impossible to measure time
with such a elumsy chronometer during actual travel. Thus the ancients were prac-
tically unable to determine the dimensions of the small ecircles of the earth crossing
the meridians at right angles—the latitude-parallels of modern maps. They could,
however, ecaleulate them from their known position with respect to the poles and
equator.

(197.) Fig. 62 represents the earth as thus known to the astronomers of days
preceding the invention of the ehronometer and the telescope—instruments equally
essential to the determination of the .
earth’s proportions with the preeision A -~
which modern astronomy requires. > KNB
P and P’ are the north and south //
poles; POP’ is the polar axis, cither . . ,
of the earth’s rotation as some of L7 A S S SR W W ¥
the ancient astronomers already sus-
pected or of the eelestial sphere as
the greater number supposed. The g
great circle £ E’ midway betwceen the
poles is the terrestrial equator; PP,

PFY, PGP,PO0P,PG'P,PFF

and P E’ P’ the visible halves of yreat

circles throngh the poles P, P are the

meridians or longitude-circles. (Those

here shown are two hours of longitude

apart, siuce they are separated by s )

9 F16. 62.—The Earth’s Meridians, Latitude-parallels, and
intervals along the equator each equal Tropics and Arctic Circles.

to one-twelfth of its circuit.) The

small circles (seen foreshortened as straight lines) BB/, CC/, ¢¢’, and b U, are
latitude-parallels, so called because their plancs are parallel to the plane of the
equator] A A’ and ada’ arc latitude-parallcls, called the .lretic and Antarctic circles
respectively (or simply the Arctic cireles), and hound those parts of the carth called
the Frigid Zones AP A’ and a P’ «’, within which at midwinter the sun does 1ot rise,
while at midsummer he does not sct. TT and t¢ are latitude-parallels called the
Tropics of Cancer and Capricorn respeetively, or simply the tropics, and bound those
parts of the earth called the tropical zone, within which at some part of the year the

! The terms longitude and latitude—both as | from the pole (in the case of ancient celestial maps

applicd to the carth’s globe and to the celestial
sphere—were derived from considerations arising
in making maps. They mean simply length and
breadth. In mapping a sphere, whether celestial
or terrestrial, we have usually the length of the
map from top to bottom, representing distances

the pole of the ecliptic) and the breadth repre-
senting thwart distances—in other words, the
length and breadth of ancient maps, both ccles-
tial and terrestrial, as of nodern terrestrial maps,
arc measured along longitude-eircles and latitude-
parallels, respeetively.
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mid-day sun is vertical.
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The zones A'T” and « t/, which lie between the frigid zones

and the tropics, are called the temperate zones.
(198.) To prove that the earth is an exact sphere, it would be necessary to prove
that the relations discovered by the earlier astronomers are presented constantly on-

every part of the earth’s surface.
the test by dircet observation.

Modern astronomy might have put this matter to
The result would have been to show that the pole of

the heavens does not rise or sink through the same arc on the star-sphere for equal

journeys towards or from the pole.

As a matter of faet, theory had already suggested

that this would be the case, before observations were made by which it eould be proved

to be so.

(199.) The variation, though small, is measurable.

But we may conveniently consider here the direct evidence.

It is found that the distance

to be travelled to produce a given ehange in the elevation of the celestial pole becomes

greater as we approach the earth’s pole, and is least near the equator.

It follows, of

course, that the curvature of a meridian is variable, heing greatest at the equator

P

I'ia. 63.—Effects (exaggerated) of the Ellipticity of a
Meridian.

and least at the poles. A meridian, there-
fore, is not a perfect circle. Its figure
is that of an ellipse whose major axis is
the line joining the points where the
meridian crosses the equator.

(196). In fig. 63, PE P'E’ is sup-
posed to represent a globe eompressed
as the earth’s globe is, but in much
greater degree, so that the figure illus-
trates, in greatly exaggerated manner,
the effeets of the ellipticity of a terres-
trial meridian. The small cirele AE A’
shows the greater eurvature of the
meridian where it erosses the equator
E E’ at E ; while the large circle BP B’
shows the small curvature of the meri-
dian at the pole P. The centres of these
circles are at b and ¢ respectively. The
curvature gradually diminishes from E

and I towards P and P’ along the ellipse EPE P’}

(200.) It does not seem desirable to enter here at any length into the discussion of
the proeesscs by whieh the dimensions and shape of the earth have been determined by
modern astronomers—meaning by modern astronomers those who have taken part in

! For instance at o, the line o f touching the
arc b fc¢ at f, is the radius of the circle which
determines the curvature at o; and exceeds b E
in length by the length of the arc b f.

It is perhaps hardly necessary to remark that

the enrvature of an are increases as the radius of |

the circle of curvature diminishes.

The four-pointed curve a b ¢ d,in figs. 63 and
65, is called the evolute of the ellipse, because the
ellipse may be evolved by the end of a cord of
constant length unrolling over the ares ¢ f b, cg d,
&e., in the way indicated in fig. 63, where o f ¢,

[ pfe, gea,rea,&e., indicate different positions

of the unrolling string. The evolute of the ellipse
approaches in shape the quadricuspid hypoeyeloid
(traced by a point on the circumference of a circle
rolling inside another of four times greater radius)
as the eccentricity of the ellipse is diminished;
but a ¢ is always greater than & d. The evolute

~ of the ellipse is an orthogonal projection of the

four-pointed hypocycloid. At pp. 72, 73 of my
Geometry of Cycloids, the properties of the last-
mentioned curve are discussed and it is pictured

. at p. 67 of that work.
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this work during the last two centuries and a half. A really ecomplete account would
fill & volume much larger than the present, and even then would be but an abstraet of
matter colleeted by others. A sketch extending to twenty or thirty pages would be in
no sense original matter, and would oceupy spaee which could be ill spared. Never-
theless so mueh must be explained as may be necessary to give the reader a elear idea
of the care and labour which astronomers have bestowed on the measurement of the
one planet they ean examine elose at hand. This is the more necessary that, small
though the dimensions of the earth are, compared with the vast distances dealt with in
astronomy, terrestrial measurements supply in reality the base lines on which all other
astronomiecal measurements, even the vastest, depend.

(201.) All measurements of the earth must, in turn, be based on measurements of
meridional ares. 1'rom the time of Eratostlienes (and how much earlier we know not)
until now, this has been the case. The astronomer must first determine the length of
the are separating two stations on the same meridian, and then he must ascertain the
difference between the latitudes of the two stations, or, which is the same thing, the dif-
ferenee in the elevation of the visible pole of the heavens as observed from these stations
(after due eorreetion for atmospherie refraction, aberration of light, &e.)  Yet the mea-
surement of the distance between two stations depends on the aceurate measurement
of a Dase-line and that on the aceurate measuring of short distanees, and this finally
on work requiring the use of the microscope to ensure due aceuraey. So that even the
most tremendous depths fathomed by the telescope may be said to have been determined
with the aid of the mieroseope.

(202.) The measurement of a determinate base-line, which seems a simple task, is
in reality exceedingly diffienlt—at least when sueh aceuracy is to be songht as modern
seienee requires. Owing to differences of temperature at different parts of the region
measured and at different times, the measuring instruments undergo ehanges ; they
change even while processes of measurement are aetually in progress; and deviees
must be adopted to cause sneh ehanges to be self-eorreeting. 'The rods used for mea-
surement must not come into aetual contaet, or disturbanees seriously affeeting the
aceuracy of the work would inevitably arise; but since they are separated by a space
whiel, though it may be minute, is not absolutely evanescent, this space must in every
case be measured. For this work the mieroseope is brought into play. Obviously the
measuring-rods must be of moderate length, or strains and pressures interfering with
the accuracy of the result would inevitably arise: but sinee the addition of cach rod-
length to the measured distance introduces the oceasion for microseopic measurement
of the distance separating rod from rod, the importance of extreme acenracy in the work
will be recognised. Suppose, for example, the base-line to he measured has a length
of five miles, and that the measuring-rods, or the portions of them nsed, measure but
one yard, then 8,801 mieroscopie tests have to be applied, ineluding one at each end.
Supposing an average error amounting to the 100th part of an inel at each eompa-
rison, there would be a possible total error of 88 inches, approximately, in the final
result. This would correspond to an error of about 8,760 yards, or more than two
miles, in the determination of the earth’s mean diameter—an error which the astro-
nomers of old times would have regarded as trifling, but whieh would he deemed very
serious in the astronomical work of modern times. How accurately the work of mea-
surement is managed in our time will be seen when it is mentioned that the greatest
possible error in a base-line of between seven and eight miles, measured near London-



88 OLD AND NEW ASTRONOMY

derry, has been calculated at not more than two inches; the probable error may be
about an inch, corresponding to a probable error of only about thirty yards in the
estimated length of the earth’s mean diameter.

(203.) Having measured convenient base-lines in different latitudes, the surveyor
proceeds to connect them by triangulation. As the length of a line at one extremity of
a triangulated space ranging many miles in latitude, can theoretically be calculated
from the known length of the base-line at the other end and the data obtained in
triangulation, the snrveyor by comparing the length thus calculated with the measured
length of this end-line, has a test of the accuracy of his triangulation. The measure-
ments which have been made in this way, during recent times, in Sweden, Great Britain
and Ireland, France, Russia, India, Africa, and America, have been of the most trust-
worthy nature.

(204.) But measuring arcs of meridians can give no determination of the earth’s
dimensions until we have ascertained precisely how much the position of the pole of the
heavens differs as observed at the two extremities of the arc thus carefully measured.
In other words we must determine with great accuracy the latitudes of two stations,
separated by a measured distance north and south, or the accuracy of the measurement
of this distance will be useless.

(205.) Now the latitude of a fixed observatory can of conrse be accurately determined
by means of the mural circle or the transit circle described in the last chapter. But
instruments of this kind arc not available for determining the latitude of the stations
used in measuring meridional ares on the earth’s surface. The transit instrument
cannot be trusted to give altitudes of heavenly bodies with the accuracy required in
such work. The equatorial, again, cannot be employed with advantage, because the
adjustment of this instrument is a matter partly depending on the very element of
position which is required in the work of measuring the earth : moreover an equatorial
such as can be trusted for determining positions with great accuracy is an instrument for
the observatory, not for surveyors. We require, to determine the latitudes of the stations
occupied in such a survey, an instrument which can be readily moved from place to place,
and which, when set up at the stations occupied, can be adjusted with reference to the
horizon and the zenith, not with reference to the equator and the visible pole.

(206.) The zenith-sector and the portable prime vertical instrument are among
those which may be satisfactorily employed in the work we are considering.

The Zenith-scctor has been employed, in one form or another, from the time of
Picard’s survey (which set Newton’s theory of gravitation on its feet) until the present
day. It is an instrument for observing on the meridian stars of known position
which pass near the zenith. The meridional distance of a star from the zenith of
a place, if accurately observed, gives of course the polar distance of the zenith itself, if
the polar distance of the star is known ; and the polar distance of the zenith of a place
is the complement of the latitude of that place. It is not necessary to describe the
zenith-sector in detail, or to give an illustration of one or other of the forms in which
it has been constructed. The principle of the instrument is sufficiently simple. If
two straight lines extend from a point near the object-end of a telescope directed to a
star on the meridian (and nearly overhead), one being parallel to the optical axis of the
telescope and the other vertical (as a plumb-line), the angle between these lines is the
apparent zenith distance of the star. For accuracy it is best to make two observations,
or rather two sets of observations, of each star; each set being made with the optical
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axis of the telescope and the reading are in the meridian, but the instrument being
turned through 180° in azimuth between each pair or each set of observations. The
mean of the results thus obtained will be nearer the truth than the result obtained
from one observation, or one sct of observations, only; while the difference between
the results obtained either way, which should be small, affords a satisfactory test of
the accuracy of both sets of observations.

(207.) Observations of this class have the important advantage of being practieally
free from errors due to the variable effeets of atmospherie refraction. At the zenith, of
course, refraction vanishes, and at 10° from the zenith it amounts but to 10”: the
corrections affecting this amount are very small ; while the proportion of unavoidable
error outstanding after the mean refraction has been correeted for thermometrie and
barometric variations is but a small fraction even of this small amount. The zenith-
seetor, however, has not as yet done quite such good work as had been expeeted
from it.

(208.) The Prime Vertical Instrument may be described as a transit instrument set to
sweep the prime vertical instead of the meridian. Certain peculiarities of detail have
to be attended to in the construction of an instrument intended for work on the prime
vertical ; but the student will sufticiently appreciate the quality of the work if he com-
pares the portable prime vertical instrument with a portable transit instrument with
its axis set north-and-south instead of cast-and-west, and the Prime Vertical Cirele
with the transit eirele, eorrespondingly set with north-and-south horizontal axis.

(209.) Used to determine latitude, the prime vertical instrument, like the transit
instrument, is directed to the mcasurement of time. A star is selected which erosses
the prime vertical at a eonvenient height; and the times of erossing the prime vertical
on its eastern and on its western quadrants are noted mueh as in the case of a transit
of the meridian, except that the passage takes placc aslant aeross the parallel wires,
being of course aslant to the horizon. The interval between the times of passage
is that occupied by a known star at the observer’s station in traversing that portion of
its horary parallel which lies to the south of the prime vertical. It is obvious that
the latitude can be deduced at onee from this, by very simple formule of spherical
trigonometry.!

! Tt is, easy, indeed, to indicate the formulie |
cven for those who are not acquainted with | 3
spherical trigonometry :— ‘

Thuslet S Z N, fig 64, be supposed to represent P
the visible half of the celestial sphere, SON the \{
north-and-south line through O the observer's sta-
tion, Z his zenith, O Z the prime vertical, P the pole, c
8 C 8" at right angles to OP and bisccted by O P
in C, the foreshortened view of the small circle v
traversed by a star of known north polar distance g N
Ps or P¢), crossing the prime vertical on its 4
eastern and western quadrants at V. Suppose
this circle turned round its diameter 88’ nntil it
e qpcned out mto‘ L1 C DG .T.hen Fia. 64.—Illustrating use of Prime Vertical Instru-
obviously » V2" at right angles to s V&’ divides ment for determining latitudes.
this circle into two arcs v &’ v and v’swv, which
arc the portions of the star’s cirenit respectively = 8 is the star’s north declination; and the angle
north and south of the prime vertical. Now sC = v Cs is known, being half the horary angle indi-
is known, since 8 C+O P =sin s P=cos 8, where | cated by the star’s observed time of passage from

ny
N -
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" (210.) The latitudes of stations at a measured distance from each other in a north-
and-south direction having thus been determined, the mean length of a degree of
longitude for the arc thus surveyed can be calculated, and the exact length of a degree
of longitude at the middle of the arc inferred. The following table presents the
results of a number of measurements which have been made during the last century

and a half.!

M:anDI;ength {
3 Alide ofa 8.1'99
Country I‘“m‘:}%‘fc“m jle ‘ Arc measured Lexlrigret&;lslil;eg‘eet aﬁi}:li%lz\éédidge {
Feet
o / Y o ’ 1 ‘ '
Sweden,* A B c . . +66 20 100 1 37 196 593277 365744 |
Sweden, A . . 5 5 +66 19 37 0 57 304 351832 | 367086 |
Russia, A o g 5 o +58 17 37 3 35 52 1309742 | 365368 |
Russia, B o c o o +56 3 555 8 2 289 2937439 | 365291
Prussia, B . g . o +54 58 260 1 30 290 551073 365420
Denmark, B . c o 0 +54 8 137 1 31 533 559121 365087
Hanover, AB c o 0 +52 32 166 2 0 574 l 736425 | 365300
England, A . c o 5 +52 35 45 3 57 131 | 1442953 364971
England, B . c 0 0 +52 2 194 2 50 235 1036409 364951
France, A . c o . +46 52 2 8 20 03 3040605 364872
France, AB . 3 . . +44 51 25 12 22 127 4500832 364572
Rome, A 0 c B . +42 59— 2 9 47 787919 364262
America, A . : 2 . +39 12 1 28 450 538100 363786 '
India, AB . . . X +16 8 215 15 57 407 | 5794598 363044
India, AB . J . . +12 382 208 1 34 564 | 574318 362956 '
Pery, AB . . . . -1 31 04 3 T 35 1131050 362790
Cape of Good Hope, A . . -33 18 380 1 13 175 | 445506 | 364713 ’
Cape of Good Hope, I3 . . -35 43 200 3 34 347 | 1301993 364060 i
the prime vertical on the east to the prime ver- | why scientific labours of this sort should be con-
tical on the west, say v Cs=7%. Hence sidered fit reasons for contempt Carlyle did not
VC=5Ccosh =0P cos 8 cos X, explain. Sydney Smith conceived jestingly the
but idea that disrespectful speech about the equator
VC=0CtanI?’OZ =OP sin 8 cot A would be blameworthy; possibly Carlyle consi-

(where X represents the latitude of the observer, dered that he did well to be angry with one who
which is the element to be determined), Hence  seemed to him to have maligned the meridians

sin & cot X = cos 8 cos A, | by showing thein to be eccentric.
or * The astronomers by whom these measure-
cot A = cot & cos h; ments were executed were as follows :—
whence, from the observations determining 7, A Sweden, A B—Svanberg.
can be calculated, Sweden, A—Maupertuis.
! In the carlier measurements of the arc of a | Russia, A—Struve.
degree in different places, the observed variation Russia, B—Struve, Tenner.
in length appearcd to indicate an equatorial [ Prussia—Bessel, Bayer.

instead of a polar compression. James Cassini, Denmark—Schmnacher.

who eonducted the experiments, was disposed to Hanover—Gauss.

believe that the apparent increase in the length England—Roy, Kater.

of a degree as the equator was approached, co- France, A—Lacaille, [Maraldi, and] Cassini
incided with what theory required. When his [de Thury] [commenced 1739],

mistake was pointed out to him, he still main- France, A B—Delambre, Mechain,

tained the acceuracy of his measurements. The Romne—DBoscovich.

result was that a new series of measurements, America—Mason and Dixon.

having a wider range of latitude (made, namely, India, 1st—Lambton.

in Lapland and at the equator), and more care- India, 2nd—Lambton, Everest.

fully conducted, was effected, and the increase of Peru—La Condamine, Bouguer.

a degrec towards the poles was established. Tt is Cape of Good Hope, A—Lacaille.

from the part taken by Maupertuis in these Cape of Good Hope, B—Maclear.
measurements that Carlyle derived the epithet | Astr. Nachr, 574.
earth-flattener for that mathematician, though
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(211.) These results, though obviously affected by errors of observation so as to he
wanting in absolute uniformity, yet clearly show that the length of a degree increases
as we pass from the equator towards either pole. We can deduce from them the
following dimensions :—

Length of the earth’s polar axis . . . 7898 miles
Length of the earth’s eqnatorial diameter . 7924
Polar compression . . . - . . i

(212.) From comparisons of the best madern observations, however, effected inde-
pendently by Capt. (now Colonel) Clarke, R.E., and by General Schubert, it appeared
that the polar flattening, as deduced from variations in the length of a degree of
the meridian, is different on different meridians, ranging, according to Clarke, from
125 in the meridian throngh longitude 14° 2" east to 5185 in the meridian through
longitude 104° 23" east (whose plane makes a right angle with that of the former).
General Schubert made the range of variation considerably less. Such results, would,
of course, tend to show that the earth’s equator is nota circle, but an ellipse, the meri-
dian indicating the greatest compression being that corresponding to the longestaxis of
" the equator’s elliptic boundary. Capt. Clarke found the longest equatorial diameter,
that from long. 14° 23’ east to 165° 37 west of Greenwich, 2 miles longer than the
diameter at right angles to it; the polar diameter of the earth 41,707,796 feet long ;
the longest and shortest diameters of the equator respectively 41,852,864 feet, and
41,813,896 feet. Later, hie slightly corrected these results.

(218.) General Schnbert, dealing with the same measurements, save that he
excluded the French arc and gave undue weight to Russian as compared with Indian
surveys, assigned to the equator an ellipticity of ;55 placing the vertices of the
longer axis in longitndes 41° 4" east and 138° 56" west of Greenwiclu.

(214.) The difference between the estimated compression for meridians through
different longitudes seems to lie within the probable crrors of abservation, and cannaot
be regarded as demonstrably dne to a real cllipticity of the equator. It is quite pos-
sible, however, that there may exist an irregularity of this sort, and not ouly so, but
that no section of the earth is either a perfect civele or a perfect ellipse even when
minor or contour irregularities are neglected. These details scarcely belong, as yet, to
exact science.

(215.) The dimensions of the earth adopted in this work are slightly different
from those indicated above. They are as follows :—

Earth’s equatorial radins . = 3,963:296 miles

Earth’s equatorial diameter = 7,926:592 ,, = 502,228,800 inches
Earth’s polar diameter ;= 17,899166 ,, = 500,491,200 ,,
Polar compression . . = gy

This length of the equatorial diameter is that deduced by Colonel Clarke from
the best modern observations; the polar compression, still a relatively doubtful element
(quantitatively), is that which the latest observations seem to render most probable.

(216.) In fig. 65 the true relations of a meridian curve are exhibited on a scale of
one inch to 1,500 statute miles. The curve abed of fig. 638 has sunk into the outline of
the small black star a bed at the centre of the plate. The foci of the elliptical outline are
at S and §’; and it will be seen that the eccentricity is a much more appreciable quan-
tity than the ellipticity. The Arctic circles AKA" and al/ a’ span the ares A A’ and
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a a’ which are greater than the ares Tt and T’t’ spanned by the tropies T T” and t t'.
If the earth were a true sphere each of the ares A A’ and a a’ would be equal to each
of the ares Tt and T/ t/, each being an arc of about 284°. But the arc Tt is less
than the arc A A’, because the verticals at A and T, instead of passing through the
centre of the figure a be d, are tangents to the arc b ¢; thus each is thrown slightly -
towards E, by which the arc E T is diminished while the arc P A is increased. And so
of the other corresponding ares.
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Fie. 65.—The Earth’s true figure.

(217.) The latitude-parallels of some of the most important or (for various reasons)
interesting positions on the earth are shown in fig. 65, as also the latitudes to every
five degrees round the elliptical outline.

(218.) The area of the earth, estimated from the dimensions above indicated, is no
less than 196,840,000 square miles. The land surface of the earth has an area of
about 51,600,000, while the sea surface occupies about 145,240,000 square miles. The
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volume of the earth—which, by the way, is more easily calculated than the area, pre-
cisely as the area of an ellipse is more easily calculated than its perimeter—is about
259,868,200,000 cubic miles.

(219.) Fig. 65 indicates the probable extent of the earth’s atmosphere, about
which, however, we know less than we do about the total mass of the air, which lies
between 5,000,000,000,000,000 and 5,400,000,000,000,000 tons.

(220.) We shall presently sce that, compared with the dimensions of the earth’s
orbit around the sun, her own dimensions are small. But the consideration of the
vast distances presented to us in the study of astronomy, must not hide from us the
fact that the absolute dimensions of the eartl are far from being insignificant. Indeed
there is one way of viewing these dimensions by which they are made to appear com-
parable even with the dimensions of the planetary orbits. Thus the surface of a path
one mile wide extending from one side of the earth’s orbit to the opposite, would be
less than the earth’s surface; and the earth’s volume would suftice to form a solid
column having a base more than 44% square miles in area and a height cqual to the
diameter of Neptune’s orbit.

(221.) This seems the proper place to discuss the methods of mapping which may
be employed in representing parts of the globe, or even the whole globe.  For, besides
that geographieal relations, which speeially require such maps in illustration, have an
important bearing on the study of our carth as a planet, the same problems arise
in the construction of maps of the heavens as in the econstruction of terrestrial maps.
Indeed, in constructing star-maps we find the sclection of suitable metliods of projection
even more important than in the case of gecographical mapping. For, the earth being
a globe (in mapping we may overlook its slight compression) we may fairly represent its
features on a globe-surface, the only disadvantage being that a globe is inconvenient in
form. But since the stars scem to be spread over the concave surface of the ecelestial
sphere, they cannot be satisfactorily represented upon the convex surface of a globe.  On
a globe, the star-groups must either be represented as they actually appear in the
heavens, or in such a manner that they would appear in their just positions to an eye
supposed to view them from the centre of the globe. The apparent distances of the
stars from eacl other can be accurately given in either way ; but the first brings the
convexity of the globe into direct contrast with the concavity of the heavens; and the
second (the method always adopted) reverses the positions of the star-groups as respects
cast and west.! Star-charts are therefore very nceessary to the student who desires
to become acquainted with the actual configuration of the constellations.

(222.) When any portion of a globe is represented upon a plane surface, such re-
presentation will exhibit some or all of the following defects,—distortion of large figures,
distortion of small figures, variation of scale, and variation of area. The first and
third defects are unavoidable, but are more sensible in some projections than in others.
One or other of the sccond and fourth defects may be made wholly to disappear, but
of course, not both at once.

! The change is not exaetly the same as that N

which results when the stars aro viewed through = globe in tho position W E, and would appear
an astronomical telescope. Thus a group of stars, 5

N, S, E, and W, which appears to the naked eye in an astronomical telescope in the position

S
W E.

in the position 5 W, would be represented on a N
S
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(228.) 'The principal projections ! of the sphere are the gnomonic, the stercographic,
the equidistant, and the orthographic projections ; and among constructions not properly
called projections may be mentioned Mercator’s, Flamsteed’s, the conical method, and
isographic or equal-surface methods. I propose to examine the advantages and defects
of these—except Mercator’s, which has no value for astronomical or celestial charting. -

(224.) In fig. 66, let P A S represent half a great-circle of a sphere, of which G
is the centre, and P 8’ a tangent at P ; so that, if the figure were to revolve about S P it

would generate a sphere and the tangent-
o plane at P. Suppose the sphere to be
L marked with meridians and parallels (like
a terrestrial or celestial globe) to every fifth
degree. Then, sinee the spaces formed by
these lines on a sphere have definite and
HX casily determinable figures, we can obtain

a convenient measure of the value of any

method of projection by comparing the

projected figures of these spaces with the
actual figures on the sphere. For instance,
assume the point of projection to be some-
where in the line P Q, and suppose A P to
be a quadrant of the equator, divided by
the meridians into eighteen parts, then we
may compare the actual and the projected
i~ figures of the eighteen spaces which lie be-
i tween the arc AP and a quadrant of the
{  neighbouring parallel ; or again we may
I

Q

suppose P to be a pole of the sphere, P A

a quadrant of a meridian divided nto
eighteen parts by the declination-parallels,

, and we may compare the aetual and pro-
jected figures of the eighteen spaces whieh
lie between P A and a quadrant of the
neighbouring meridian. It is clearly un-
necessary to consider the variations of the
figures of these spaces in more than one
or two directions, since in ell axial projec-
tions the variation of scale and the distortion

S' of figure are the same along all radii from
Fie. 66-—111LlStl‘ﬂ(.)tfi!tlﬁeﬂée)ll;ri‘neipal Projections the centre of the projection. Projections are
i usnally supposed to be made on a great

circle of the sphere, but as the gnomonic projection cannot be so made I shall consider
all projections to be made upon the tangent-plane at the extremity of the axis of pro-
jection. Thus in fig. 66, the point of projection will assume successively different
positions along P @, and the plane of projection will be the tangent-plane at P. This

! The term projection has come to be appled, | from a fixed point lines be drawn to all the points
in mapping, to any mode of construction founded | of a given curve, the curve in which these lines
on some definite geometrical principle. The | meet a given surface is the projection of the given
strict definition of the terin is as follows :—If | curve on the given surface for the fixed point.
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method, though unusual, has one important advantage,—that the undistorted part of
each projeetion (the part, namely, near the point P—called the principal point) is on
the same scale in each projection, and that scale the scale of the globe itself.!

(225.) Two strips of a sphere corresponding to the two considered in the preceding
paragraph, that is, a strip five degrees broad along a quadrant of the equator, and
a strip between quadrants of two meridians five degrecs apart, are represented on a
large seale in fig. 68. The first forms a row of eigliteen squares, the sccond forms a
lenticular figure divided into eighteen eompartments—whereof the lowest is a square,
the uppermost an isoseeles triangle, and the intermediate figures are quadrilaterals of
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a. A =frip of the sphere between gnadrants of the equator and of a declination-parallel 5° from

the equator, crossed by parts of deciination circles 57 apart.

b, Part of the same strip on the gnomenic projection, 0 being the principal pont.
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The same strip on the+ projection, 0 being the principal point.
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NoTE, —The dotted line in fig. ¢ (taken with the base-line and the cross-lines) indicates the form of
a strip between quadrants of two meridians 57 npart, crossed by parts of declination-
parallels 5° apart. The forms of the varions projections of the same strip are indicated
in a corresponding manner by the dotted lines in tigs. b, ¢, d, »yand 1.

Fio. 67.—INustrating the advantages and defects of the principal Frojeetions of the Sphere.

varying form. Fig. 67 («) exhibits the first strip reduced to the scale of fig. 66, and
the dotted outline gives a sufficient approximation to the second strip.*  With these
strips and the figures into which they are divided by the cross-lines, we can compare the
corresponding strips and figures resulting from different modes of projection. A line
drawn from the centre of projection (in P @, fig. 66) through any division of the are

' The student will find a certain definiteness | strips of a globe are not developable, and the
given to his notions of these projections, by con- chord and arc of five degrees are mot equal, as
sidering the sphere as transparent, the meridians they are assumed to be throughout the investiga-
and parallels as opaque, the centre of projection tion in the text. Since, however, the are of five
as a brilliant luminous point, and the projection  degrees excecds the chord by less than 3;;th part
itself as the shadow of the meridians and parallels | of either, the error, on all ordinary secales, is alto-
upon the tangent-plane at . gether inappreciable.

2 In reality, of eourse, even such narrow «



96 OLD AND NEW ASTRONOMY

P A gives the distance from P of the cross-line corresponding to that division, and the
length of the cross-line is determined by increasing the true length in the proportion
of the whole length of the secant-line so drawn, to that part of it which lies between
the point of projection and the division-point in P A.

(226.) Proceeding from P towards Q, the first point we meet with suitable for a
centre of projection is the point G, the centre of the sphere. A projection having this

\
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Fii. 68.—8howing a strip of a Terrestrial or Celestial Globe 5° wide, 90° long.

point as centre is called gnomonic from its relation to the art of dialling. Drawing
lines from G to the successive division-points along P A, we find that the correspond-
ing divisions along the projection of P A (which projection is, of course, a straight line)
fall farther and farther apart, at first gradually, then more and more rapidly. Since
G A is parallel to P 8, the projection of A does not fall on the plane of projection, a
relation which is expressed by saying that the projection of A falls at an infinite
distance from P. Thus a complete hemisphere cannot be represented on the gnomonic
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projection. The lengths of the cross-lines, determined as stated in the preceding para-
graph, nlso increase, but not so rapidly as the distances hetween successive divisions.
The first thirteen of the spaces corresponding to the squares of «, fig. 67, are exhibited
at b. The dotted line parallel to the base-line marks the position of the meridian
corresponding to the dotted meridian of «. It is clear that this projection only gives a
satisfactory delineation of those parts of the globe which lie near the prineipal point.
The greatest variation of scale lies in the dirveetion of lines through the prineipal point,
but there is considerable variation of scale in all directions for parts far removed from
the principal point.

(227.) The gnomonic projection possesses several interesting geometrical proper-
ties. Since lines from the centre of a sphere to the circumference of a great cirele lie
in the plane of that eircle, the projection of a great eirele is the intersection of its plane
with the tangent plane of projection, and 1s therefore a straight line. It follows from
this important property that the equator, ecliptie, meridians, and longitude-lines are all
represented by straight lines in gnomonie star-maps : stars which appear to he in the
same straight line in the heavens will be in the same straight line in a gnomonic map :
and further, if we have obtained the projections of any two points of o urcat cirele,
we obtain the projection of the cirele by simply drawing a straight line throuch the
two points. Lines from the centre of a sphere to the eircumference of a small eirele
lie on a eircular cone, so that the projeetion of a small circle 1s the mterseetion of a
cone with the tangent-plane of projection, and therefore is one of the conie sccetions.
1f the whole of suel a cirele lies withnn the hemisphere nearest the plane of projection,
it is clear that the projection is a closed curve, which (being a conie section) must he
cither a cirele or an ellipse, according as the plane of the small cirele 1s parallel or
inclined to the tangent-plane.  If part only of such a eivele lie within the hewmisplicre
nearest the tangent-plane, the projection will not be a closed curve.  The part of the
cirele Iying within such hemisphere will be projected into a curve extending indefinitely,
and though, in such projections as we consider in mapping, the other part of the cirele
would not appear, vet the strict mathematical projeetion of this part would give another
indefinitely extended curve. Therefore, since the projection is a conie seetion having
two indefinite branches, it must be a hyperbola.  In the intermediate case, in which
a small circle touches the boundary of the hemisphere nearest the tangent-plane, the
projection will be a single curve indefinitely extended, and therefore (being a conie
seetion) will be a parabola.  Thus we obtain the following rule—the gnomonic pro-
jeetion of a small circle is an ellipse, a parabola, or an hyperbola, according as the
distance of the nearer pole of the circle from the principal point is less than, equal to, or
greater than, the complement of the spherical radius of the small civele. The projection
reduces to a cirele when the pole of the small circle coincides with the principal point.

There are few examples of the gnomonic projection in this work.  The maps illus-
trating the motion of Saturn, here and in my treatise on < Saturn and its System,” are
on this projection ; as is also my ¢ Gnomonie Star-Atlas,” as its name implies.!

! The gnomonic projection is recommended, meteor which are but poorly compensated by the
andinuch used, for recording the paths of meteors,  circumstance that a straight line through any
becanse of the property above mentioned that  two positious of a meteor marks the great circle
great eircles are projected into straicht lines in  along whic]‘l the meteor ‘tm\'.ellcd. If we h.a\-e
gnomonic charts. I believe, however, that the  wrong positions for marking n our st'rmght line,
great distortion in gnomonic maps introdnces  we shall have a wrong great circle.  The stereo-
errors in recording the observed positions of a | graphic projection is preferable.

1
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(228.) The next point suitable for a centre of projection is S, the extremity of the
diameter PG 8. A projection having this point as centre is called stereographic.
Drawing lines from S to suecessive points along the are P A, we find that the distances.
between successive points of division inerease from the centre of the projection, but not
nearly so rapidly as in the gnomonic projeetion. Sinee S A produced meets P S’ at a
poiut 8’ such that P 8'=2 G A, the whole hemisphere is projected into a cirele whose:
radius is twice that of a great circle of the sphere.  The eross-lines (which are not.
straight as in the gnomonic projection) inerease in length from the centre at the
same rate as the spaces between suceessive divisions. The cross-line corresponding
to the point A is clearly twice the length of the cross-line corresponding to the point
P. Thus the cighteen spaces corresponding to the eighteen squares of «, fig. 66, are
represented, as at ¢, by eighteen figures, not differing greatly from squares, but vary-
ing in size, the arca of the greatest being four times that of the least.!

(229.) The stereographic projection possesses many elegant properties. Amongst
these the prineipal are the following :—All circles, great or small, are projected into
cireles (exeepting, of course, cireles which pass through the centre of projection, which
are projected into straight lines) ; intersecting lines on the sphere are projected into
lines intersecting at the same angle; and very small figures on the sphere are pro-
jeeted into similar figures.?  The first property is a useful one; since it follows that,
if we can determine the projections of three points of any ecircle on the sphere, the
eirele deseribed through those points is the projection of the cirele.  The other two
properties are also very useful.  The stercographie is, on the whole, the most valuable
simple projection for mapping purposes.

Plates 111, and IV. present the Earth on the stereograplie projection to a dis-
tance of 150° from the north pole in Plate 111., and from the south pole in Plate IV,

(230.) The next point suitable for projection is the point I, so taken that S E is
equal to halt 8 A.*  This point is selected with the following object—that lines to the
equidistant divisions of P A may meet PS5’ in points as nearly equidistant as possible.
If A meet P8 in E/, then a point from I to the bisection of the are P A hisects the
straight line P I/, For smaller divisions the law of equidistant division is not exaetly
tulfilled, and of course it is impossible to find any point which gives more than an
approach to the law.! In the construction of maps the law is supposed to be strietly
fultilled, and the projection thius derives its name of the equidistant projection. But

! The approximation of these figures to the — gent-plane at any point ¢ on the sphere and the
square form depends on the properties examined | tangent-plane at. P are inclined to Se at the
in the following note. same angle, the complement namely of the angle

* These properties may be very easily esta- | PSe. [Toavoid confusion, some of the lines and
bhished. Thus suppose ¢, a point in P A (fig. 66), | points mentioned in this and other notes are not
to be the pole of a small eircle, and that AcP | given in fig. 66. The student can add them.]
meets this cirele in the points a and b, then hnes ® A point distant trom S (towards E), one-half
from S to this circle lie on an oblique circular | the radius of the sphere, has been made use of by
cone, and the intersection of the tangent-plane at | Sir H. James, but this projection possesses no
P with this cone is a circle, since the inclination = properties deserving of particular comment.
of P8’ to Sb is eqnal to the sum of the angles * The problem of equidistant projection is
SPS’, P Sb, that is, the sum of the angles SaP, | very similar to that of isographic projection men-
Pabd, or to the single angle Sabd, so that the | tioned further on. We obtain, as in that case,
tangent-plane intersects the oblique cone in a | not a single point of projection, but different
subcontrary section. The second and third pro- | points of projection along P Q for each small circle
perties are also easily demonstrated ; since they | about P as pole. The projection, thus interpreted, .
obviously depend on the property that the tan- | may be applied to the whole sphere.
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the ellipses into which circles on the sphere would in general be projected are replaced
by cireles. It is a portion of this modification of the true projection whicl is supposed
to be represented at d, fig. 67 ; the base-line, being taken equal to PE’ in fig. 66, is
divided into eighteen equal parts; the eross-line opposite O is taken equal to one of
these parts, and the eross-line opposite G O is the eighteenth part of a quadrant about
the point marked O as centre; the are of a cirele cutting the first-named eross-line at
right angles at its upper point and passing through the upper point of the second
eross-line Hmits the remaining eross-lines. The eross-lines inerease in length sueces-
sively, but not so rapidly as in the case of the stereographic projection. Hence the
successive spaces vary in shape and area, but the area of the greatest is not quite 13
times as great as that of the least, instead of heing four times as great, as in the
stereographie projection. Neither the projection from Il nor the modifieation adopted
in mapping possesses any geometrical properties worthy of special notice. But the value
of the latter for mapping purposes is very great, and espeeially for areas of moderate
extent. The trouble required (not that this is great) to ealeulate the positions of
meridians and parallels on this projection when the centre of the map s not a pole of
the sphere, has probably prevented it from eoming into gencral use. But if the globe
is symmetrieally distributed among twelve maps, as in my ¢ Library Star-Atlas,” and
¢ Sehool Star-Atlas,” and in geographieal atlases I am preparing, the maps are singularly
free from distortion and from variation of scale; they present the whole surface ol the
Earth in twelve equal eirenlar overlapping maps.

(231.) The sole remaining projection rightly so called, commonly uscd, is the
orthographic, in which the centre of projeetion is supposed to be in P Q, hut at an infinite
A portion of this projection is represented at f, fig. 67, the hasc-line
It is elear

distance from P.
heing eqnal to P O, fig. 66, determined by drawing O A 0" parallel to Q .
that portions near the cireumference of the projected hemisphere are greatly contracted
in the direction of lines drawn to them from the principal point, but not in the diree-
tion at right angles to such lines. The projection possesses many elegant and valuable
propertics. It is freely used throughout this work, and in the chapter on the Earth
as a planet forty-cight views of the Earth on this projection are given, together with
the construetions neeessary for preparing sueh projections. 1 have had occasion to
draw thousands of them.!

(282.) At ¢ (fig. 66) is represented a strip of a map, constructed on an equal-
surface central eonstruetion. In this method of mapping equal areas on the globe
are represented by equal areas on the map. M. Babinet, who first proposed such a
construction, called it the homolographic projeetion of the globe; the term iso-
graphic seems preferable, however; and equal-surface (being English) scems best
of all.

Tt is stated in Nichol’s ¢ Cyclopmdia of the Physical Sciences’ that Cauchy, the
celebrated mathematician, solved Babinet’s problem; though it is not easy to see

! In Niechol's Cyclopedia of the Physical
Sciences it is stated that the orthographie is the
projection eommouly seen in the * pair of hemi-
spheres ’ of atlases. Sir J. Hersehel also, in his
Outlines of Astronomy, speaks of this projection
as ‘chiefly employed in maps. It may possibly
have been used in some old atlases, but is never
employed in modern atlases. Pictures of the moon,

sun, and planets, as they appear in the telescope,
are orthographie projeetions of the spherieal sur-
faces of those luminaries. In the earlier editions
of my treatise on the moon a map of the moon
on a less distorted projeetion was introdueed ; but
I removed it from later editions, as it was not
necded by mathematieians, and 1isunderstocd
by others.
(8
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what difficulty Babinet eould have found, since the problem admits of many simple
solutions. I am unable to say whether Cauehy’s solution corresponds with any of
those I am about to indieate.

(288.) The advantages of isographie projection for special purposes are obvious.
Maps thus constructed are not necessarily much distorted ; though, of course, when -
the whole of the sphere is represented in a single projeetion, the distortion of portions
of the sphere is very great.

(234.) The method illustrated in fig. 69 results from the solution of the following
problem :—Two neighbouring latitude-parallels being taken, including between them a
very narrow belt of surface, required to find a point on the polar axis from which this
belt would be projected into a ring of equal area on the north-polar tangent-plane.
The solution of this problem gives a formula from which it results that each such belt
must be projected from a different point;' in other words, that there is no single
point for whieh any finite arca of the globe ean be isographieally projected.?

(235.) The eonstruction for this projection is simple. If the meridians and paral-
lels are to be drawn to every tenth degree, proeeed as follows :—Deseribe a eircle with
a radius equal to twice that of the globe to the seale of which the projection is to be
drawn ; divide the circunference to every fifth degree; draw a peneil-line from the
centre to one of these divisions, and a series of other peneil-lines

whieh will eross

at A; let S AL/ represent a cone of minute ver-
tical angle enclosing » minute element of the
the radins of the sphere, X the mid-latitude of  snrfaceof the sphere SA P at A and of the sphere
the belt. and « the distance of the point of pro-  BR'P at ’; lastly, let A" H’ represent a cylin-
jeetion for the belt from the north pole of the  drical snrface formed by perpendiculars from
sphere. The plan had already been deseribed by  every point of the boundary of the element of

A .
' The formmlais # =27 (1 + c<>.s3).\\'1101'e ris

4

Sir John Herschel in his noble work, Observa-  area at 1’ to the tangent-plane at P, enclosing
tions made at the South Cape. 1 was not  therefore an element of area at H’; it will be
aware of this when 1 first deseribed this projec- ' sufficient for our purpose to prove that the ele-
tion in my Handbook of the Stars (now out of = ment of area at H” is equal to the element of
print). area at A. Now the tangent at %’ is parallel to

* There is a simple and rather elegant geo- 1A, and H’%’ is parallel to SP: hence the

metrical method of obtaining the construction by  inclination of the tangent-plane at 2’ to H’' %’ is
a sort of double projection which is worthy of  equal to the angle SP A ; also (Eue. IT1, 82) the
notice. M BT, fig. 66, represent a quadrant  angle S A O is equal to the angle SP A ; hence
of a hemisphere of which 5 is the centre, and ST (from the known relation connecting areas with
the radius, then, if we project the sphere SAP  their orthogonal and conical projections)—

from S (that is, quasi-stereographieally) on this  The element at H’ : the element at %’

hemisphere, and project the resulting projection ismAPS 3 1l
orthographically on the tangent-plane at P, we i 8A 1S P,

shall obtain an equigraphic projection of the  and
complete sphere. TFor the hemisphere of which  the element at %’ : the element at A

P A is a quadrant we obtain the radius P H, by D(SH)sin SAO: (SA)?
drawing S A 7/, and then 2’ H’ perpendicular to (S PPSA P (SA)?SP
P S’; the radius for the complete sphere will 1 SP T SA,

clearly be PS” (= SB). The mathematical ' therefore ex eq.

reader will find no diffieulty in proving that this | the element at H’ : the element at A

geometrical method corresponds with the formula i SA :SA;
obtained above, or in establishing the correctness = that is, the element at H’ is equal to the element
of either method. The following is a sketch of at A. Tt follows that by the double method of
the proof that the geometrical methed gives an  projection described every element of the surface
equal-surface projection :—Let A be any point = of the sphere is projected into an element of equal
on the sphere PAS (that is, suppose for the | area; hence the result is an equigraphic projec-
moment that A is not a particular point, viz. the = tion of the complete sphere.

extremity, of the quadrant P A), A O the tangent |
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the first at right angles—eonneeting divisions equidistant from the first on cither side
of it ; deseribe cireles coneentrie with the first through the points in whieh the first
straight line is erossed by the others—these are the parallels; and, lastly, draw
straight lines from the centre to alternate divisions round the outer circle—these are
the meridians. In other words,
if we omit alternate meridians
in the polar orthographic pro-
jeetion of the meridians and
parallels of a lemisphere to
every fifth degree, we have the
meridians and parallels of the
polar isoqraphic projection of a
complete sphere to every tenth
degree. We may now darken
the middle parallel, which re-
presents the equator, mark in
the tropics and arctic cireles in
their proper places, as shown
by the dotted cireles, and draw
in the continents and islands
aceording to their proper longi-
tudes and latitudes. It is con-
venient also to darken two me-
ridians at right angles to each
other ; for this purpose we may
select the meridian separating the old and new hemispheres (so called) from cach
other, and the meridian at right angles to the former. In other words, the darkened
meridians and parallels of fig. 69 (as of the other figures) correspond with the cir-
eumferences and the horizontal and perpendicular diameters of the maps of the two
hemispheres eommonly given in our atlases.

(286.) I have dealt with this construection at some length beeanse I have had to
employ it frequently in star-mapping, when dealing with questions relating to stellar
distribution, for which this
method is manifestly suitable ;
some such method, indeed, is
es$ential for such work. Many
of the maps in this book arc
on the central equal-surface
projeetion—in particular the
chart of 824,000 stars, on
which chiefly I base my dis-
proof of the long-aceepted
theory of the structure of our
galaxy.

(287.) The method illus-
trated in fig. 70 is an extension of Flamsteed’s projeetion to the whole globe. The
construction is simple: a series of equidistant parallels represent the parallels of

Fra. 69. - The World on an equal-surface projection (central).

F16. 70.—The World on an equal-surface projection (Flamsteed's).
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latitude, a perpendicular cross-line representing a meridian bisects all the parallels,
which are made equal in length to the actual parallels on a globe of the scale of the
figure, the distance between them being also equal to the true distance separating

F16. 71.—The World on an equal-surface projection, showing the Mean Annual Isotherms, or lines of
equal mean temperature throughout the year.

F16. 72.—The World on an equal-surface projection, showing the Pacific Ocean nearly centrally.

successive parallels on such a globe. The parallels being divided into equal parts,
corresponding points of division are connected by curved lines representing the
meridians, as shown in fig. 70, in which meridians and parallels are laid down to
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every tenth degree. It is obvious that this projection is isographie, for the spaces
near the central meridian represent the corresponding spaces on the globe both in
size and shape; and all the spaces between any pair of parallels are equal, though
they vary in shape; for each may be divided into two unequal triangles, and we sce
that the greater and less triangles of any one space are equal to the corresponding
triangles of another, gince they have equal bases respectively, and lic between the
same parallels. This method is employed in the large folding map ol stars visible to
the naked eye, in my ¢ Other Worlds than Ours,’” which appears also in the present
volume. I have also used the method and certain modifications of it in my * Ele-
mentary Physical Geography’ to illustrate climatic relations, for which, where the
whole Earth 1s represented, it appears to me altogether better suited than Mercator's.
For instance, consider its use in illustrating climate, as in fig. 71 (from my ¢ Elementary
Physical Geography ’), where it presents correctly two important features which are
quite masked in a Mercator’s chart, viz. the distances scparating the isothermal lines
and the areas corresponding to given ranges of mean annual temperature.

F16. 73.—The Western and Eastern Hemispheres on an equal-surfaee projection.

(288.) We can vary the central meridian of our maps according to the features
which we wish the map to illustrate. Thus in fig. 72, also from my * Elementary
Physical Geography,” we have the same projection, the central meridian being so
selected that the map shows well the relative areas and the positions of the Pacific
and Indian Oceans. Comparing this map with fig. 71, we recognise also the relative
areas of the Pacific, Indian, and Atlantic Oceans.

(239.) Or the Earth may be represented isographically on this projection modi-
fied as in fig. 73, showing the so-called eastern and western hemispheres separately,
with less distortion than when the whole sphere is shown without any break.

(240.) Another equal-surface method, devised by me (so far as I know),' is repre-

' It was independently rediseovered by Prof. Piazzi Smyth, some seven years after it was published
in my Essays on Astronomy (in 1872), from which fig. 73 is taken,
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sented in fig. 74: It is founded on the property that if a sphere is enclosed in a
cylinder, any two planes parallel to the base of the cylinder enclose between them
equal belts of surface of the sphere and cylinder. Now, suppose that the polar axis
of a globe is the axis of the enclosing eylinder, and that this axis is luminous, but can
only emit rays of light at right angles to its own length; then, if the meridians,
continent-outlines, etc. are opaque and the sphere transparent, shadows of these lines
will be cast on the enelosing cylinder, the points on each parallel of latitude being
projected in the plane of their parallel, owing to the supposed peculiarity of the
luminous axis. If the cylinder be now opened along a line parallel to its axis and
unrolled, we shall obtain the isographic projection represented in fig. 74. The
construetion is simple. Taking a horizontal cross-line to represent the equator, and
thierefore equal in length to the eircumference of the globe, we divide it into equal
parts and through the points of division draw perpendiculars representing the
meridians : these must be equal in length to the diameter of the globe, and must be
bisected by the equator. On the outside meridians deseribe semicireles (in pencil),
and divide their circumferences into half as many equal parts as the equator was
divided into, and through ecorresponding points of division draw parallels to the
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Tre. 74, The World on an equal-surface projection (cylindrical).
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equator; these represent latitude-parallels, and in fig. 74 meridians and parallels are
drawn to every tenth degree.

(241). Tor delineating small portions of the Earth’s globe various methods have
heen devised, some of whieh have been in nse for centuries. In fact, the heterogeneous
collection of constructions, some of very questionable quality, used in the leading
modern atlases, and the entire neglect of any attempt to picture the relative pro-
portions of different countries, or even, in many cases, their actual configuration, must
be regarded as not altogether creditable to modern geographers. Considering that
for one celestial atlas at least 100 geographical atlases have been published, there is
more reason to look for variety and originality in these atlases than in star-maps;
whereas the same projections are used, in nearly all those cases which present any
difficulty, in the geographical maps of our time as in those which were in vogue
200 years ago! Consider, for instance, the map of Africa in any modern atlas. Here
the projection used is that already deseribed as devised by Flamsteed (the first
Astronomer-Royal, more than 200 years ago) for use in star-maps. If we suppose
.the central part of the equator in Africa brought to the centre of the projection in
figs. 69, 70, and 71, we get the construction used for Africa in modern maps. The
result is that in the neighbourhood of the two central eross-lines we have little
distortion; but, as we leave them, and especially as we approach the corners of the map,
the distortion becomes very marked. Spain, for example, and Asia Minor are so
distorted that to the young student they seem like different countries from Spain and
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Asia Minor as they appear in a map of Europe. It may be said that sinee Spain and
Asia Minor are not parts of Africa, this distortion does not matter. But in reality it
does matter considerably, because the student secing these parts distorted naturally
distrusts the whole map. Moreover parts of Africa, as Moroceo and Egypt, are nearly
as much distorted as these outlying portions ; though the student, who is apt to be more
familiar with the forms of Spain and Turkey-in-Asia, notices the distortion in their
easc more readily.

(242.) Again, in the map of Asia, a curious modifieation of Flamsteed’s projection
is used with still more misleading results.  Equidistant coneentrie eireles replace the
equidistant parallels; and ares are measured along those cireles, of equal length along
any of them, but diminishing with distance from the cquator as in the other ease.
The distortion thus resulting in sneh portions of the map as Egypt, New Guinea,
Kamschatka, and north-western Siberia, 1s monstrons-—considering the purposes such
maps arc meant to subserve. Sweden, which comes in with the map of Asia thus
formed, is egregiously distorted. It will be found amusing and instructive to trace in
the outline of Sweden from one of these maps of Asia, and dircetly compare the figure
thus obtained with the shape of Sweden as shown in a map of Europe, or still better
as shown in a map of Sweden itself.

(243.) Much better maps of Africa, Asia, and North America can be formed by
using meridians and parallels which can be drawn with far less trouble,  In the case
of Afriea, indeed, a serics of equidistant rectangular cross-lines, dividing up the chart
mto squares, gives results altogether more exact and trustworthy than those shown in
our atlases.  With Asia and North America we cannot get such resultsquite so simply;
still we ean get them simply enongh by wsing the conical construetion, of whiel,
mdeed, the very simple construetion just indicated for Alrica, South America, and any
region in a terrestrial or eelestial map erossed centrally by the equator, is but a
speeial case.

(244.) As the conical construction is of great value to the student of astronomy, 1
shall give here a snflielent though brief account of the processes necessary for making
maps on this plan. There is no easier way of learning to know the stars than by
occasionally mapping a constellation or a star-group. until one has filled a portfolio
with useful sketches of the heavens.  In well-construeted maps, on a large scale, and
comprising but a small region of the heavens, we can mark in the place of any double
star or other objeet of interest we may wish to examine, and so hmmediately learn
whereabouts to look for it on the heavens. One cannot do this with ordinary star-
atlases ; beeause each map covers so large a part of the heavens that the scale must be
small or else the maps will be unwieldy ; while too often, from the same cause, the maps
are in places so distorted that even if one marks in a star by the data given in the list
of objeets, one ean yet form no clear notion of its position with respect toneighhouring
ohjects. Besides, it is pleasant to have large-scale sketches ol favourite grounps or
constellations. In such sketehes one can do what is quite impossible in small-seale
maps, viz. give to the large stars something like their true proportionate magnitude
(size being the only means we have for representing brilliancy) without their eovering
a space as large perhaps relatively as four or five moons.

(245.) I propose to give some simple rules, by following which the student ean lay
down in a few minutes the meridians and parallels corresponding to any part of the
heavens, afterwards filling in the stars at leisure :—
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The true shape of a strip of the globe, between the pole and the equator, and
bounded by meridians five degrees (say) apart, is shown on a small scale in fig. 67.
The bounding lines, though slightly curved in reality, may be looked upon as straight
for any short portion of their length without introducing sensible error. It is on this
fact that the conical construction depends. If any portion of the strip represented in
fig. 67 had really straight edges, we could bring another similar portion alongside of
it without gaps or overlapping, another next to that, and so on, until we had space
enough for a constellation or star-group belonging to that part of the globe. By

making the sides straight, which we can do without
L 4 appreciable error, we get such a space, the meridians
E . .
and parallels of which are sensibly correct; and there
is no accumulation of error as in other modes of map-
ping. Each space has the same error of shape as its
next neighbour—no more and no less.

The numbers down the left side of fig. 68 indicate
the proportionate length of the cross-lines opposite
them ; the numbers down the right-hand side indicate
the distance from the equator in degrees.

(246.) Now suppose we wanted to make a map of
a part of the sky the middle of which is 55° from the
equator—there or thereabouts. And suppose further
that the length of the region we wanted to map mea-
sures, from north to south, about 20°. Then the shape
of a strip between two meridians, 5° apart, should be
the same as the shape of the part of fig. 68 between
45° and 65°. But we must straighten the sides. We
do this with the least possible error by joining the ends
of the cross-lines opposite 40° and 60°.

(247.) TFig. 75 shows this done on an enlarged
scale.

Draw first the central line AB. Along it measure
off four equal parts, CD, DE, CF, and FG. The
length of any one of these partsis to be the basis of
measurement. Divide one of the parts CD into ten
parts, and one of these again into ten; this will enable
us to measure off any number of hundredths we please.

_ Fe. 75. . A plotting scale may be made in the usual way.
né‘;ffs’mggfg";?c};‘ﬁt‘f if:g;ly Draw the perpendicular ecross-lines KDL and
NF M, and take KD and DL each 25 hundredths of
D C—the number 50 being found opposite 60° in fig. 67. Similarly take NF and
I'M, each equal to 32 hundredths of D C, draw the hnes KN and L M. These are
two of our meridians.

Bisect KN in P, and take off parts equal to KP or PN, along the produced
line. Do the like with L M. The points obtained in this way belong to the parallels
of our map. (It need hardly be said that if the range of the map is greater, the line
we should get corresponding to KN would have to be divided into more than two
parts.)
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(248.) Now notice that all we require further is to repeat the figure we have
obtained as often as may be requnired to give the map the necessary breadth to include
our star-group. The following is the geometrical construction for the purpose (it is
simple enough, but an easier and much more exact method follows it):—-

With K as centre and radius KL describe the are kl; with N as centre and
radius N M the arc nm; and with radius NL or KM, and centre successively at
K and N, describe the arcs ¢ d and ab. The points R and S thus obtained belong to
the meridian next to KXN: we join them and divide as we divided XN and T M.
Next, on the side L. M we repeat the proeess. Then on the side R S, and so on, on
alternate sides, until we have as many meridians as we want. The construction has
also given us the points along our parallels, and we can join these as shown in the
figure. Our map is then ready for filling in the stars.

(249.) That is the mathematical method; but the following being casier and more
accurate 1s in truth more scientific :—

Having drawn and divided the lines KN and LM, fig. 75, place a pieee of
tracing-paper upon the figure and mark in all the division-points. Then shift the
tracing-paper so that the division-pomts at L and M fall respeetively on X and N, the
division-points which had been at K and N now falling on R and S respeetively.
With a fine pointer mark the five points along this hne, through the tracing-
paper. Then, shifting the latter so that the points originally at I and M fall
on R and §, repeat the process. Continue this on the left-hand side of A B, as
far as may be required, and so repeat the proeess; and do the same on the right-
hand side of AB": the points wanted are thus obtained with the utmost ease and
certainty.

(250.) The meridians being straight, nothing need be said about the way of draw-
.ing them in. The parallels are parts of circles, and when the meridians eorrespond-
ing to X N and L M interseet at a convenient distance, the point of interseetion is to
be used as the centre of these circles.

(251). Fig. 76 is an example of the conical construetion employed for mappmg
the constellation Cassiopeia on a small scale. The central meridian « b is divided into
equal partsin ¢, d, ¢, and f; from eentre ¢ ares hr, Is, and from centre L ares s,
and L r, give the points r, s, and the construetion proceeds as already described. Then
the stars are filled in from the star-atlas or eatalogue, as much detail being mtroduecd
as may be required.

(252.) In fig. 77, showing the constellation Orion, we have a map representing a
region centrally crossed by the equator. For such a region the conical construction
becomes cylindrical (the apex of the imagined enveloping cone passing off to an infinite
distance), and the meridians as well as the parallels are equidistant straight lines, the
enclosed spaces being square.

(253.) In fig. 78 parts of the constellations Sagittarius and Capricornus, which he
to the south of the equator, are mapped on the conical construction, the meridians
closing in towards the bottom of the map in this case. The map shown in fig. 78 is
supposed to have been constructed for the purpose of showing the path of the planet
Jupiter during the opposition of 1866. The student of astronomy will find it an
instructive exercise to draw the paths of the planets from the data given in the
“ Nautical Almanac’ (five years in advance) on maps constructed in this way. But he
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should employ a larger scale than that of figs. 76, 77, and 78. The twelve zodiacal
maps in the next chapter, showing the sun’s position from day to day upon the celestial
sphere, were constructed for my own use in such work, tracings being made by me from
the original drawings whenever I had occasion to mark in a planet’s course.! For the
planets never leave the zone presented in those twelve maps. The maps do not seem
to be on the conical construetion ; for, in fact, the meridians and declination parallels,
which alone show in the maps, were not the lines originally laid down. The lines of
celestial longitnde and latitude, whieh bear the same relation to the ecliptic that the
lines of terrestrial longitude and latitude bear to the Earth’s cquator, were first laid
down, on the conical—which, for the zodiacal zone, beeomes, of course, the evhindrical
—econstruetion ; then the declination circles and parallels were marked in, aceording
to their proper positions in longitude and latitude. But the maps have all the acenracy
of the eylindrieal projection, and have this advantage—a property never before presented
in zodiacal maps—that the parts which overlap are identical.  Or, if it he preferred,
each map may be limited to the sign it represents by eutting off all outside the 30
degrees belonging to that sign; after which the twelve maps can be formed into one
long strip showing the whole zodiae on the true cylindrical construction.

(254.) Students of astronomy who use star-maps like those in my * Library Star-
Atlas’ and ‘School Star-Atlas’ will often find it convenient to make enlarged drawings
of small parts of the heavens,
and for this purpose the coni- [ | ] T |
cal eonstruetion as above de- | +— i \ ) L
seribed is the readiest whieh 7 | \
can be used, and sufficiently * 1
exact for all praetical pur-
poses. If enlargement is not | | .
needed, a tracing from the . ; ; v
constellation, as shown m the |
atlas, will serve rather better
than a conieal econstruction, |
unless the stellar region to ‘ }
be drawn falls near or across *
the edge of one of the maps. | *
Even then the meridians and
parallels for the map ean be f+—-—u [ " —
traced from a part (in the | |
proper deelination) nearer the ™=
centre of a map, and the stars
then marked in, with less
trouble than making a conical construction would give. Ior my own work, in this
way, I use the original drawings for my ¢ Library Atlas,” which are on the scale of a
80-inch globe. (My ¢Library Star-Atlas,” in the later editions, photo-lithographed

F16. T9.—The Northern Crown on the conical projection, scale
of a 2-foot globe,

! Tt was because I had thus found them use-  like manner suggested by the convenieneo I had
ful in my own work that I republished them—in  found in using material originally eollected for
white, and in blaek without the sun—among  note-books or for my astronomieal portfolio. I
nany other illustrations in The Seasons Pictured.  havo written and drawn little with the primary
I may remark that a large proportion of the idea of texehing anyone but myself.
books I have hitherto published have been in
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rather larger than the first, is on the scale of a 19-inch globe.) But students using
the large gnomonic atlas published by the Society for Diffusing Useful Knowledge
will find it nearly always necessary to lay down meridians and parallels (for their
portfolio-maps) on a construetion showing small distortion, filling in the stars from
their indicated right ascension and declination in the atlas. Otherwise the smaller
star-groups will often be scarcely recognisable so far as shape is concerned, while their
scale may Dbe so altered that the comparison with other star-groups not so distorted
may be altogether misleading. For instance, in fig. 79 the well-marked group of
St&i's forming thie Northern Crown (probably, also, in ancient times, the nplifted arm
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F16. 80, The Northern Crown, on the gnomonie projection of same scale (pricked off from
the large maps of the S.D.U.K.)
of the Herdsman) is represented on the conical projection on the scale of a globe
2 feet in diameter. Fig. 80 represents the same group as it appears in the gnomonic
maps of the S.D.U.K. on the same scale at their centres, but, as the figure shows, mon-
strously distorted and changed in scale near their edges.

(255.) For the ready construction of geographical maps, showing small regions, the
conical projection is the best. Our atlases would be greatly improved if this projection
were applied also to large regions. But in reality we much need, alike for geographical
and celestial atlases, the use of a uniform method of projection. In an atlas of high
class every map of a large area should be on the equidistant central projection. All
distances from the map’s centre are thus on a constant scale; while changes of scale
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and distortion not only take plaece uniformly with increase of distanee from the
centre, but are very slight (as my ‘ Library and School Star-Atlases’ show) even at
distanees of thirty or forty degrees from that point.

(256.) The plan whieh is undoubtedly best for a celestial atlas, and as certainly
best for any series of terrestrial maps intended to he drawn to a single scale, is that
of dividing the globe into twelve parts
corresponding to the twelve faces of
an enelosing regular twelve-faced solid
(the dodecahedron) ptetured in fig. 81.
Each face is a regular pentagon, and
in fig. 81 P 1s supposed to represent
the point in whiclhi the north pole of
either the celestial or terrestrial sphere
touches one face, the south pole touch- Fro. 81 —The Dodecahedron.

g in like manner (necessarily at its
centre) the opposite face, and the plane ol the equator cutting the remaining ten faces
in the regular decagon ABCDE,| ete.

(257.) Fig. 82 represents the way in which the twelve maps may be arranged,
each being so projected as to form a perfect pentagon, viz. into two sets of six, each
showing five equal pentagonal maps on the five edges of the eentral or polar pentagonal

map. Fig. 82 illustrates the r—r .
actual arrangement adopted in - ‘
my ‘Gnomonic Star-Atlas,” the
lines and letters in the figure all
relating to celestial relations.
Thus ¢ ¢ ¢ represents the ecliptic, |
which has no place in terrestrial
maps; np and s p are the north 3
and south poles of the ecliptic; J 2, E
EC and SC are the colures, ——-—>° |
f:quinoctial, and solstitial respeet- i m“‘Lm'"'}"if:,’_:ﬂ?;{qi}):p:.f i GILHEITIC esip
ively. In my ‘Library Star-

Atlas’ (to which the maps of the ‘Guomonic Atlas’ served 1 the first edition as
index plates) the twelve maps are eireular, so that they overlap ; a convenicnt arrange-
ment for passing from one map to another. The sume arrangement is adopted in my
¢Sehool Star-Atlas,” whieh is, in fact, a reduced and simplified edition of the larger
work. In each atlas the overlaps are of such extent that, instead of showing only
twelfth part, each map shows a tenth of the star-sphere.

1}

(258.) The ehapter on the Earth as a planet may be regarded as illus-
trated by a series of twelve coloured maps of the Earth on the same plan (that
is, on the equidistant projection, and similarly distributed into two polar maps,
and ten others crossed alternately, near their southern and northern edge, by
the equator) which 1 have formed into a terrestrial atlas (on the same scale
as my ¢ School Star-Atlas’). This will, I think, form an atlas convenient not
only for use in the study of the Earth in its astronomical aspect as a planet, but
also for use by the student of geology, geography, history, and travel.
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(259.) The two maps, Plates ITI. and IV, are useful illustrations of the
Earth, as viewed in the present chapter. Plate II1. shows the greater part
of the Earth in a planisphere, having the north pole as centre. Plate IV.
shows an equal portion in the same way, but with the south pole as centre.
These planispheres are on the stereographie projection, and, although the dis-
tortion outside the equator in each map is enormous, the proportions of small
aveas are correctly presented. The maps in this respect resemble Mercator’s
charts, but have the great advantage of being central and polar projections.
It may be interesting to the young student to observe that if a surveyor in
any part of the Earth imagined the Earth to be a plane surface with a pole
(cither the northern or southern) as centre, the proportions of the region he
surveyed, wheresoever he might be, would force him to the conelusion that
the set of relations among meridians and parallels presented in one or other
of these maps must be that existing among the meridians and parallels of
the Earth : for, the true proportion between degrees of longitude and latitude
prevails in every part of each map. It will be scen from Plates IT1. and 1V,
how greatly the scale of different parts of the earth, as estimated by degrees of
longitude and latitude, would seem to difter.

(260.) A number of interesting features of the Earth as a globe will be
found to be illustrated by the maps in Plates I11. and IV. when thoughtfully
examined with due reference to what has been explained earlier respecting the
stereographic projection. Among these may be mentioned the relation which
originally led me to the construction of these maps. 1t is often convenient
for the student of astronomy, as well as for the seaman, traveller, or surveyor
of lines of communication on the Larth, to know how to draw, in terrestrial
charts, the shortest course between stations far apart.  As we know that the
great circle connecting two such points is always the shortest course between
them, the maps in Plates IIl. and IV. considered in connection with the
known properties of the stercographic projection enable us at once to draw
the shortest courses between any two stations shown in either of these maps.
The great circle between two points A and B will be represented on cither
map by some circle passing through the two points; and to get the right
circle we may have to notice that a great circle through any point on the
Earth necessarily passes through the point’s ‘antipode.” All we have to do,
then, is to find in the ehart the antipodes either of A or B (preferably of both),
then the circle through A B, and the antipode of either will be the great eircle
required, and will pass through the antipode of the other.!

! T have constructed stereographic charts of = specially for the use of seamen ; for which purpose

the Earth 19 inches in diameter, of which indeed ' such charts seem specially suited, since not only
Plates ITL. and IV. are photographic reductions, = can the great circle course from any point to any
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CHAPTER TIIIL

APPARENT MOTIONS OF THE SUN, MOON, AND PLANETS.

(262.) Tue observations considered in the beginning of Chapter II. taught
the ancients to regard the Earth as a globe set in the midst of space. The
region surrounding the Earth’s globe appeared to have the form of a vast
sphere on whose interior surface the stars seemed set in fixed positions. This
star-strewn region aronnd them appeared to move as if turning with absolute
uniformity round a fixed axle, which for each station on the Earth scemed
more or less inclined to the horizon-plane, so that one axle-end or pole rose
above the horizon. The absolute uniformity of rotation, recognised in the
stellar sphere, would naturally have led the astronomers of old times to take
the rotation of the star-sphere as the most convenient measure of time; but
long before these features had been recognised by the astronomers of any race,
custom had thoroughly established the method of measuring time by the more
obvious solar day, which was not easily displaced even among astronomers.
Moreover the measurement of time was not so precise in those days that the
inequality of solar days (even when measnred from noon to noon, not by the
mere duration of sunlight) would be clearly recognised.

(263.) At an carly stage of the study of the heavens astronomers strove
to interpret the movements of those bodies which, unlike the stars, did not
retain fixed positions on the great enclosing sphere. These bodies, the sun,
the moon, and five which looked like stars but scemed to move among the
stars, they regarded as capable of independent movements whose laws might
be ascertained. It seemed to them, indeed, that it might be well worth their
while to determine the nature of those movements, since they saw reasons for
believing that the fortunes of men and nations depended in large degrce on
the influence of the Sun and Moon, Mercury, Venus, Mars, Jupiter, and
Saturn. These seven orbs were for the ancients the seven moving bodies, or
planets, i.e. wanderers. Astronomers regarded these orbs as altogether nnlike
the fixed stars, which rather seemed to mark the pathways of the planets
than to be in any way akin to them. The planets exerted their influences
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in varying ways as they varied in position. The fixed stars seemed arranged
in groups of various forms, more or less striking and suggestive, never
changing in form ecither as their diurnal rotation carried them round the polar
axis, or as the year progressed, though they came to their culminations at
different elevations, or at changing hours, as the observer changed his place
upon the Earth.

(264.) The first of the moving orbs to be considered were naturally the
sun and the moon. The latter was the more easily dealt with, because her
movements over the star-sphere could actually be watched, whereas thongh it
was obvious that the sun also moved on the star-sphere, his place day after
day among the stars conld not be direetly observed, since the stars are in-
visible when he is shining. Yet as the sun’s apparent movements on the star-
sphere are simpler than those of the moon, we may with advantage take them
first, then the moon’s, and then the movements of the plancts.  Although we
consider these movements as they appeared to the astronomers of old times, it
is well for students of astronomy (especially the younger who have more time
for such inquiries) to observe the sun, moon, and planets for themselves, after
the manner indicated here; for by such observations much clearer ideas of the
apparent mechanism of the heavens will be gained than by merely reading de-
seriptions. The movements of the sun, moon, and plancts are still in progress :
they can be watched in the heavens themselves—now as in the dayx of yore.

(265.) Observing the sun during any one day after the manner already
described in the first chapter, one might suppose that he is carried round by
the same rotation of the celestial sphere which seems to sway the unchang-
ing star-groups round the polar axis—visibly during the night, and actually
though not visibly during the day. For several days in suecession the sun
may be watched revolving apparently with the utmost steadiness round the
polar axis of the heavens, even as any star, watched in the same way, is
observed to do.  And doubtless in the childhood of any race, when days and
weeks seem long—in this sense, that memory goes back little farther and fore-
sight cares little to look much farther forward—men noticed little more than
this.!  We have to look very far back towards the savage stage of each race’s
life to recognise the time when the rising of the sun was a matter to be
rejoiced over, his setting an occasion for anxiety—though the religions as
well as the superstitious of every race, even the most cultured, are permeated
with the products of those long-forgotten emotions of anxiety and of hope.

(266.) The changes, however, which affect the sun’s course from day

! The recognition of the sun as ‘ ruler of the | more important office as ruler of the year; yet
day’ belongs to a mueh earlier stage of the de- l even the latter belongs to the childhoed of races.

velopment of races than the recognition of his
r2
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to-day throughout the year were such that long after the childhood -of each
race was passed they must have been watched,—with hope as the sun secemed
to gain in power, with anxiety, even with terror, as his influence seemed daily
to fail during periods so long that the hearts of all but the priests of the sun
(the astronomers of those days) must have sickened with the fear that he
was passing away for ever from the world he had nourished and illumined.

(267.) Let us suppose our observations to begin at the time of the autumn equinox.
The sun has been passing day after day for weeks towards the south, his rising place
drawing nearer and nearer towards the east and his setting place nearer and nearer
towards the west, while day after day he attains less and less elevation above the
southern horizon. We have seen how these movements can be followed with the rough
equatorial pointer pietured in fig. 2, p.20. To determine, however, more precisely the
actual changes of the sun’s elevation, suppose that we set up a pointer, A B, fig. 83, as
the Egyptians set up an obelisk, to indicate by the length of its midday shadow B b e,
the midday elevation A ¢ B of the sun. Then we should find the shadow as observed
day after day at noon growing longer and longer, but ehanging less and less each
day, until at last its extremity would have reached the position w, and (somewhere
about December 17 or 18) we should be unable to reeognise any further inerease. The

$<

F10. 83.—The midday shadow of the Sun.

midday sun would seem to oceupy for several days in suceession the same unehang-
ing position on the southern sky, so far as this method of observation was coneerned.
Continuing to note the shadow, however, we should find that somewhere about Decem-
ber 25 the extremity of the noon shadow would show signs of returning towards e. At
that time, then, the noonday sun would secem no longer to ocenpy the same unchang-
ing position in the southern sky that it had held during the preceding week or so.
What the old astronomers regarded as a real solstice, or standing still of the noon sun
during a measurable time—not a mere momentary stay as his direction of apparent.
motion on the meridian changes—would be over. From that day our modern student
of astronomy can watch with more or less interest the sun’s gradual increase of midday
elevation ; but the observer during the childhood of any race regarded that day with a
much deeper interest, nay, rather with fear and anxiety, It was for him the birth of the
sun as ruler and god of the year.

(268.) The sun gradually passes to his lowest position, and thence returns (re-
garding only his meridian elevation) without any actual standing still. To determine
the true time of the solstice by the length of the midday shadow cast by A B in fig. 83,
the observer should notice on what day the increasing shadow has a certain length,
measurably less than its maximum, and again the day when the diminishing shadow
has that same observed length ; the day midway between these will be near the solstice.
He will also pereeive the advantage of substituting for the horizontal plane surface SN
of fig. 83, a fixed surface on whieh the shadow of the point A is thrown more squarely,
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as in fig. 84, to receive the shadow of the horizontal eylinder ¢ C /. For this purpose it
will be well to use a strip of eard set quadrantally, as in fig. 84, to reccive the shadow
of the horizontal eylinder ¢ C ¢/, with its axis east and west, at the centre of the quad-
rant, the are AB being ecarefully divided into ninety
equal parts or degrees with transversals for smaller
divisions if the seale will permit. CKLM, a flat
quadrantal eard, will be nseful by enabling the ohserver
to set the are AB in the meridian by getting the
shadow of KT M upon it at true solar noon, obtained
* from the almanac and a good elock. But I do not
enter into details either of arrangements for making b
such observations, or as to the wmethods probably
adopted by astronomers of old times, beeause my pur-
pose here is simply to show how the first comparatively  Fio. 81.—A simple eontrivance for
rough determinations of the solstices and equinoxes i‘]’]ll‘(’l‘;if‘fh“_i‘]’]‘g th:‘;"‘:r mitlday
were effeeted, and to indicate the signifieance whieh the

sun’s varying midday position throughout the year would have for the observers of old,
regarding him as the god of the year, giving life as well as light and warmth.

(269.) Day after day from the observed time of the winter solstiee, or birth of the
new year’s sun, the midday shadow observed in fig. 83 grows shorter and shorter, or
passes lower and lower, as observed in fig. 84, indicating the growth of the sun in midday
height, that is, in strength and light. By the method illustrated in fig. 2 it can be seen
also that the place of sunrise shifts towards the east, and the place of sunset towards
the west. Moreover, it is found that these changes take place with inereasing rapidity,
until when the sunis approaehing due cast and west at sunrise and sunset respectively,
his midday elevation, as indieated by the position of the shadow (figs. 83 and 84),increases
at the rate of two-fifths of a degree daily. At this time the direetion of the pointer of
such an instrunment as is shown in fig. 3 is nearly at right angles to the polar axis, and
the sun is nearly on the eirele midway between the poles of the heavens. Onor about
Mareh 20 it is found that he is actually upon that important cirele, or erossing the
equator, passing from the winter half to the smmmer half of his eareer. It is evident
if we eonsider the motion of the pointer of fig. 3, directed sunwards at midday, and
carried round by the rotation of O P on its axial pivots, that in this position only does the
pointer move in a plane—the plane, namely, at right angles to O P through the pivot
of the pointer. Thus if in the instrument of fig. 84 we substitute a flat card or other
plane surfaee for the eylinder C, and set the eard so that at any hour of the day it casts
a linear shadow on the are A B, the shadow will remain linear throughout the day.
This is a ready, though of course only a rough, way of determining when the sun is
on the equator.

(270). After the equinox the sun still passes higher caeh day at noon, the shadow
observed as in fig. 83 still growing shorter and shorter. The sun’s point of rising passes
steadily to the north of east, and his place of setting to the north of west. To the ob-
server merely intent on noting the sun’s movements these changes are of interest as
indicating how the sun’s distanee north of the equator inereases,—at first rapidly, after-
wards more slowly as he approaches the summer solstice. To the earlier observers
of the sun’s annual motion as measured by his midday elevation these movements in-
dicated the steady ascent of the ruler or god of the year above that median line which

<
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separates the region of his summer glory from the region of wintry imprisonment.or
burial. It is because of this idea that we find the sun’s motion from the time of his
passing the equator called his Ascension—a term which seemsill chosen if not unmean-
ing as the astronomer has used it in later times, that is, within the last two or three.
thousand years. It is obvious that the first observers, who thought much more of the
sun as the life-giving and life-preserving ruler of the year than as an astronomieally
celestial body, would pay much more attention to the apparent motion of the midday sun
athwart the mean position he oceupied in spring and autumn than to his motion along
his apparent path on the star-sphere, about which they probably knew little.! So that
when he began to rise above his mean position on the equator, they would speak of that
as his rising or ascension, and measure such aseension from that crucial rising point.
Eaeh year's passing of the sun above the equator would in those earlier days, the child-
hood of races, be not only a passover of their god, but as truly for them a resurrection
as the daily rising of the sun lad been for their still more simple forefathers.?

(271.) Thence onwards the sun’s midday elevation is observed to increase, the
shadow, as observed in fig. 83, growingshorter, and, as seen in fig. 84, passing still lower. .
As midsummer approaches the daily chiange grows less and less, till at about June 17
it becomes insensible. Tlien comes the summer solstiee, and the beginning of the sun’s .
apparent return towards the equator, just observable about June 24 or 25.°

1 Tt is the sante with the rising and setting of | correspond with those which, in Christian times,
the sun; to this day scaree one observer in a were assigned to the corresponding movable feast.
hundred notices the motion of the sun from left =~ On the fortieth day after the equinox the sun
to right when rising and setting, the rising or erossed the 15th paraliel of declination into the -
sinking of the sun being all that attracts attention. mid-heaven of the Great Pyramid skies, i.e. I5
Yet in latitudes higher than 45 degrees the former | degrees from the zenith, and it was doubtless a
motion is more rapid than the latter. day of special rejoicing among the Lgyptian sun-

* The ancient Easter festival corresponded as | worshippers. The time of the winter solstice or -
closely with the rismmg of the sun above the | birth of the sun, of his equinoetial crossing, or
equator as observances at sunrise (that is. at the | passover, of his ascension into the mid-heaven,
daily eastering of the sun) correspond with the | and of the sunumer solstice or full glory of the
rising of the sun above the horizon. It is pro- | sun-god were astronomically determined dates in
bable that the forty days of Lent, or lengthening | the time of the pyramid builders. But in earlier-
of the days before the passing of the equator, | days equinoetial passage could only be inferred:
were originally derived from Egyptian sun-wor- | from observations of the first full moon occurring
ship; since forty days before the vernal equinox = after the passage. And precisely as the older’
the sun as seen from the Great Pyramid Obser- | way of celebrating the moon’s return when the
vatory-Temple would at midday be just half-way | new moon was first actually visible remained in
between the horizon and the zenith; a passage | use long after astronomers had learnt how to
doubtless held to be scarcely less eritical than determine the time of true new moon (her con-.
the passage of the circle midway between the | junetion with the sun), and was held the only
poles. Forty days after the ancient Egyptian | proper and really sacredmethod of observing her;
passover the sun at midday would be half-way | so the older and easier, though rougher way of
between the equator and the zenith, as seen from | determining the equinoxes, by observing the next
the Great Pyramid. This would correspond with following full moon, remained in religious use
our Ascension Day (forty days after Easter) now, | long after the proper astronomical methods had
as in the days of the sun-worshippers of old, were | been invented. Indeed, these older methods re-
Easter now kept at the time of the equinox, or | main in use to this day, as a glance at the pre-
rather on the day corresponding to March 25. | fatory matter of every Book of Common Prayer
It is noteworthy that Mareh 25, the snn’s true will serve to show.
erossing time, when December 25 and June 24 3 As the full moon attains on the average her
mark the solstice, remained long a festival day | greatest meridional elevation when the sun’s is
among ancient races. The first of May, again, | least, and her least when the sun’s is greatest,
was the true Saxon Ascension Day, and many of =~ June 24 may Le regarded as in the same sense
the ceremonials of the former fixed feast day  the birthday of the moon of the year that
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(272.) After attaining his greatest elevation at this season the midday sun is found
by similar observations to gradually descend again, very slowly at first, more rapidly
afterwards, until at or about September 29 he is again on the equator. The time of
this descending passage of the equator can be determined as the time of the aseending
passage had been. In the childhood of races it was naturally regarded as a time of
anxicty and mourning, because the sun-god had passed to the winter half of his earecr,
and was daily losing power as rapidly as at the spring passage he was gaining
power.!

(273.) And finally during the remaining three months of the year we find the
midday sun sinking lower, at first rapidly (about two-fifths of a degree each day), then
more slowly, till again on about Deecember 17 hie seems to reach his lowest, remaining
thus (or in solstice) for a weck, after which the first signs of inercase of midday height
begin to be diseernible.

(274.) The exact number of days elapsing between the beginning of one solar year
as determined in the manner above shown by the winter solstice, and the beginning
of the next solar year, might perhaps be determined within a day or two, but not
much more accurately. Since, however, there would be probably no greater error in
determining the number of days in two sueh periods, the error in the determination
of one solar cirenit would in this way be halved. In three such periods it would
be redueed to one-third of its former amount, in four to one-fourth, and so on. We
can understand then that even by sueh comparatively rough methods, continued
during many years, aneient races could determine the length of a year with consider-
able accuraey. A pcople like the ancient Egyptians, who kept records of days during
generation after generation, and dynasty after dynasty, might very well have determined
the true length of the solar year, that is, the period during whiel: e passes through all

December 25 is the birthday of the sun of the
vear, Accordingly we find June 24 regarded as
the day of the nativity of the lesser luminary,
whose chief clevation is obtained in the watery
sign Capricornus, the birth cave (also the stable
or stay-ing place) of the sun. Probably on this
account, certainly not from historical reasons,
June 24 was taken as the day of the nativity of
John, the baptizer with water, who dcereased as
the baptizer with fire increased. But we must
remember that in some forms of the solar myth
we find the sun of winter, or the watery sun,
who had his birth at the summer solstice, distin-
guished from the sun of summer, or the fiery sun,
whose nativity has for its date the time of the
winter solstice. It is not known, by the way, at
what time or at whose suggestion the days held
saered by sun-worshippers came to be assoeiated
with the events recorded in Gospel pages; or
rather, it is not known when certain among these
events came to be associated with the details of
the most aneient solar myth. The emperor
Hadrisn’s well-known letter to Servianus, in
which he confounds Christianity with the worship
of the sun-god Serapis, shows that in his time
the usage had already becn adopted and had be-
eome already misleading. But thisletter, probably

written about a.v. 138, probably antedates even
the oldest of the eanonical gospels—in its final
form. Assuredly no contemporary of Jesus is
responsible for the many manifestly solar (and
mythical) parts of the gospel of Matthew.

! We learn from the Jewish Iast of Expiation,
assigned to this time, and from the importance
attached to its due observance, that among the
sun-worshipping races from whomn all the Jewish
fasts and festivals had been derived, this was the
chief fast of the year. And naturally in the old
days of sun-worship, alike mnong the Egyptians
and among other races during the shmplicity of
racial childhood, this descending passage of the
sun was a day of gloom and lamentation, when
whatsoever soul was not afilicted as the God of
the Year sank below the great mid-cirele of the
heavens,the same was to be ‘ destroyed fromamong
his people.’ The Feast of Tabernacles among
the Jews corresponded as obviously with the
rejoicings of the people, at harvest und vintage,
over the fruits of the sun’s surmmer work. There
are abundant traces of this feast among ancient
non-Jewish races. Plutarch (Sympos. iv. 6) sup-
poses the festival to have been in honour of
Bacchus, who was undoubtedly a sun-ged.
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the alternations above deseribed—within a minute or two of its true length. Thus,
suppose the time of the winter solstice determined within ten hours, as it very well
might be by Egyptian astronomers, of whose accuracy the Great Pyramid gives us
evidence ; and that then after one hundred years had passed, during which the days
had all been carefully recorded, the time of the winter solstice was again determined
within ten hours : then the error in the measnrement of those hundred years would
not exceed twenty hours, and would probably not exceed ten hours. Dividing this by
100, we get a possible crror of twelve minutes in the measurement of the length of the
year, and a probable error of only six minutes. In 300 years, or ten generations, the
probable error in the determination of the length of the year would be but two minutes.
Moreover, the estimate obtained from the observation of the sun at the equinoxes,
when his midday clevation ehanges most rapidly, wounld be probably mueh more exact.
The sun's midday height at the winter solstice and at the summer solstice eould be
very accurately observed, because the change of midday altitude near the solstices is
very slow. It would soon be recognised that the sun’s midday elevation at the
equinoxes 1s exaetly midway between his midday elevation at midsuinmer and mid-
winter. Hence it would be a ecomparatively easy task, at or near the equinoxes, when
the sun’s midday elevation changes most rapidly, to determine the time when he was
actually on the cquator.

(275.) We need not wonder, then, that Chaldean and Egyptian astronomers had
determined the length of the solar year within a minute or two—acecording to some
within a few seconds. Continuing their observations, and keeping their rceords for
many hundred yearsin suceession, they had opportunities of correcting their first rongh
estimates to a degree which would be marvellous were it the work of but a single genera-
tion. Itis to be feared that very much credit eannot be given to the astronomers of
those old times for their zeal in sueh researches—at least, it cannot be praised as pure
zeal for science, seeing that the obscrvers of those days hoped chiefly for some material
advantage from the power of predicting accurately the movements of the sun from day
to day and from year to year. DProbably also there was strong religious feeling in
the matter, though not of the highest type. Those who regarded the sun as a god
considered naturally that he would be jealous in regard to the manmner of his worship
and especially as to the due observance of times and seasons.

(276.) Observing the sun year after year in the manner deseribed above, and
noting also the changes taking place in the stellar skics as each year progressed, the
astronomers of old times ascertained that the time in whieh the sun eompletes those
vearly changes whieh measure the year of seasons is equal to that in which the star-
strewn sphere (observed night after night at the same hour) ecompletes its annual
apparent eirenit. The two periods are not absolutely identical, but as observed duri mg

many years in succession they appear so.

(277.) The meaning of this elearly is that the sun’s apparent track in the star-
sphere, could it but be followed by direct observation (that is, were but the stars visible
by day) is unchanging year after year. At the beginning of the solar year, that is, at
the winter solstice, the sun must oceupy always the same position on the star-sphere ;
since otherwise his eircuit and the annual rotation of the star-sphere would not be
synchronous. So with his position at the equinoxes and at the summer solstice.
Along one circuit he must travel steadily year after year, always following the same
path among the stars.
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(278.) To determine precisely what that cireuit is would be the next point, then,
with the astronomers of old :—

In the first place the observations already made, indicating the rate at which in
different parts of the year the sun’s distance from the equator altered, sufficed to show
that the sun’s ecourse upon the star-sphere is a great cirele, inclined to the equator at
an angle of between 23 and 24 degrees. In the days of the pyramid builders, some
3,400 years or so B.c., the inclination of the snn’s traek to the celestial equator (nof
then the same cirele as the equator of to-day) was nearly 24 degrees. The observations
of Eratosthenes already cited (seetion 150) show that in his day, which we may set at
220 B.c. (he was born 276 B.c.), the sun’s path or the eeliptic was inclined 23° 50 to
the cquator. He himself called the double of this angle, or twice the obliquity of the
ecliptic, 11-83rds of a circumference—that is, 47° 42’ 39”—making the obliquity of
the ecliptic as then observed 23° 51’ 19”+5, or nearly that assigned later by Hipparchus,
and (probably not independently) by Ptolemy. This must have been very near the
true value; for, though at present the obliquity of the ecliptic is but 23° 271/, we know
that for many past centuries the obliquity has been
deereasing. (It is now decreasing at the rate of
more than ths of a minute of are per century, or
1’ in about 130 years.) Taking this into aecount
the determination of the obliquity by Eratosthenes
was very near the truth. But the Chinese astro-
nomer Techeou Kong, who in the year 1100 s.c.
assigned a value corresponding to about 23° 54’ 23"
to the obliquity of the eeliptie, was yet ncarer the
truth. And we may be permitted to believe that
the astronomers who built the Great Pyramid eame
nearer still to the value of the obliquity in their
time, which must have exeeeded 24°,

(279.) The sun’s path, then, was early recog-
nised as a circle such as E E’, fig. 85, not (like the cquator) at right angles to the
polar axis PP, but inelined to the equator at an angle of about 24°, and now at an
angle of 23° 27" 15”.

(280.) Further, the ancient astronomers would be readily able to determine at what
points on the star-sphere the sun’s path or eeliptic erossed the equator, and attained its
greatest distance north or south of that cirele. Suppose, for example, that it had been
ascertained by midday observations that the sun had crossed the equator ascendingly
at a particular moment; then all that would be necessary to determine the whole
track of the sun on the star-sphere would be to aseertain what point on the star-sphere
observed at night was on the meridian exactly twelve hours after (or before) that
moment, at the known elevation of the celestial equator above the sonthern horizon.
This would be the position of the point on the celiptic where the sun crosses the
equator descendingly. Half-way round the equator from this point would be the point
where the sun erosses the equator ascendingly ; and midway between the points thus
determined would be those where the sun’s path attains its greatest distanee north and
south of the equator. Thus the equinoctial points and the solstices would be deter-
mined by this single observation, though of course repeated observations and time-
measurements would be required to determine these points satisfactorily.

P

Fia. 85, The Sun’s path or ccliptic.
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(281.) The actual track of the sun among the stars was nearly the same three or
four thousand years ago as now. At least we need not consider just here the change
which we now know to be produeed by the disturbing action of the planets on the Earth
in her actual course around the sun—modifying therefore the apparent eourse of the sun
aronnd the Earth. The position of the points where the sun crosses the equator, and
attains his greatest distance north and south of it, has ehanged, not through a ehange
in the course of the sun around the star-sphere, but (chiefly at least) through a change
in the position of the celestial equator, or (in reality) of the axis on which the Earth
rotates. Thus the present track of the sun around the star-sphere as pictured in the
twelve zodiacal maps of my ‘ Seasons Pictured’ (figs. 86, 87, 88, . . . 97) has prac-
tically been the track of the sun since astronomical observations began.

(282.) The student will find it a useful exercise to follow carefully the
sun’s progress through the zodiacal signs as illustrated in these twelve maps,
noting both the present course of the sun in each month and the course
which he pursued during the corresponding months in the days of the astrono-
mers of old times. Many curious astrological superstitions (some of them
still surviving) and many traditions bearing on religion and on history find
their interpretation in the relation which the sun’s course in old times bore
to the zodiacal constcllations as the ancient astronomer interpreted their
configuration.
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NOTES ON THE TWELVE ZODIACAL MAPS.—Fies. 86 97.

Fia. 86.—The sign Caprieornus falls now in the constellation Sagittarius, having travelled
about one sign backwards since the days of the earlier (ireck astronomers. At the building
of the Great Pyramid, about 3350 B.c., the are ¥s to  in this map was traversed by the sun
between Oetober 11 and November 10, the Winter Solstiee being at that time in Aquarins
(between ¢ and A).

F1G. 87.— The sign Aquarius falls now in the constellation Caprieornus, having travelled
one sign backwards in the last 2155 years. At the building of the Great Pyramid, abont 3350
B.c., the are = to 3 in this map was traversed by the sun between November 10 and
Deeember 10, the sun when at » in the map being still nearly half a sign from the Winter
Solstiee.

Fia. 88.—The sign Pisees falls now in the constellution Aquarius, having travelled one
sign baekwards in the last 2155 years. At the building of the Great Pyramid, about 3350
B.C., the are » to o in this map was traversed by the sun between Deeember 10 and
January 10, the sun passing the Winter Solstiee at about the place of the sun-dise for Mareh 3
in the map, near to the star 82,

F1. 89.—The sign Aries falls now in the constellation Pisees, having travelled one sign
baekwards in the last 2155 years. At the building of the Great Pyramid, about 3350 n.c., the
are o0 to % in this map was traversed by the sun between January 10 and February 9, the
sun being still among the watery eonstellations in this winter part of his eareer,

F1c. 90.—The sign Taurns falls now in the constellation Aries, having travelled one sign
baekwards in the last 2155 years. At the building of the Great Pyramid, about 3350 n.c., the
are ¥ to o in this map was traversed by the sun between February 9 and Mareh 10 (lambing
time—whenee probably the idea that the stars group like a ram), the sun not having reached
the plaee of his passover by nearly half a degree.

F1G. 91.—The sign Gemini falls now in the constellation Taurns, having retreated one
sign sinee 270B,c. At the building of the Great Pyramid, about 3350 B.c., the sun traversed
this are, 0 to %, between Mareh 10 and April 10, crossing the equator (the passover of the
sun-god) at about his place for June 3 in the map. This eorresponds with Virgil's deseription of
the opening of spring—* candidus aperit cum cornibus annwm Tawrus.’

1. 92.—The sign Cancer falls now in the constellation Gemini, having travelled back-
wards one sign in the last 2155 years. At the building of the Great Pyramnid, about 3350
B.C., the sun traversed thisare, »« to §,between April 10 and May 11, the sun on or about onr
May Day (then as now) passing to 15 degrees north of the equator, or ascending into the region
of his midsummer glory.

Fie. 98.—The sign Leo falls now in the constellation Caneer, having retreated about one
sign since the days of the early Greek astronomers, when Caneer was the summer constellation.
At the building of the Great Pyramid, about 3350 B.c., the sun traversed this are, § to ng,
between May 11 and June 10, drawing near his solstitial glory.

Fig. 94.- The sign Virgo falls now in the constellation Leo, having rctreated one sign
in the last 2155 years. At the building of the Great Pyramid, about 3350 B.c., the sun
traversed this are, ny to =, between June 10 and July 11, passing the Midsnmmer Solstice
at about the sun’s place for September 6 in thie map, near x Leonis.

Fic. 95.—The sign Libra falls now in the constellation Virgo, having retreated one sign
in the last 2155 years. At the building of the Great Pyrammd, about 3350 n.c., the sun
traversed this are, = to my, between July 11 and August 10, now deelining from his mid-
summer glory, but still high in the mid-heavens at noon.

Fia. 96.—The sign Scorpio falls now in the constellation Libra, having retreated one sign
in the last 2155 years. At the building of the Great Pyramid, about 3350 B.c., the sun
traversed this are, np to 2, between August 10 and September 10, drawing towards its erossing-
place at the Autumnal Equinox.

Fia. 97.—The sign Aquarius falls now in the constellation Scorpio, having retreated one
sign in the last 2155 years. At the building of the Great Pyramid, about 3850 s.C., the sun
traversed this are, 7 to v, between September 10 and October 11, making his deseending
passover at about the sun’s place for Deeember 5 in the map.
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(295.) The ancient astronomers in determining the sun’s path round
the celestial Sphere, and timing his motion from equinox to solstice, and
from solstice to equinox, recognised the variable velocity with which the sun
moves.  Probably not even the best of the aneient Egyptian and Baby-
lonian astronomers had done this with the degree of accuracy indicated in the
twelve maps, fig. 86 to 97. In fact, it is probable that the gradual nature
of the increase and decrease of the sun’s velocity was inferred rather than
actnally observed, the difference between the intervals from solstice to equi-
nox and from equinox to solstiee being what was aetually noted. We
have no record of the resnlts those ancient astronomers actnally obtained, and
must be content to consider the work of IHipparchus at a much later age, be-
cause- it is the most ancient of which the details have reached us.

(296.) Hipparchus obtained good estimates of the epoch of the summer
solstice : and he had estimated with even greater exaetness the epochs of
the equinoxes : but he does not scem to have determined acecurately the
time of the winter solstice.  One ean readily understand how he might have
been prevented from making satisfactory midwinter observations, even in the
clear climate of Rhodes and of Alexandria. At any rate we only learn his esti-
mate of the duration of the intervals from spring to midsummer, from mid-
summer to antumn, and from antumn to spring again. Yet from these he
was able to deduce the law of the sun’s motion in sueh a way that he could
predict the position of the sun far more accurately than his predecessors
among the Greck astronomers; besides in other ways assigning the character
of the sun’s apparent orbit round the Earth. His way of treating the problem
is worth studying.

(297.) Around C as a centre (fig. 98) strike the cirele v m fw, and draw the two
diameters, « C m, » Cf, dividing the eireumference into the four quadrants, v m, mf,
fw, and we. Nowif the sun moved nniformly in a circle around the Earth as a centre,
the points =, m, f, and «» might De taken as representing the sun’s positions at the
vernal equinox, at midsummer, at the autumn equinox, and at the winter solstice
respectively. Or we might equally well regard these as the positions of the Earth at
those epochs respectively, and C as the place of the sun. A year lasting 865% days,
nearly enough for our present purpose, the motion of the Earth from » to m would
require 91 days 7% hours ; and so would the motion from m to £, from f to w, and from
w to v.

(298.) If Hipparchus had found these intervals thus equal, he would have taken
C as the true centre of motion. But instead of this, he found that the sun occupied
about 94} days in passing from the vernal equinox to the summer solstice, about
924 days in passing from the summer solstice to the autumnal equinox, and only
178% in passing from the autumnal to the vernal equinox. It was necessary, then,
to find a centre of motion, as S, so situated that when the cross-lines VS F, WS M,
were drawn parallel to the diameters vf and wm, uniform motion round the circle
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»MF W in 3654 days, would give 944 days for the are VM, 921 days for M ¥, and
1781} days for ¥ W V. Clearly this new centre must be somewhere within the angle
fCa, as S 1s, for then the are v m will be increased on both sides by » V' and m M,
so as to be the largest of the four divisions. Again S must clearly lie nearer to
the diameter w m than to the diameter ¢ £, for the division M F (from ‘midsmmm r to
autumn) has to be greater than m f; sinee it requires 921 days, instead of a quarter
of a year (or 91 days T4 hours) to pass through M F by the uniform motion whieh
Hipparchus had taken as the basis of his reasoning. As the are 1 is added, and
the arc M m is taken away, we want 7'} to be greater than m M, so that M 1" may be
in due degree greater than m f. ‘

F1a. 98.—Showing how Hipparchus determined the position of the Sun's perigee and apogee.

(299.) And elearly we have in these relations the means of exactly determining
the position of the point 8. We require that Ve and m M together shall he equal to
the are traversed in 941 days less 91 days 7} howrs, or in 8 days 4} hours; while
we require also that the excess of fF or Vo over Mm shall be equal to the are
traversed in 921 days less 91 days 74 hours, or in 1 day 1} hours. (The ealenlation
here is only rough.) From this it follows that » Vis equal to the arc traversed
in 2 days 4} hours, and Mm is equal to the are traversed in 1 day; for the
sum and difference of these two intervals are those just mentioned, as re quired.
Now knowing that the whole circumference is traversed wniformly (according to the
initial supposition) in 365} days, we know exaetly what portion is traversed in 2 days
4} hours and in 1 day. We can then at once mark off the proper ares Vv and m M
(v V is an are of about 23°, m M an are of rather less than 1°); and then MW and
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V F drawn parallel to « m and ¢, intersect in S the required place of the sun or of
the Earth, aceording as we supposed the Earth to move round the snn, or the sun round
the Earth.

(300.) It will be elear that as S lies very near to C, Cn is nearly equal to Vo,
and S# nearly equal to m M. We have in fact Cn and S« bearing to each other the
same ratio as 1 day bears to 2 days 44 hours, or as 16 to 35. This determines the
proper position of the line PS C A, P being the point of nearest approach to S, or
the perihelion, and A the remotest point, or aphelion. Or, as Hipparchus viewed
the matter, S was the place of the Earth, P the sun’s plaee when in perigee, and A
the sun’s place when in apogee.

(801.) Also Vv and m M Dbeing taken of the true lengths to represent the uniform
motion in 2 days 4% hours and in 1 day respeetively, we find the length of C S to be
about one twenty-fourth part of the radins CP. This was deduced by Hipparehus.
He made C S or the eccentricity of the orbit of the sun about the Earth, or of the
Earth about the sun, one twenty-fourth of the radius; and he made A fall abont 24°
from M, the place of the midsummer solstice. Neither result was quite correet, even
aceording to his hypothesis of uniform motion; but the approximation to the truth
was very close for his time. And the position of thic sun caleulated from the tables
based on this result agreed very closcly indeed—so far as observations then possible
were concerned—with the sun’s observed position.  Eelipses, also, eould be correctly
ealeulated from these tables for a long time in advance.

(802.) The more accurately the sun had been observed the more nearly would
the eccentricity dedueed have approached in value the true eccentrieity doubled.
The error arises from the assumption of uniform motion, which amounts to throwing
the whole correction on the eccentricity, whereas half of it depends on the variation in
the real rate of the Earth’s motion, as will appear later on.

(803.) It Hipparchus had determined the truc time of the sun’s reaching the
summer solstice, as well as the true epochs of the vernal and autumnal equinox, he
would have made S C (fig. Y8) about a thirtieth instead of about a twenty-fourth part
of the radius CP. Correcting this crror, which was unavoidable with such methods
of observation as were alone available in his day, the eeeentricity dedueed from his
hypotheses is twice the true eceentrieity.

(304.) The crror of a determination of the eccentricity of the sun’s ap-
parent orbit based on uniform motion would have been corrected if the sun’s
varying apparent diameter could have been accurately determined. But it
does not appear that accurate mecasurements were made. The work would
secm to have been within the power of the ancient astronomers, though
their means for precise measurement were altogether inferior to those which
modern astronomers possess. It would naturally occur to them to measure
carefully the apparent size of the sun, as seen from different stations, at
different hours and in different months.  Astronomers quickly learnt that no
change of position on the Earth affects the sun’s apparent size, whence they
would infer that the sun must lie at a distance so great that the dimensions of
the Earth are by comparison very small.  We shall see presently that the old
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astronomers formed a very good idea of the moon’s distance, and had inde-
pendent evidence that the sun is much farther away than the moon. But
there must have been something most impressive to the more thoughtful men
of old times in the recognition of the way in which the sun’s disc vemained
without change, no matter how men might journey over the Earth, which
seemed to them so large.

(305.) The same lesson was taught by the unchanging apparent size
of the sun as he passed throngh his daily course from the eastern to the
western horizon.  The astronomers of LEgypt and of Babylon knew well what
this signified. At the Great Pyramid, for instance, the midday midsummer
sun is nearly overhead, and is therefore about one radius of the LEarth nearer
at that time than when he is on the horizon. DBut the enlargement of the
sun when high above tbe horizon is too small to be measurable even with the
best of our modern methods. The absence of any apparent enlargement was
of course a most significant circumstance for the astronomers of old times.
They saw that an approach of the sun by nearly 4,000 miles during the time
of his motion from the horizon to his midday culmination produced no ap-
parent increase in his dise. How far oft] they reasoned, must an orb be when
so great a difference of distance made no recognisable change in its aspect! Be
it observed that the evidence thus obtained did not depend. in the slightest
degree, on the question whether the sun moved round the Larth. or the Earth
round the sun. 1t was absolutely certain, even in the days of the pyramid
builders, probably 3,400 years before the Christian era, that a distance of
4,000 miles, small though measurable compared with the moon’s distance.
1s a mere nothing compared with the distance of the sun.

(306.) But, observing the sun as the year passed onwards, the old
observers (if they had applied to the task a tithe of the perceptive ability
and observing skill which they certainly possessed, as we learn from the
details of the Great Pyramid) might have recognised a decided variation in the
apparent size of the sun’s disc.  For the change of size, thongh not obvious to
ordinary observation, is readily observable, and even measurable, by means
well within the power of the ancient astronomers. In those days the sun's
diameter varied during the year, as now, by ahout one sixticth of its mean
value. The actual difference between the apparent diameter of the sun when
at his nearest—which at the time of the building of the Great Pyramid was
about the antumnal equinox '—and at his farthest, corresponded then, as now,

! There is a singular mistake on this point in | about the year 4000 B.c. the perihelion was in
Herschel’s Outlines of Astronomy, which I note | longitude 0° or eorresponded with the vernal
only because otherswise readers tnight be eonfused equinox. Asa matler of fact, the perihelion was

by the difference of statement, and not know ! in longitude 0° at about that time; but that posi-
where the truth really lies. He remarks that | tion corresponded with the autumnal, not with
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to the difference between 31 and 30, a ratio easily to be recognised. Sup-
posing, for example, that the sun’s light were received through a small circular
hole, a quarter of an inch in diameter, into a darkened chamber, so as to fall
on a screen 9 yards from the hole ; then the diameter of the solar image formed
on the screen would be about three inches—not sharply defined, however, but
with a penumbra about a quarter of an inch wide. This image would vary in
width during the year from 2§ inches to 3,l; inches, or by one-tenth of an
inch ; and careful measurement in different parts of the year could not fail to
show this change, though it would have been doubtless difficult to measure it.

(307.) Fig. 99 indicates the aetual amount of change which the sun’s dise
undergoes during the year. 1 p )" represents the sun’s dise when he is in or near
perihelion ; A « A’ «’, the disc when he is in or near aphelion. A eircle midway between
these would represent the sun’s dise when he
is at his mean distance. It is worth noting,
however, that the relative dimensions of the
sun's disec are indicated exactly in any dia-
gram showing the eecentricity of the Earth’s
orbit.  Thus in the pieture of the Earth’s
orbit, illustrating the chapter on the Earth,
the distances S A, C A, and S A/, which show
the least, mean, and greatest distances of the
Tarth from the sun, shiow also, with equal
correctness, the relative apparent diameters
of the sun when at his greatest, mean, and
least distaneces.!

(308.) The ancient observers appear to

F16. 99.—Sun’s annual apparent change of  have determined with great acecuraey the time

diameter. c ¢ Sho 5

of the sun's circuiting the star-sphere; the

true year. They also recognised the fact that the year of seasons is somewhat shorter ;

the intersection of the equator and the ecliptie moving steadily to meet the advancing

sun, but very slowly—taking, in fact, 25,868 years to complete a cireuit. On the other

hand, the place of the perigee moves very slowly the other way (i.e. advaneing), so

that the interval from perigee to perigee is rather longer than a true year, or the time
of one circuit of the star-sphere by the sun. The three years are as follows :—

1. Time from perigee to perigee (anomalistic year) . . 365 days 6 hours 13 min. 49 sec.
2. Time of circuiting the star-sphere (sidereal year) . . 865 ,, 6 , 9 , 10 ,
3. Time of circuiting the signs (fropical year) 5 . 365, 5 o, 48 ,, 47 ,,

(309.) As I have said, the study of the moon’s monthly movements on
the celestial sphere must long have preceded the study of the sun’s annual

the vernal, equinox. The sun’s geocentric longi- | ! The change in the sun’s apparent size is
tude is 0° at the vernal equinox, but the Eartl’s  monstrously exaggerated in many books on
heliocentric longitude is then 180°. The perihelion | popular astronomy. In Guillemin’s Heavens, for
is now advancing to meet the retreating vernal | example, it is increased fully tenfold.

equinox at the rate of 61" yearly.
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movements ; for the simple reason that the moon can be watched moving
among the stars, but the sun’s motion can only be inferred from the change
in the position of the constellations visible at night.

(310.) Donbtless however, the moon’s changes of aspeet attracted men’s
attention long before they noticed how she travels among the stars.  They pro-
bably supposed these phases specially intended to help men in measuring time,
[n fact, as the sun was the primeval measurer of hours—rough but suflicient
for the rongh wants of early man-—so the moon was the primeval measurer of
days. (The sun’s yearly count of days could not be recognised or measured till
much later.) As a measurer of days the moon must have seemed imperfect
and unsatisfactory ; yet probably men supposed that this was only because
they had not caught the exact idea of their lunar time-piece.  They must
have judged that, whether the moon was sct in the heavens to serve as a
measurer of time, or whether she herself moved round the star-sphere and
varied in her aspect of set purpose to measure time for man, she must measure
the days effectively and well.  Unless, perhaps, they supposed that, thoneh
originally a good time-mecasurer, she had become a bad one because of some
offence of which man had been gnilty. That such an idea would be natural
to men imagining every detail of the celestial mechanism planned with sole
reference to the wants of man, is shown by Milton’s acceptance (or origina-
tion) of just such anidea (‘ Paradise Lost,” hook x.) :-—

Some say He bid liis angels turn askance
The poles of earth twice ten degrees and more,
From the sun’s axle . . .

. . . else had the spring
Perpetinal smiled on earth with verdant flow’rs
Fqual in days and nights.

If the sun might thus be supposed to be turned from his proper course to
punish man, the mooun might well be supposed to have been thrown out of
gear, so as no longer to measure time well, thongh the only measurer man
had.!

(311.) Be this as it may, men found the moon going throngh certain
changes of aspect, from the fine crescent with which she was first seen in
the west, after being two or three days out of sight, onwards to half-full, three-
(uarters, full, declining throngh three-fonrths to half; and so to the crescent
form again.

(312.) At first these phases would simply be noted as signs of the

! Even so late as the Couneil of Nice theo- | lations presented in the Metonie Cycle must be
logians and hierophants strove to make the moon exact instead of being, as they really are, approxi-

keep perfeet time in her sidereal, nodieal, and } mate only.
anomalistie movements, by insisting thal the re-



142 OLD AND NEW ASTRONOMY

progress of the month. Men would see in the easily recognised half-moon,
before and after ¢ full,” a sign in the heavens that one-fourth of the month in
one case, and three-fourths in the other, had passed ; and though the true time
of full moon cannot be so easily determined by direct observation, while
the moon is altogether lost to sight when ¢ new,” they would quickly learn to
determine the time of full moon and new moon with sufficient accuracy from
the times of half-moon.

(313.) For the rough measurement of time in hiring labour this would
do very well.  The lunar month would seem conveniently divisible into four
parts, each seven days in length, the time when the moon could not be seen
making up the balance of about a day and a half by which a lunar month
exceeds 28 days. This would involve an alternate rest of one day, and of
two days at the time of the new moon in alternate months, by which the
average length of lunar months would be made 293 days.  Or probably, in-
stead of this arrangement, those who attended to the measurement of time
(which was early regarded as a religious duty) set each new moon as a special
festival and day of rest, and had another rest after every week of weeks ; that
is, made the 50th day from each alternate new moon (a day falling near the
third quarter of the second month) a day of rest and readjustment of their
lunar time-measurement. There are traces of an arrangement of this sort
in the Babylonian lunar calendar. The T7th, 14th, 21st, and 28th days of
each month were days of rest; but the 19th also was a day of rest. Now
this seems naturally explicable thus :—Suppose alunar month just completed
by the day dedicated to the new moon ; then the 7th, 14th, 21st, and 28th days
would be Sabbaths ; the 29th would be a new moon festival ; the 7th and 14th
days of the next month would be the 36th and 43rd days of the bi-monthly
period ; and the 19th day would be the 50th day, or a day of jubilee, thrown in
as a bi-monthly resting day, and bringing up the number of days in the two
bi-monthly periods to 59, instead of 58 days, as it wounld have been if there had
only been eight seven-day periods and two new-moon rests. An arrangement
by which 59 days were assigned to two lunar months would be very near the
truth for the primitive times we have been thus far dealing with. For, two
lunar months last 39 days 1 hour and 28 minutes ; so that an error of a-full
day would not accrue until more than sixteen bi-morthly periods, or about
2 years 7 months, had passed.

(314.) Later astronomers seem to have recognised the advantage of
regarding the lunar month as approximating to 30 days, and dividing it into
six parts, each five days in length. All such methods depended on the
recognition of the lunar phases as a means of measuring time. To ordinary
observation the half-moon phases are alone distinctly recognisable. But with
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very little trouble observers can determine by measurement the time when the
breadth of the illuminated part of the moon is either one-quarter or three-
quarters of the full diameter; and these times correspond to the completion of
one-sixth, one-third, two-thirds, and five-sixths of the moon’s monthly circuit.
Combined with the half-moons, these easily determined epochs of the lnnar
month divide the moon’s circuit into twelve equal parts,' cach very nearly
equal to 2} days’ advance with respect to the sun.  Thix would have scemed
very suitable and convenient to ancient astronomers.  For they endeavoured
(whenever they could) to secure the division of eircles; eyveles, and eirenits
generally, into twelve parts, as we see i the year of twelve months, the
twelve signs of the zodiae, the division of the meridian of the Great Pyramid
(in fact, in the selection of latitude 30° for this important obscrvatory), and
a number of other cases.

(315.) The interpretation of the moon’s varying phases belonged of
conrse to a much later time than the mere recognition of the phases,
Still, observant men cannot long have failed to notice  that when the
moon is opposite the sun she shows w full face, ax i fully Lit up by his rays,
whereas when no:lrly towards the same part of the sl\y as the sun she shows
but a fine erescent of light, ax if he were illuminating the firther side of her
globe. It can scarcely be doubted that the more thoughttul not only re-
cognised the moon as an opague globe shining only by reflecting the sun’s
rays, but also formed a tolerably distinet idea of the relative proximity of the
moon’s path.  For it would require but a slight acquaintance with geometry
to show them that, unless the sun lay very much farther away than the noon,
the times of exact apparent half-moon would not seent to divide the moon’s

monthly cirenit into equal portions.

¥i16. 100.—IHustraling the evidenee given by the half-moon of the sun’s greater distance,
and therefore of his greater size.

(816.) This will be obvious from fig. 100, where 8 1s supposed to be the sun, M
the moon, and E the observer on Earth, at a time wheu the moon looks exactly half-
full, and when therefore mn, the boundary of the illuminated fuce, is directed

! Or rather they indieale this division. The | we have the lunar month divided at the following
quarter-n:oons, half-moons, and ihree-quarter | slages: I, 1, 1 ... 5 § § that 1, 2, 8, 4 .,

moons being the only phases readily measurable, | 8,9, and 10 twelfths.
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exactly towards E. Tt is evident that S M E (letting M here mark the moon’s centre)
is a right angle, and therefore M E 8 is appreeiably less than a right angle, unless we
suppose the angle M S E very small indeed, which it ean only be if SE is very much
greater than ME. But as the moon is seen to be half-full when she has gone just
one-fourth of the way round from the sun, that is, when the angle M E § is appreciably
a right angle, it follows that the distanee E S does thus exceed the distance M E.
There are reasons for believing that Iigyptian and Babylonian astronomers long before
the days of Hipparchus and Ptolemy estimated the moon’s distance at thirty diameters
of the Earth. Hence they must have judged the sun to lie at an enormous distance
from the Eartl, and to exceed the Earth enormously in volnme.

(317.) That the moon travels on an orbit inside the apparent orbit of
the sun must also have heen made clear to the ancient observers by the
occurrence of eclipses of the sun and moon. For they observed that these
occur when the moon passes between the sun and the Earth hiding the sun
from men’s view in greater or less degree, or when the Earth is between the
sun and the moon and so casts the latter into shadow. It was probably
the recognition first that celipses occur wnder these conditions, and secondly
that they do not always occur when the moon is new or full, which led
astronomers to the_careful study of the moon’s apparent path on the star-
sphere, in order that they might ascertain nnder what conditions on the one
hand she casts the sun into shadow or passes herself into the Earth’s shadow,
or, on the other, though passing the critical parts of her orbit, yet fails to
bring about the phenomena ecither of solar or of lunar eclipse.

(318.) Thus studying the moon’s niovements, astronomers recognised her
apparent path among the stars in any given ecireuit of the heavens as inclined
rather less than 5° 9 to the ascertained path of the sun. At whatever time
they began their watch observing the moon night after night for three or four
months in succession, they found her always pursue a course round the star-
sphere which crossed the sun’s path or ecliptic at two points opposite each
other, attaining midway hetween these points a range of 5° 9 above or north
of the ecliptic, and a range of 5° 9" helow or south of the ecliptic.

(319.) But if their observations were continued for a longer time—for a
year or for several years—or if they returned to the inquiry after intervals of
a year or two between the obxervations which had seemed to indicate a parti-
cular position for the lunar path, they must presently have found that, while
the moon’s path is always inclined at an angle of about 5° 9" to the ecliptic,
the crossing-places are not constant. Suppose, for example, that observing
the moon’s course during a single circuit they had found her passing across
the ecliptic along the track A B, fig. 101, crossing the sun’s track descendingly
at N ; then, observing the moon’s motion a year later they would find her
passing across the ecliptic along the track ab, crossing the sun’s track
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descendingly at n. (These are the actual tracks followed by the moon from
January 23 to January 26, 1887, A N B ; and from January 13 to January
15, 1888, an b.) Careful study would show that the shifting of the moon’s
crossing-places backwards or towards the west to meet the motion of the
sun takes place irregularly, and indeed is sometimes replaced by a motion
forwards or towards the east. DBut on the whole it takes place at such a rate
as to complete one circuit in about 183 years.
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Fio. 101.—Path of the Moon across the sign Aquarius, constellation Capricornus, in
January 1887 and January 1888.

(320.) It was evident, then, to the early observers of the moon that she
was freer in her motions than the sun seemed to be. For, whereas he was
seen to travel along one and the same path with no variation but a slight
change of velocity, the moon was scen to travel on a path which varied in
position within certain limits. The track of her centre always lay between
the two parallels of latitude 5° 9’ north and 5° 9’ south of the ecliptic ;
but, subject to this condition, it was free to assume any position whatever.

L
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Closer observation, indeed, would have shown that the inclination of the

moon’s path to the ecliptic was itself slightly variable, ranging from a

minimum of about 5° 3%’ to a maximum of about 5° 13%".

(321.) The actual path of the moon around the star-sphere varies not
only in position, but in character in different months. Her track may have
a greater inclination or a less inclination to the plane of the equator than
the sun’s track has, or about the same inclination as lis, according to the
position of the points of crossing. The principal cases are considered for
the average inclination of the moon’s orbit in what follows :—

(322.) Let SE NW (fie. 102) represent the plane of the horizon, N being the
north point and SPN the visible celestial sphere. Let E A W /A’ be the eelestial
equator, the arrow on this eircle showing the direction of the diurnal motion; and let
We E ¢ De the eeliptie, the arrow showing the
direction of the sun’s annual motion, The eelip-
tie is only placed, for eonvenienee of drawing,
in sneh a position as to eross the equator on the
horizon at E and W ; twiee in each day it oeeun-
pies that position as it is ecarried round by the
dinrnal motion, and onee in each day it is in the
exact position indieated in figs. 102 and 103 ; that
is, with its aseending node (or the first point of
Aries) just setting in the west.

(323.) Now let ns suppose that the rising
node of the moon’s orbit is at W, the place of the
Fia. 102, Showing the Moon’s path round vernal equinox. Then W ME M’ is the moon’s

the Star-sphere when it has its greatest orbit, ¢ M and ¢ M’ are ares of about 5°9; and
ff;ﬁutiffqt inclinations to the celestial o goo that the range of the moon north and
south of the equator exceeds the range of the
ecliptie (that is, of the sun) by these equal ares. In other words, the moon when at
M is about 28° 36" north of the equator, instead of being only about 23° 27" north, as
she would be if she moved on the eeliptie ; while when at M she is about 28° 36" south
of the equator: she moves throughout the sidereal month as the sun moves through-
ount the sidereal year, passing alternately north and sounth of the equator, but with a
greater range, due to the greater inelination of her orbit. Aecordingly, she remains
a longer time above the horizon when at any given stage of the northern half of her
orbit, and she remains a shorter time above the horizon when at any given stage of
the southern half of her orbit, than she would be if she moved on the eeliptie. She
also passes higher than the sun above the horizon when at her greatest northerly
range, attaining at this time (in our latitudes) a leight of more than 66° as at M,
instead of less than 61° as is the case with the sun, at ¢; and she is correspondingly
nearer the horizon in southing when at her greatest southerly range from the equator,
attaining, in faet, a sontherly elevation of less than 10° as at m, instead of more than
15°, as is the case with the sun, af .

(824.) Next let us suppose that the deseending node of the moon’s orbit is at W

(fig. 102), the place of the vernal equinox ; then W m E m’ is the moon’s orbit; ¢ m
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and em’ are the aves of about 5° 9’; and we see that the range of the moon north and
south of the ecliptie is less than the range of the sun by these equal ares. The
moon when at m is about 18° 18" north of the equator, instead of 28° 27’, and she is
about 18° 18’ south of the equator when at m’. Thus she has a smaller range than
the sun north and south of the equator. She does not attain a greater elevation above
the southern horizon than about 56°, as at m ; but, on the other hand, her least cleva-
tion when due sonth exeecds 20, as at p (the sun’s greatest and least southerly
elevations, as at ¢ and ¢, being respectively about 61° and about 15°). '

(325.) Thirdly, let the rising node of the moon’s orbit be ncar ¢, the plaee of the
summer solstiee (fig. 103); then e M ¢ M’ is the moon’s orbit, which crosses the
equator at two points, M and M’, in advance of the equinoctial points W and E.!' We
see that its greatest range from the ecliptic is attained nearly at the points ¢ and ¢,
and is therefore appreciably eqnal to the sun’s range. The cireumstances of the
moon’s motion must therefore resemble very closely those of the sun’s, the chief
difference resulting from the fact that the nodes of the moon’s orbit on the equator
are some twelve or thirteen degrees in advanec of the equinoetial points.

(326.) Lastly, similar considerations apply when the descending node of the
moon's orbit is near ¢, the moon’s path being in this ease em ¢’ n/, and its nodes
on the eqnator some twelve or thirteen degrees behind the eqninoctial points.

(327.) The moon’s orbit passes through the complete evele ol changes (of which
the above fonr cases are the quarter ehanges) in about 18:6 yvears, the lunar node
moving on the whole backwards on the ecliptie.
Thus, if such a cycle of years begin with the
moon’s orbit in the position WM E M’ (fig. 102),
then in about a fourth of the cycle (that is, in
about 4:65 years) the moon’s orbit is in or near
the position ¢’ m’ ¢ m (fig. 103), the node having
moved bhackwards from W to near ¢, or one-
quarter of a revolution. One-fourth of the eyele
later—that is, abont 9-3 years from the begin-
ning of the eyele—the moon’s orbit is in or
near the position I\ m” W m (fig. 102), the node
having moved still backwards from ¢’ to near
E. Yet another fourth of the cycle later or
about 18:95 years from its commencement, the 1“‘1']-“}";’im_i::;:}"}i‘_“:’vlﬂ'l‘l' TR Tound
moow’s orbit is in or near the position ¢ M ¢/ M clination of the celestial equator.

(fig. 103), the rising node having shifted back-
wards from F to near ¢; and lastly, at the end of the complete cyele of 186 years,
the moon’s orbit is in or near its original position.

(328.) Tt will be manifest if we consider fig. 101 and the general relations
which that figure illustratcs, that when the moon is passing the sun (at the
time of new moon) she may be close to the ecliptic =0 that her dise may over-
lap or even actually cover the dise of the sun, or on the other hand she may

the relation that they are on the equator, and
about 5° 9 north and south of the echptic.

L2

' These points and the points m and m’ are
about 124° from E and W, being determined by
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pass by the sun at a place where her course is at a considerable distance from
the ecliptic so that no such partial or total concealment of his disc can ocenr.
Furthermore it is obvious that exactly opposite the place of the sun the
Earth’s shadow must fall athwart the ecliptic, its centre travelling along the
ecliptic pari pussu with the motion of the sun’s centre along the ecliptie, as
shown in the twelve maps, figs. 86-97, the centre of the Earth’s shadow
being always 180° from the centre of the sun, or at exactly the opposite part
of the sky.  And the moon travelling round the star-sphere in the way we
have eonsidered, she may cither, when passing the place where the Earth’s
shadow falls 1thwmt the ecliptie, travel elear of that shadow or pass into it,
so that more or less of her dixe will be in shadow.

(529.) We see, then, how the study of the movements of the sun and
moon was early associated with the attempt to predict eclipses of these bodies,
an eclipse of the sun being an occasion when the moon in passing between the
Earth and sun conceals a portion or the whole of his dise, while an eclipse of
the moon is an oceasion when the moon in passing the part of the ecliptic
opposite the sumn falls partly or wholly into the Earth’s shadow. Such oceur-
rences will be more particularly considered in their proper place farther on.
Here it is only necessary to notice that since the moon has thronghont any
year nearly the same crossing-places on the edlptlc month after month (fig.
101 shows how slightly a whole year changes the position of one of the crc crossing-
places) ; and since the sun passes the two erossing-places at intervals of rather
less than half a year (the centre of the Larth’s shadow behaving in this re-
speet precisely as the sun’s centre does), it follows that at two periods in
each year the sun and the Earth’s shadow are for awhile so near one or other
of the moon’s two crossing-places that she cannot pass without an echp%e of
the sun when she is new, or an eclipse of the moon when she is full. One
or other kind of eclipse, or eclipses of both kinds, must occnr while the sun and
the carth’s shadow are in or near this position. Thus there are two epochs
in each year at or near which eclipses ean oceur ; and they can occur at no
other times during the year. These may be ca]]ed eclipse-months or eclipse-
The interval from the middle of one to the middle of the next would
be exactly half a year but for the slow shifting of the crossing-places, already

described, Art. 319, This causes the mean interval to be less than half a year
by about ten days.”?

NCASONS.

! The Ecliptic is 5o called because an Lclipse
(éxherris, quitting or disappearance) whether of
the sun or moon can ocenr only when the moon
is on or close to the ecliptic.

* The average interval may be more exactly
determined as follows :—Since the descending or

ascending node of the moon’s path travels back-
wards round the signs once in 18:6 years, the sun
passes either node of the moon’s orbit 19-6 times
in 18'6 years, and both nodes twice as often, giving
for the mean interval required 132 of a year, or
about 173} days,
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(330.) In the eclipses which they predicted and observed under varying
conditions, the ancient astronomers recognised further evidence of the real
relations of the apparent paths of the sun and moon around the Earth.  The
sun’s almost uniform motion and scarcely perceptible change of size in his ap-
parent yearly circuit showed that if he really moves round the Earth, it must
be in a nearly circular orbit, and with nearly uniform velocity. The moon’s
monthly motion and slight change of apparent size showed the same in regard
to her circuit. The lunar phases showed that her monthly orbit lies far
within the sun’s yearly path.  LEclipses removed all possible doubt from this
conclusion.  On the geocentric hypothesis; which naturally approved itself in
the first place to the minds of astronomers, it was now established that the
sun goes round the Earth once in 365} days, while the moon goes round her
at a much smaller distance onece in 27} days, with an apparent freedom to
change her path (not only with regard to the crossing-places on the celiptic,
but with regard also to the position of the point of nearest approach to the
Earth) suggestive of instability as compared with the steadfast motions of the
sun.  Yet a law could be recognixed in these changes.

(331.) Thus far we have considered observations relating to the moon's
motions referred to the celiptic or the track of the sun.  We must consider
next the moon’s motion as referred to the star-sphere : —

In any given month the moon traverses appreeciably a cirenit around
the stellar heavens resembling that traversed by the sun, but never actually
coincident with the ecliptic.  The time of circuit is not, like the sun's,
appreciably constant.  Yet the variation is hardly such as the ancient
observers would have been apt to notice, and nced not occupy onr atten-
tion here. The actual mean period of cirenit must have been ecarly deter-
mined with great accuracy, as on it depended the prediction of celipses of
the sun and moon. This period is, of course, considerably less than that
lunar month, the mean time in which the moon passes throngh her phases,
which had earlier occupied the attention of astronomers. For, when the moon
having passed from conjunction with the sun, has gone through her phases,
and is again passing to conjunction with the sun, she has to attain to a posi-
tion (in longitude) towards which the sun has been advancing all through
the lunar month. In untechnical terms she has not only to complete the
cirenit of the star-sphere to the longitude from which she started, but to
traverse, over and above that circuit, the arc over which the sun has passed
in the month.

(332.) The mean time taken by the moon in traversing the circuit of
the heavens, or the mean length of the sidereal month,is 27 d. Th. 43 m. 11s.
If we measure the moon’s motion from the first point of Aries, which is itself
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moving slowly in a direction contrary to that of the motion of the sun and
moon, we get a slightly shorter month, for the same reason that the tropical
year is less than the year of seasons ; but the difference only amounts to 83
seconds. But the sidereal month is the true period of the moon’s circuit of
the heavens, all other lunar periods being in a sense factitious.

The common lunar month is the period of what is called a synodical
revolution of the moon, or the mean interval between successive conjunctions
of the sun and moon : its length is 29 d. 12 h. 44 m. 3s.

(333.) Observed throughout any circuit of the star-sphere the moon is
found to travel with varying velocity, indicating eccentricity akin to that of
the sun’s apparent orbit, but greater. The ancient astronomers recognised
this peculiarity, even as they had recognised the variation of the sun’s rate of
motion. They misinterpreted it also in the same way in consequence of their
attempt to explain it by the simple eccentricity of the lunar orbit, without
assuming any actual variation in the moon’s rate of motion. The actual
mean eccentricity of the moon’s orbit is about gl ; that is to say, if 200 be
taken as the moon’s mean distance, her greatest and least distances would be
represented respectively by 211 and 189 when her orbit is in its mean con-
dition. DBut the eccentricity ranges from this value, or 334, to 1§54 at its
greatest and to ;3 at its least value. The ancients supposed it to be nearly
twice as great, explaining the moon’s varying motion as resulting entirely
from eccentricity. They found that the position of the moon’s perigee was not
fixed on her orbit, any more than the position of her rising and descending
nodes on the ecliptic had been found to be. But whereas the place of the
node was found to be on the whole retrograding, so as to make the passage
from node to node rather less than a sidereal lunar month, the place of the
perigee was found to be on the whole advancing, so as to make the passage
from perigee to perigee rather more than a sidereal month. The perigee thus
advancing (on the whole) completes the circuit of the heavens in 8:85 years.

(334.) The following table of lunar months serves to show how they
differ from the mean sidereal month :—

Days
Common lunar month (synodical revolulion) . . . . . 29'5?3059
Mean interval from perigee to perigee (anomalistic rev nlutwn) o . 27°55460
Mean time of cireuiting star- sphelc (sidereal revolution) . 5 o . 2732166
Mean time of cireuiting the signs ([ropu al revolution) . e . 27-32156
Mean interval from rising node to rising node (nodical rev olulwn) . 2721222

(335.) Observations of the other five orbs which were seen to move
upon the sphere of the fixed stars revealed other peculiarities of motion, sug-
gesting a much greater degree of freedom than the moon showed, or (which
is much the same thing) presenting even more difficult problems for solution
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when astronomers attempted to recognise law and orderly sequence in these
movements,

(336.) The planets Venus and Mereury could only be observed along
those parts of the tracks of each which were at a certain distance from the
sun. We must not exaggerate, as many have done, the observing acuteness
of the ancient astronomers, who discovered that the planet Mercury, which they
saw at certain times on the east of the sun as an evening star, is the same
orb which they saw at other times on the west of the sun as a morning star.
In countries like England, Germany, and France, indeed, astronomers might
observe for centuries without noticing Mercury, which is seldom visible to
the naked eye, and scarcely ever conspicuous. Copernicus never saw Mer-
cury, though he anxiously looked for the planet whenever it was favour
ably placed. But in Egypt and Babylon, and in similar Iatitudes north and
south of the equator, Mercury, for a full fortnight at each elongation, is not
merely visible, but staringly conspicuous. I have repeatedly seen the planet,
both as a morning and evening star in the Middle and Southern States of
America, standing out more strongly than Jupiter is ever scen as a morning
or evening star in England. In Egypt and Babylon, Mercury must have heen
even more obvious at his rapidly alternating appearance as an evening and
morning star. Indeed the name given to the planet by the Grecks—o6 oriABwr
the sparkling (star)—shows that Mercury was regarded as strikingly eon-
spicuous even in Greece, where the conditions for observing it were not ax
favourable as in Mesopotamia or Lgypt.  The Indians gave the planet a name
having the same meaning.

(337.) Observing Mercury only when nearly at his greatest distance cast
and west of the sun, the ancient astronomers recognised the brilliant planet
as in a sense accompanying the sun in his annual cirenit round the ecliptie,
being never more than some 26 or 27 degrees from the sun cither on the cast
or on the west,  Thus they would assign to Mereury a mean period of eir-
cnit equal to the sun’s, or one year. The oscillation on either side of the sun
seemed to occupy rather less than four months, or about 116 days, in which
time the planet passes from its greatest clongation on the cast of the sun to
its greatest clongation on the west, and thence back to its greatest elongation
on the east again. This would suggest that while travelling with the xun
round the Earth, once in a year, Mercury travels round the sun in a period con-
siderably less than 116 days.

(838.) For if M, fig. 104, is the position of Mecreury when seen from the Earth, E,
at its greatest distance east of the sun at S, and the planet is again scen similarly
situated with respect to the sun after 116 days, when the sun is at S, Mercury
being at M, it is evident that the planet has in that time not mercly made one
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circuit, which would have carried it only to M, but a circnit increased by an arc
measuring the angle M E M/, equal to the angle S E 5 swept out by the sun in moving
(apparently) round the are S8’ in 116 days. In other words, Mercury appears to
traverse in 116 days an are
corresponding to the motion
of the sun in his apparent
orbit during 365} + 116, or
481} days. This gives the
time of Mercury’s apparent
circuit round the sun as
3651

4814

or about 88 days.

116 days x

(339.) It appears that
the Egyptian astronomers
did thus regard Mercury as
travelling around the sun

in an orbit large enough

FiG. 104, —Illustrating the apparent motion of Mercury around to have an appm‘ent span
the Earth.

of about 48° in a period
of about 88 days, whilst the sun circled once in a year round the Earth.
In this way, by giving to Mercury’s supposed path round the sun its due
inclination to the ecliptic, about 7°, and its proper eccentricity as indicated
by the varying amount of elongation noticed at different times, the ancient
observers were able fairly well to ‘save appearances,” and to obtain rules
for predicting the apparent movements of the planet. But if they had ob-
served with anything like accuracy the actual eccentricity of the apparent
orbit of Mercury round the sun, they must have discovered that uniform
motion along an orbit of that eccentricity would not account for the observed
variation in the rate of the planet’s apparent motion round the sun.

(840.) Observations of Venus would point to the same general conclusions in this
case as in the case of Mercury. The brighter planet ranges farther on either side of
the sun, its mean range being no less than 46°; so that the apparent path of Venus
round the sun has an angular span of about 2° more than a full right angle. The
time in which the planet completes an apparent oscillation on cither side of the sun—
that is, from its greatest elongation on the east to its greatest elongation on the west,
and thence back to its greatest elongation on the east again—amounts to nearly 584
days, giving for the period of revolution around the sun (by reasoning similar to that

employed in Mercury’s case) 365}

584 days x 9491

or 2247 days.

(341.) In the case of Venus, somewhat clearer evidence was given than
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in the case of Mercury that the planet really has this subordinate movement
around the sun while sharing the sun’s apparent motion around the Earth.

For, if s Ss’ (fig. 105) represent part of the sun's eourse round the Earth at E,
while M M m and V I"v represent the epicycles of Mercury and Venus, it is clear, from
the greater range of Venus on either side of the sun, that we must assign to her a
wider course than to Mereury in the
same degree that VI"'v in fig. 105 ex-
ceeds M M m. Henee, obviously, there
is a mueh greater diserepaney between
the ares Vv 77and Vv 1’ than between
the arcs Mm M and Mwm M. This is
actually observed, Venus taking a much
shorter time—only about 141} days—
in passing from her greatest elongation
as an evening star, and on the east of
the sun, as at V, to her greatest elonga-
tion on the west of the sun as a morning
star, as at V, than in passing from the
last-named position back to her greatest
elongation as an evening star again.
Moreover, the variations of distance as
indicated in fig. 105, and the inferred
variations in the amount of the illuminated portion of Venus turned earthwards—
assuming her to be, like the moon, an opaque body deriving her light from the sun
—-eorrespond closely with what 1s actually observed as Venus passes through her
varying apparent positions with respect to the sun.

Fra. 105.—hustrating the apparent motion of
YVenus around the Earth.

(342.) We have no direct evidence, however, that Egyptian or DBaby-
lonian astronomers either observed Venus and Mercury closcly enough to
recognise such peculiarities, or that if they did they drew the neecessary
inferences. All we know is, that if they had made such discoveries they
would in all probability have kept them concealed among the mysteries ot
their religion, in which the planets, ineluding the sun and moon, were deities.
It is known, however, that, according to the ancient Egyptians, Mercury
and Venus travelled round the sun, while he travelled round the earth ; and
such a theory respecting the inferior planets really involves ideas respecting
the superior planets also (as will presently appear) altogether inconsistent
with the commonly accepted notion that ancient astronomers recognised no

motion of the superior planets around the sun.!

! We have nomeans of judging what Egyptian  themselves so ignorant of astronomy that their

or Babylonian astronomy was like, except the
statements made by writers like Diodorus
Siculus, Proclus, Macrobius, and others, who,
while they evidently had but the vaguest infor-
mation (derived through imperfect sources), were

account even of matters fully reported to them
would have had no scientific value. Macrobius
(In. Somn. Scrip., Book I.) says the Egyptians
held the opinion that Mercury and Venus move
round the sun. But later this theory was attri-
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(343.) The apparent path of Venus around the sun, like that of Mer-
cury, was found not to lie in the plane of the ecliptic—the inclination being
in her case, however, only about 32 degrees, or less than half that of Mercury.
The orbit of Venus around the sun might also have been found to be eccentric,
though not nearly so eccentric as the orbit of Mercury.

(344.) Turning to the outer planets—Mars, Jupiter, and Satnrn—the
ancient astronomers recognised peculiarities of motion even more striking

F1a. 106.

Five Synodical Loops (traversed in 5} years) of the path of Saturn 4,000 years ago.

(From ¢ Saturn and its System.” 1865.)

than those of Mereury and Venus, though not at a first view so casily
interpretable.

(345.) Taking first the most slowly-moving planet, Saturn, as the one
which seems likely to be most easily dealt with, the astrononers of old times,
like the astronomers of to-day, recognised in Saturn an orb which secmed
to circuit the celestial sphere in a period of about twenty-nine years, making
a serics of small loops after the manner shown in fig. 106, where five such
loops are shown along the portion of the ecliptic corresponding to the signs
Gemini and Cancer of that time. The planct is supposed to pass on the whole
from right to left, so that cach short loop is traversed backwards, or from left to
buted to Apollonius of Perga. May we not well | that here we have traces of the advanced nature

belicve that the views vagnely attributed to | of aneient Egyptian and Babylonian astronomy,
Pythagoras, Philolaus, Heraclides, and Nicetas, = not understood by those who handed on these

were inreality sueh notions of Egyptian astronomy
as the purposely veiled accounts of the Egyptian
priests enabled Pythagoras to form during his
travels in Igypt, and such as he had handed
down to his followers, and as his followers had
distributed—not improved in elearness—to others.
When Pythagoras stated that all the heavenly
bodies moved round the central fire (as Aristotle
and Plutarch relate); when (as Cicero tells us)
Heraclides and Nicetas supposed the Earth to
revolve round the eentre of the universe, and
Philolaus tanght that the Earth is one of the
stars or planets, we may more reasonably believe

stories, than that Pythagoras and the rest only
intended these sayings to be understood in some
mystical or non-natural sense. What the Pyramid
shows of the actual observing skill of Egyptian
astronomers renders the former view antece-
dently probable. What we know of the ways of
the later Egyptian priests strongly eonfirms it.
On the whole, it is mote probable that the
Egyptians held the true heliocentrie theory than
even that they held Tyeho Brahé’s admirable
eompromise between that and the Ptolemaic
I theory.
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right. Thus the planet advanees between two loops till it reaches a certain
turning-point called its station, then travels backwards till it reaches another
station, and so forwards again to another loop which it traverses in a similar
manner. Saturn traverses twenty-nine such loops in passing round the star-
sphere, completing the circuit in twenty-nine years. It will be observed that
his path is inclined to the ecliptic. In fig. 106 [ have set the place of cross-
ing to correspond with the position which it had some -£,000 years ago ; and
the signs are marked in the position they then had. 1In fig. 107, five loops
of Saturn, over a similar portion of his path, in the years 1860 to 1865,
are similarly shown.

(346.) It will be observed that the loops vary in shape as the planet
traverses ditferent parts of his cirenit of the heavens. The actual changes
taking place during a complete circuit are discussed at length for Saturn in
my ¢ Saturn and its System,” but can be sufliciently inferred from what ix
stated a little farther on with regard to Jupiter.

(347.) Now if it were merely observed that Saturn traverses such a
course as 1s shown in figs. 106, 107, it can readily he understood that the

]

* |

1
!

o

F1a. 107.— Tive Synodieal Loops (traversed in 5} years) of the path of Saturn, 1860 1865
(From * Saturn and its System.”  1865.)

observers would be led to recognise as the true path of the planet a looped
course resulting from his motion, with more rapid course, around a small cirele
whose centre was advancing around the Earth. This is the usual statement
made in books of astronomy. DBut the astronomers of old times must have
been much more struek by two peculiarities affecting the motion of Saturn,
and recognised in the case of each of the other superior planets. The planet
is always lost to view (passing througlh conjunction with the sim) when in
the midst of its long advancing arc, while it is exactly opposite the sun (that
is on the meridian at midnight) when in the middle of its short retrograde
arc. The astronomers of old times could hardly suppose that these coinci-
dences were purely accidental ; and regarding them as not aceidental, they
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must have inferred that the motion of the planet was in some way regulated
by the motion of the sun.

(348.) Having already noticed that Mercury and Venus moved pre-
cisely as if travelling round the sun each in a certain period, while he travelled,
once in a year round the Earth, the old astronomers can hardly have failed to
inquire whether the outer planets too might not travel round the sun, each in
its own proper period, while he travelled, with the motion already recognised,
once in a year round the Earth. As it is certain that among the old astrono-
mers of Egypt and Babylonia were many excellent mathematicians, and as no
mathematician could fail to recognise the perfect agreement of the motions of
the snperior planets with the theory naturally suggested both by what had been
observed in the case of the inferior planets and by the synchronism between
the movements of the superior planets and the sun, it can hardly be doubted
that the Egyptian astronomers had in reality anticipated the whole of what
has been called the Tychonic theory of the Solar System, according to which
all the plancts move, each in its proper period, round the sun,! while the
sun revolves in a year around the Earth. This need not prevent us from
believing that later the LEgyptians may have made the Earth also revolve
around the sun, as in the true heliocentric theory. See note on p. 153.

(349.) Observation of the planet Jupiter led to similar results. His more
brilliant orb was found to circle the star-sphere in a shorter time—twelve
years instead of twenty-nine—the backward loops were found to be larger ;
The planet
advanced through a long are, reached its station, then retrograded over a
short arc to the next station, thence advancing through a long arc as before.
And always it was noticed that while the planet was invisible (being in con-

but the method of circuit was seen to be precisely the same.

junction with the sun) when in the midst of its long advancing are, it was at
its brightest, and exactly in opposition to the sun (or at its highest at mid-
night), when in the midst of its short retrograde arc.

(350.) In the case of Jupiter, as in Saturn’s, the loops traced out by
the planet were observed to change in shape. Fig. 108 shows one half the
changes observed in Jupiter’s loops—those, namely, by which a loop above

' T do not give the proof of the theorem that
precisely the same motions result if the sun
moves in a year round the earth, each planet
moving in its period round the sun, as if all the
planets, the Earth included, move in their proper
period round the sun, or if each planet moves in
a small circle once in a year around a centre
which itself moves in a large circle around the
Earth in the planet’s proper period. For while
such propositions, and their demonstration, have

no interest for non-mathematicians, mathema-
ticians would not be contented with so mere a
sketch of the demonstration as could alone find a
place in these pages. I may refer the student of
such subjects to the later sections of my treatise
on the Geometry of the Cycloidal Curves, a book
written expressly for the study of the many pro-
blems relating to such curves which arise from the
study of the planetary motions. But an outline
of the proof is given farther on.
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the mean track is changed through six forms into a similar loop below
the mean track. It will be observed that the middle form of the seven
shown is not looped, but simply twisted. The remaining half of the curves
traversed by Jupiter in his complete circuit of the heavens change through
forms similar to those shown in fig. 108,
taken in order from below upwards and
inverted right and left (or seen as from
behind, or by reflection at a mirror). It
is casy to recognise how these variations
of form result from the motion of the
Earth on a path inclined to the plane
of the planet’s path, and crossing that
plane at points occupying varying posi-
tions with respect to the planet in each
synodical revolution.

(351.) The movements of Mars
secemed at a first view somewhat different
in character from those of Saturn and
Jupiter ; though on more eareful inquiry
it was seen that they only differ from
those of the more remote planets in the T 10% fg“_‘;,‘:i(',‘fﬂ“{fi“f,‘]"'f:“:l‘:‘z;’[ﬁ"""ﬂ EAN
same sense that the niovements of Venus
differ from those of Mercury. We have seen that, whereas Mercury passes
through more than three apparent circuits of the sun in going with him

once round the star-sphere, YVenus does not even complete one cirenit in a
year, but takes 584 days in making an apparent ecircuit round the sun,
while in that time making with him more than a circuit of the star-sphere,
in the degree in which 584 exceeds 365). The case of Mars is similar,
He makes a series of loops round the star-sphere, but he completes more
than a circuit of the star-sphere between the tracing out of suceessive loops.
He is out of sight, or so inconspicuous as not to be mueh noticed among
the fixed stars, for a much longer time than Jupiter or Saturn. It is only
when lhe is traversing the short backward arc of his loop that he is really
conspicuous among the stars. In the middle of that retrograde motion he
is at his brightest ; and like the other superior planets, he is then directly
opposite the sun, and shines with his greatest lustre when passing his
meridional culmination at midnight. His appearance while advancing to
the station preceding his retrograde motion, and after passing the station
at the other end of his retrograde arc, is that of a conspicnous but not
very striking red star. During his retrograde motion he shines brightly, but
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not with equal brightness at each return to this favourable position. Some-
times he is almost as bright as Jupiter, from whose white orb, however,
the ruddy hue of Mars always distingunishes him, as the dull yellow light
of Saturn distinguishes him from both Mars and Jupiter at other times.
Even when thus favourably situate, Mars is outshone by Jnpiter. After
completing a loop Mars advances, gradually diminishing in lustre, till he
disappears from view, passing to conjnnction with the sun, at a part of the
zodiac rather more than half-way round from the middle of his retrograde
arc (the place of opposition to the sun). Afterwards, continuing to advance,
gaining on the sun, he draws onwards to the place of his next loop, which
has the middle of its retrograde arc about one-seventh of the ecliptical circuit
in advance of the middle of the preceding loop. So do the successive loops
of Mars advance round the zodiac, but always a complete circuit of the zodiac
is accomplished between each.
(352.) The relative dimensions of the loops or twistings traversed by
the five planets known to the ancients can be inferred from fig. 109, which
shows one loop of each path as
1 actually mapped in to scale during
the same biennial period a (few

A LOOP OF SATURNS PATH .
v - years ago). DBut it must be un-

o oo IR e derstood that, as figs. 106 and 107
show, the loop of Saturn goes
throngh changes of form akin pre-
cisely to those deseribed in the
case of Jupiter; only there are

twenty-nine changes instead of

A LOOP OF MARS'S PATH

A LOOP OF VENUS'S PATH .
twelve : while the loops of Mars,

Venus, and Mercury, though
having always about the span (as
compared with the span of the
loops of Saturn and Jupiter)

2.L00R Primad g ST shown in fig. 109, vary greatly in

F16. 109.— Forms of some of the Loops traversed by the  form. The reason in the case of
Planets in the Star-sphere. = .

‘ Mars and Venus is that the paths
of these planets lie next to the Earth, on the outside and inside of her track :
this proximity causes the inclination of the orbits of the two planets to
the ecliptic to produce more conspicuous effects than the inclination of the
more remote planets Saturn and Jupiter. In the case of Mercury, it is the
large inclination of the planet’s path to the ecliptic which causes the loop to
undergo remarkable changes of shape.

o=



MOTIONS OF THE SUN, MOON, AND PLANETS 159

(353.) In figs. 110 and 111 the apparent paths of Saturn and Mars
through a loop of either are shown on the same seale.

(354.) In fig. 112 the paths of Jupiter and Mars in 1884 are shown in
the same zodiacal map.

(355.) It seems impossible to doubt that the keen observers and excel-
lent mathematicians’ who formed the school of Egyptian and Babylonian
astronomers, from which the
Greek school derived its chief
principles, can have failed to be
struck by the exact synchronism
between the movements of the
five planets and of the sun. It

Fehpti
»

appears probable, indeed, as I Vi s, |

. z iy
have already pointed out, that »
these old

adopted the theory that the sun

astronomers even

is the trne eentre of the motions

of all the planets, onr carth

\ : Ta. 110.—Path of Saturn fr junction in June 1883
The mechanical and G ath of Saturn from eonjunction in June 1883

incinded. to conjunction in July 1886,

physical objections against such
a theory could not probably be met by any argnments available in those
times, any more indeed than they could be met by the astronomers of the
But the
obvions simplicity of the scheme would be apt to make it acceptable.

Middle Ages for nearly a century after the time of Copernicus.
Pure
mathematies alone, however, suflice to show that all the movements of the
planets can be explained as dne to ecireling motions aronnd the sun, in the
periods which modern astronomy assigns to the different planets, the sun
himself being supposed to circle around the Earth once in a year, at a dis-
tance unknown but certainly exceeding many times the distance of the moon,
which was estimated by the old astronomers at about 230,000 milex, or not
far from its true value.

(356.) It is quite certain that the ancient Egyptian and Babylonian

! T may cite as one among the illustrations of
the inability of the ancient Greek and Roman
writers who dealt with Egyptian astronomy,
to appreciate its value, that Diodorus Sienlus
speaks of Egyptian astronomy as very defective,
since they could not predict solar eclipses acen-
rately, whereas they could predict lunar eclipses
well. He manifestly did not in the slightest
degree appreciate this difference between the two
problems. An eclipse of the moeon is visible

wherever thie mmoon is above the liorizon, and it
is easy to calenlate beforehand whether the moon
will be above the horizon or not when in oppo-
sition to lhe sun. But an cchipse of the sun is
only visible along the actual track of the shadow,
and 1he track of the true wmbra in total solar
eclipses is very narrow eompared with the span
of the Earth's disc supposed te be scen from the
£nn.
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astronomers arranged the planets in order of distance corresponding with their
periodic motions around the sun, and not around the Earth ; nor, so far as ]
can see, can any reason be assigned from the Ptolemaic System for arranging
the five planets, the sun, and the moon, in the order which was actually
adopted among all the civilised nations of the East long before Greek astro-
nomy began.

(357.) This order was as follows :—

1. Turx Moox. 5. Mars.
2. MERCURY. 6. JUPITER.
3. VENUS. 7. SATURN.

4. Tue Sux.

It corresponds with the periods of motion of the sun and moon round
the Earth, and of the other planets (for the sun and moon were called
planets in anecient astronomy) round the sun. The week, most ancient of
all the ancient time-periods, shows still, by the planets associated with its
several days, how universal the order above presented must have been. 1'ov
taking the simple explanation (unquestionably borrowed from very ancient
lore) by Dion Cassius, we sce how, by assigning to the twenty-four hours of
each day the seven planets in the above order, constantly repeated, the first
honrs of successive days would be devoted to the planets in the following

order :—
1. Tne Moox . . Monday, Lune dies, Lundi, &c.
2. Magrs . . . Tuesday, Tuisco's day, Martis dies, Mardi, &e.
3. MERCURY . . Wednesday, Woden's day, Mereurit dies, Mereredi, &c.
4. JUPITER . . Thursday, Thor's day, Jovis dies, Jeud:, &e.
5. VENUS . . Friday, I'reya’s day, Veneris duies, Vendredi, &c.
6. SATURN c . Saturday, Setor's ' day, Saturni dies, Samedi.?
7. THE Sux . . Sunday, the day of the chief Deity, Dies Dominiea, Dimanche, &e.

(358.) Satisfied that all the planets were for the special benefit of man,
or ruled over the Earth as deities, the ancient astronomers strove with landable
zeal to ascertain the special influence and power of cach planet. Regarding
the sun as obviously the life of each year, the giver of harvests, vintage, &c.,
while the moon as obviously was the measurer of time for men, they strove to
assign to each of the other planets some influence snggested by the planet’s
aspect. Hence, naturally, Saturn, gloomy-looking and slow-moving. was
regarded as malefic : on his day rest was enjoined, for he seemed restful, and,

! Our Saxon forefathers erred in raming this | —Samedi, shortened from * Sabbatis dies.” The
day, much as the Romans erred in confonnding | Italian name is Sabbato, the Spanish Sabado,
their Hercules with the Greek Herakles. The | and so on. In Germany also the name Samstag
Saxon Sator or Sztor was not the equivalent of 1indieates the original idea of rest naturally asso-
the mythologic Saturn. i ciated with the day dedicated to the most slowly

* The French, Italian, Spanish, and generally  moving and also gloomiest-looking of all the

the Latin usage, presents Saturday as the Sabbath  planets.
M
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moreover, his day was held unfortunate like himself. The splendour of Jupi-
ter as naturally suggested good-fortune and power. The ruddy light of Mars
suggested thoughts of war and blood. ~ Venus, most beautiful of all the planets,
and shining with chief glory in the twilight, came naturally to be associated
with thonghts of love; while Mercury, showing for a short time on either
side of the sun, and seemingly shifty in movements, was associated as natu-
rally with the idea of craft and subtlety. Such a disposition of the various
planets was the best the old astronomers could devise: and, granted only
that the planets really were able to exert special influence on the fortunes of
men, such peculiarities of power and influenee might most naturally be asso-
ciated with those several bodies. At any rate the ideas thus eonceived ob-
tained in the eourse of time the most widespread influenee, and this influence
has been impressively long-lasting. To this day, in India, China, Japan,
Persia, Egypt, nay, among the most civilised nations of Europe and America,
partieular days are supposed to possess specific qualities.  Friday is still a day
on which it is unfortunate to begin a long journey or any considerable under-
taking ; but few know that the superstition began when Friday, though
sacred to the fortunate planet Venus, was regarded as an unsnitable day
for beginning important business, because immediately following it came the
day of the unlucky and slow-moving Saturn.  Still more widely spread, and
even respected, is the idea that there must be general rest from work on
the Sabbath, a day really representing (though now shifted to the sun’s day
through the command of Constantine) the diy anciently devoted to Saturn,
and most naturally regarded by worshippers of the heavenly bodies as a day
whiech should be devoted to rest and saturnine gloom.

(359.) In reality, of course, the ideas of the ancient astrologers respecting
the special influences of the planets on the fortunes of men, though natural
enough, had no more foundation than the fancies of the alchemists, aceording to
which the planets rule specially over seven metals, in the order neatly indi-
cated by Chauncer :—

Sor gold is; and LuNa silver we threpe ;
Mars iron ; quicksilver MErcury we clepe ;
Saturnus lead ; and Jupirkr is tin ;

And VEenvs copper, by my faderkin.

(360.) We must not forget, however, that it required a great advance in
seientific research to enable men to see that these ideas have no real founda-
tion. The essential fact on which all such conceptions respecting the heavenly
bodies depend is the seemingly surpassing importanece—the size, mass, and
apparently manifest stability—of the Earth from which the celestial motions are
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observed. So long as men had not learned enough to enable them to recog-
nise the possibility that the Earth might merely seem large and massive because
near, and might be at rest only in relation to creatures bound, as it were, by
its attraction to its surface, and so unable to recognise such motion as it might
really have, they could not be expected to adopt any other idea than that
the heavenly bodies were specially created for the benefit of the Earth, and
probably for the special control of the various creatures existing upon its

surface.

(361.) The astronomy of the ancients, as we find it presented in the chief
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