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PREFACE

An attenpt has been nmamde in these pages to trace the evolution of
intellectual thought in the progress of astronom cal discovery, and,
by recognising the different points of view of the different ages, to
gi ve due credit even to the ancients. No one can expect, in a history
of astronomy of limted size, to find a treatise on "practical" or on
"theoretical astronony,"” nor a conplete "descriptive astronony," and
still less a book on "specul ative astronony." Sonething of each of
these is essential, however, for tracing the progress of thought and
know edge which it is the object of this H story to describe.

The progress of human know edge is neasured by the increased habit of

| ooking at facts fromnew points of view, as nuch as by the

accunul ation of facts. The nental capacity of one age does not seemto
differ fromthat of other ages; but it is the inmagination of new
points of view that gives a wi der scope to that capacity. And this is
cunul ative, and therefore progressive. Aristotle viewed the solar
system as a geonetrical problem Kepler and Newton converted the point
of viewinto a dynamcal one. Aristotle's nental capacity to
understand the neaning of facts or to criticise a train of reasoning
may have been equal to that of Kepler or Newton, but the point of view
was different.

Then, again, new points of view are provided by the invention of new
nmet hods in that system of l[ogic which we call mathematics. Al that
mat hematics can do is to assure us that a statenment Ais equivalent to
statements B, C, D, or is one of the facts expressed by the statenents
B, C D so that we may know, if B, C, and D are true, then Ais true.
To many people our inability to understand all that is contained in
statements B, C, and D, wi thout the cunmbrous process of a mathemati cal
denonstration, proves the feebleness of the human mind as a | ogica
machi ne. For it required the new point of view inmagined by Newon's
anal ysis to enable people to see that, so far as planetary orbits are
concerned, Kepler's three laws (B, C, D) were identical with Newton's
| aw of gravitation (A). No one recogni ses nore than the mathemati cal
astrononer this feebleness of the human intellect, and no one is nore
conscious of the limtations of the |ogical process called

mat henati cs, which even now has not solved directly the probl em of
only three bodies.

These reflections, arising fromthe witing of this History, go to
explain the invariable hunmility of the great mathematical astrononers.
Newt on' s conparison of hinself to the child on the seashore applies to
themall. As each new di scovery opens up, it nmay be, boundl ess oceans
for investigation, for wonder, and for adnmiration, the great
astrononers, refusing to accept mere hypot heses as true, have founded
upon t hese di scoveries a science as exact in its observation of facts
as in theories. So it is that these nmen, who have built up the nost
sure and nost solid of all the sciences, refuse to invite others to
join themin vain speculation. The witer has, therefore, in this
short History, tried to follow that great master, Airy, whose pupil he
was, and the key to whose character was exactness and accuracy; and he
recogni ses that Science is inpotent except in her own |limted sphere.



It has been necessary to curtail many parts of the History in the
attenpt - -perhaps a hopel ess one--to lay before the reader in a limted
space enough about each age to illustrate its tone and spirit, the

i deal s of the workers, the gradual addition of new points of view and
of new neans of investigation

It would, indeed, be a pleasure to entertain the hope that these pages
m ght, anmobng new recruits, arouse an interest in the greatest of al

t he sciences, or that those who have handl ed the theoretical or
practical side mght be led by themto read in the original sone of
the classics of astronomy. Many students have nuch conpassion for the
school boy of to-day, who is not allowed the |uxury of learning the art

of reasoning fromhimwho still remains pre-eminently its greatest
exponent, Euclid. These students pity also the man of to-norrow, who
is not to be allowed to read, in the original Latin of the brilliant

Kepl er, how he was abl e--by observations taken froma noving platform
the earth, of the directions of a noving object, Mars--to deduce the
exact shape of the path of each of these planets, and their actua
positions on these paths at any tinme. Kepler's masterpiece is one of
the nost interesting books that was ever witten, combining wit,

i magi nati on, ingenuity, and certainty.

Lastly, it nust be noted that, as a History of England cannot dea

with the present Parlianment, so also the unfinished researches and

unt est ed hypot heses of nany wel | -known astrononers of to-day cannot be
i ncl uded anong the records of the History of Astronony. The witer
regrets the necessity that thus arises of |eaving without nention the
nanes of many who are now nmaking history in astronom cal work.

G F
_August 1st, 1909.

BOOK |I. THE GEOVETRI CAL PERI OD

1. PRIM Tl VE ASTRONOW AND ASTROLOGY.

The growt h of intelligence in the human race has its counterpart in
that of the individual, especially in the earliest stages.
Intellectual activity and the devel opnent of reasoning powers are in
bot h cases based upon the accumul ati on of experiences, and on the
conpari son, classification, arrangenent, and nonencl ature of these
experiences. During the infancy of each the succession of events can
be wat ched, but there can be no _a priori_ anticipations.

Experi ence alone, in both cases, leads to the idea of cause and effect
as a principle that seens to domi nate our present universe, as a rule
for predicting the course of events, and as a guide to the choice of a
course of action. This idea of cause and effect is the nost potent
factor in developing the history of the human race, as of the

i ndi vi dual

In no real mof nature is the principle of cause and effect nore



conspi cuous than in astronony; and we fall into the habit of thinking
of its laws as not only bei ng unchangeabl e in our universe, but
necessary to the conception of any universe that m ght have been
substituted in its place. The first inhabitants of the world were
conpel l ed to acconmpdate their acts to the daily and annua
alternations of |light and darkness and of heat and cold, as nmuch as to
the irregular changes of weather, attacks of disease, and the fortune
of war. They soon cane to regard the influence of the sun, in
connection with light and heat, as a cause. This led to a search for
other signs in the heavens. If the appearance of a comet was sonetines
not ed simultaneously with the death of a great ruler, or an eclipse
with a scourge of plague, these night well be | ooked upon as causes in
t he sane sense that the veering or backing of the wind is regarded as
a cause of fine or foul weather.

For these reasons we find that the earnest nmen of all ages have
recorded the occurrence of conets, eclipses, new stars, meteor
showers, and remarkabl e conjunctions of the planets, as well as

pl agues and fam nes, floods and droughts, wars and the deaths of great
rulers. Sonetines they thought they could trace connections which

m ght lead themto say that a conet presaged fam ne, or an eclipse
war .

Even if these nmen were sonetines led to evolve |aws of cause and

ef fect which now seemto us absurd, let us be tolerant, and gratefully
acknow edge that these astrol ogers, when they suggested such "worki ng
hypot heses, " were | aying the foundations of observation and deducti on.

If the anci ent Chal daeans gave to the planetary conjunctions an

i nfluence over terrestrial events, let us renenber that in our own

ti me peopl e have searched for connection between terrestrial
conditions and periods of unusual preval ence of sun spots; while De |a
Rue, Loewy, and Bal four Stewart[1l] thought they found a connection

bet ween sun-spot displays and the planetary positions. Thus we find
scientific men, even in our own tine, responsible for the belief that
storns in the Indian Ccean, the fertility of German vines, famnes in
India, and high or low Nile-floods in Egypt follow the planetary

posi tions.

And, again, the desire to foretell the weather is so |audable that we
cannot bl ame the ancient Greeks for announcing the influence of the
noon with as nuch confidence as it is affirmed in Lord Wl seley's
_Sol di er's Pocket Book .

Even if the scientific spirit of observation and deduction (astronony)
has sonetines led to erroneous systens for predicting terrestrial
events (astrology), we owe to the old astrononmer and astrol oger alike
t he deepest gratitude for their diligence in recordi ng astrononmnica
events. For, out of the scanty records which have survived the
destructive acts of fire and flood, of nobnarchs and nobs, we have
found nuch that has helped to a fuller know edge of the heavenly

noti ons than was possible w thout these records.

So Hi pparchus, about 150 B.C., and Ptoleny a little later, were able
to use the observations of Chal daesan astrol ogers, as well as those of
Al exandrian astrononmers, and to nmake some di scoveries which have

hel ped the progress of astronony in all ages. So, also, M. Cowell][2]



has exam ned the marks nade on the baked bricks used by the Chal daeans
for recording the eclipses of 1062 B.C. and 762 B.C.; and has thereby
been enabled, in the last few years, to correct the [unar tables of
Hansen, and to find a nore accurate value for the secul ar acceleration
of the noon's |ongitude and the node of her orbit than any that could
be obtai ned from nodern observations made with instruments of the

hi ghest precision.

So again, M. Hind [3] was enabled to trace back the period during
which Halley's conet has been a menber of the solar system and to
identify it in the Chinese observations of conets as far back as 12
B.C. Cowell and Cronellin extended the date to 240 B.C. In the sane
way the conet 1861.i. has been traced back in the Chinese records to
617 A.D. [4]

The theoretical views founded on Newton's great |aw of universa
gravitation led to the conclusion that the inclination of the earth's
equator to the plane of her orbit (the obliquity of the ecliptic) has
been di m nishing slowy since prehistoric tines; and this fact has
been confirnmed by Egyptian and Chi nese observations on the |ength of
t he shadow of a vertical pillar, made thousands of years before the
Christian era, in sumrer and wi nter

There are other reasons why we rnust be tolerant of the crude notions
of the ancients. The historian, wishing to give credit wherever it nay
be due, is net by two difficulties. Firstly, only a few records of
very anci ent astronony are extant, and the authenticity of many of
these is open to doubt. Secondly, it is very difficult to divest

oursel ves of present know edge, and to appreciate the originality of

t hought required to nmake the first beginnings.

Wth regard to the first point, we are generally dependent upon
histories witten long after the events. The astronony of Egyptians,
Babyl oni ans, and Assyrians is known to us mainly through the G eek
historians, and for information about the Chinese we rely upon the
researches of travellers and m ssionaries in conparatively recent
times. The testinony of the Greek witers has fortunately been
confirmed, and we now have in addition a nmass of facts translated from
the original scul ptures, papyri, and inscribed bricks, dating back

t housands of years.

In attenpting to appraise the efforts of the begi nners we nust
renmenmber that it was natural to | ook upon the earth (as all the first
astrononers did) as a circular plane, surrounded and bounded by the
heaven, which was a solid vault, or hem sphere, with its concavity
turned downwards. The stars seenmed to be fixed on this vault; the
noon, and |ater the planets, were seen to craw over it. It was a
great step to look on the vault as a holl ow sphere carrying the sun
too. It nmust have been difficult to believe that at midday the stars
are shining as brightly in the blue sky as they do at night. It nust
have been difficult to explain how the sun, having set in the west,
could get back to rise in the east without being seen if_ it was

al ways the same sun. It was a great step to suppose the earth to be
spherical, and to ascribe the diurnal notions to its rotation
Probably the greatest step ever nade in astronom cal theory was the
pl aci ng of the sun, noon, and planets at different distances fromthe
earth instead of having themstuck on the vault of heaven. It was a



transition from"flatland" to a space of three dinensions.

Great progress was made when systematic observati ons began, such as
followi ng the notion of the nmoon and pl anets anong the stars, and the
inferred nmotion of the sun anbng the stars, by observing their
_heliacal risings --i.e., the tinmes of year when a star

woul d first be seen to rise at sunrise, and when it could | ast be seen
to rise at sunset. The grouping of the stars into constellations and
recording their places was a useful observation. The theoretica

predi ction of eclipses of the sun and moon, and of the notions of the
pl anets anmong the stars, becane |later the highest goal in astronony.

To not one of the above inportant steps in the progress of astronony
can we assign the author with certainty. Probably many of them were
i ndependently taken by Chi nese, |ndian, Persian, Tartar, Egyptian
Babyl oni an, Assyrian, Phoenician, and Greek astrononers. And we have
not a particle of infornation about the discoveries, which my have
been great, by other peoples--by the Druids, the Mexicans, and the
Peruvi ans, for exanple.

We do know this, that all nations required to have a cal endar. The
solar year, the lunar nonth, and the day were the units, and it is
owing to their incomensurability that we find so many cal endars
proposed and in use at different times. The only object to be attained
by conparing the chronol ogi es of ancient races is to fix the actual

dat es of observations recorded, and this is not a part of a history of
astronony.

In conclusion, let us bear in mind the limted point of view of the
ancients when we try to estinmate their nerit. Let us renenber that the
first astronony was of two di nensions; the second astronony was of
three di nensions, but still purely geonetrical. Since Kepler's day we
have had a dynam cal astronony.

FOOTNOTES:

[1] Trans. R S. E., xxiii. 1864, p. 499, _On Sun Spots_, etc., by

B. Stewart. Also Trans. R S. 1860-70. Also Prof. Ernest Brown, in
R A S. Monthly Notices_, 1900.

[2] R A S. Mnthly Notices , Sup.; 1905.

[IlTustration: CHALDAEAN BAKED BRI CK OR TABLET, _(Obverse and reverse
sides_, Containing record of solar eclipse, 1062 B.C., used lately by
Cowel | for rendering the lunar theory nore accurate than was possible
by finest nbdern observations. (British Museum coll ection

No. 35908.)]

[3] R A S Mnthly Notices , vol. x., p. 65.

[4] R S. E Proc., vol. x., 1880

2. ANCI ENT ASTRONOMY- - THE CHI NESE AND CHALDAEANS.



The | ast section nust have nade clear the difficulties the way of
assigning to the ancient nations their proper place in the devel oprment
of primtive notions about astronomy. The fact that sone all eged
observations date back to a period before the Chinese had invented the
art of witing leads immediately to the question how far tradition can
be trusted.

Qur first detailed know edge was gathered in the far East by
travellers, and by the Jesuit priests, and was published in the

ei ghteenth century. The Asiatic Society of Bengal contributed
translations of Brahmin literature. The two principal sources of

know edge about Chinese astronony were supplied, first by Father
Souciet, who in 1729 published _Cbservations Astrononi cal

CGeogr aphi cal , Chronol ogi cal, and Physical , drawn from anci ent

Chi nese books; and |ater by Father Myriac-de-Milla, who in 1777-1785
publ i shed _Annals of the Chinese Enpire, translated from

Tong- Ki en- Kang- Mou_.

Bailly, in his _Astronom e Ancienne_ (1781), drew, fromthese and

ot her sources, the conclusion that all we know of the astronom ca

| earning of the Chinese, Indians, Chal daeans, Assyrians, and Egyptians
is but the remmant of a far nore conpl ete astronony of which no trace
can be found.

Del anbre, in his Histoire de |'Astronom e Anci enne_ (1817),
ridicules the opinion of Bailly, and considers that the progress nade
by all of these nations is insignificant.

It will be well now to give an idea of some of the astronony of the
ancients not yet entirely discredited. China and Babyl on may be taken
as typical exanples.

_China_.--1t would appear that Fohi, the first enperor, reigned

about 2952 B.C., and shortly afterwards Yu-Chi nade a sphere to
represent the notions of the celestial bodies. It is also nentioned,
in the book called Chu-King, supposed to have been witten in 2205
B.C., that a simlar sphere was nmade in the tinme of Yao (2357
B.C.).[1] It is said that the Enperor Chueni (2513 B.C.) saw five

pl anets in conjunction the same day that the sun and noon were in
conjunction. This is discussed by Father Martin (MSS. of De Lisle);
also by M Desvignolles (Mem Acad. Berlin, vol. iii., p. 193), and by
M Kirsch (ditto, vol. v., p. 19), who both found that Mars, Jupiter
Saturn, and Mercury were all between the eleventh and ei ghteenth
degrees of Pisces, all visible together in the evening on February
28th 2446 B.C., while on the sane day the sun and nmoon were in
conjunction at 9 a.m, and that on March 1st the nbon was in
conjunction with the other four planets. But this needs confirmation.

Yao, referred to above, gave instructions to his astrononers to
determ ne the positions of the solstices and equi noxes, and they
reported the nanes of the stars in the places occupied by the sun at
t hese seasons, and in 2285 B.C. he gave them further orders. If this
account be true, it shows a know edge that the vault of heaven is a
conpl ete sphere, and that stars are shining at nid-day, although
eclipsed by the sun's brightness.



It is also asserted, in the book called Chu-King , that in the

time of Yao the year was known to have 365-1/4 days, and that he
adopt ed 365 days and added an intercalary day every four years (as in
the Julian Calendar). This nay be true or not, but the ancient Chinese
certainly seemto have divided the circle into 365 degrees. To |learn
the I ength of the year needed only patient observation--a
characteristic of the Chinese; but many younger nations got into a
terrible nmess with their cal endar fromignorance of the year's |ength.

It is stated that in 2159 B.C. the royal astrononmers H and Ho failed
to predict an eclipse. It probably created great terror, for they were
executed in punishment for their neglect. If this account be true, it
means that in the twenty-second century B.C. sone rule for calculating
eclipses was in use. Here, again, patient observation would easily
lead to the detection of the eighteen-year cycle known to the

Chal deans as the _Saros_. It consists of 235 lunations, and in

that tinme the pole of the nmoon's orbit revolves just once round the
pole of the ecliptic, and for this reason the eclipses in one cycle
are repeated with very slight nodification in the next cycle, and so
on for nmany centuri es.

It may be that the neglect of their duties by H and Ho, and their
puni shrrent, influenced Chi nese astronony; or that the succeedi ng
records have not been available to later scholars; but the fact
remai ns that--although at Iong intervals observations were nade of
eclipses, conets, and falling stars, and of the position of the

sol stices, and of the obliquity of the ecliptic--records becone rare,
until 776 B.C., when eclipses began to be recorded once nore with sone
approach to continuity. Shortly afterwards notices of conets were
added. Biot gave a list of these, and M. John WIllianms, in 1871
publ i shed _(bservations of Conmets from 611 B.C. to 1640 A D.
Extracted fromthe Chinese Annals_.

Wth regard to those centuries concerning which we have no
astrononi cal Chinese records, it is fair to state that it is recorded
that sonme centuries before the Christian era, in the reign of

Tsi n-Chi -Hoang, all the classical and scientific books that could be
found were ordered to be destroyed. If true, our loss therefromis as
great as fromthe burning of the Alexandrian library by the Caliph
Omar. He burnt all the books because he held that they nmust be either
consi stent or inconsistent with the Koran, and in the one case they
wer e superfluous, in the other case objectionable.

_Chal daeans_.--Until the last half century historians were
accustoned to | ook back upon the Greeks, who led the world fromthe
fifth to the third century B.C., as the pioneers of art, literature,

and science. But the excavations and researches of |ater years nmke us
nore ready to grant that in science as in art the Geeks only

devel oped what they derived fromthe Egyptians, Babyl oni ans, and
Assyrians. The Greek historians said as nuch, in fact; and nodern
commentators used to attribute the assertion to undue nodesty. Since,
however, the records of the libraries have been unearthed it has been
recogni sed that the Babyl onians were in no way inferior in the matter
of original scientific investigation to other races of the sane era.

The Chal daeans, being the nmobst anci ent Babyl oni ans, held the sane
station and dignity in the State as did the priests in Egypt, and



spent all their tinme in the study of philosophy and astronony, and the
arts of divination and astrology. They held that the world of which we
have a conception is an eternal world without any begi nning or ending,
in which all things are ordered by rul es supported by a divine

provi dence, and that the heavenly bodi es do not nove by chance, nor by
their owmn will, but by the determinate will and appoi ntment of the
gods. They recorded t hese novenents, but nainly in the hope of tracing
the will of the gods in nundane affairs. Ptolemnmy (about 130 A D.)

made use of Babyl onian eclipses in the eighth century B.C. for

i mproving his solar and | unar tables.

Fragnents of a library at Agade have been preserved at N neveh, from
which we learn that the star-charts were even then divided into
constel I ati ons, which were known by the names which they bear to this
day, and that the signs of the zodiac were used for deternmining the
courses of the sun, noon, and of the five planets Mercury, Venus,
Mars, Jupiter, and Saturn.

W have records of observations carried on under Asshurbanapal, who
sent astrononers to different parts to study cel estial phenonena. Here
is one:--

To the Director of Observations,--My Lord, his hunble servant
Nabushum i ddi n, Great Astrononer of Nineveh, wites thus: "May Nabu
and Marduk be propitious to the Director of these Cbservations, ny
Lord. The fifteenth day we observed the Node of the nmoon, and the nobon
was eclipsed."

The Phoeni ci ans are supposed to have used the stars for navigation

but there are no records. The Egyptian priests tried to keep such
astrononi cal know edge as they possessed to thenselves. It is probable
that they had arbitrary rules for predicting eclipses. Al that was
known to the Greeks about Egyptian science is to be found in the
writings of Diodorus Siculus. But confirmatory and nore authentic
facts have been derived fromlate explorations. Thus we learn from

E. B. Knobel[2] about the Jew sh cal endar dates, on records of |and
sales in Aranai c papyri at Assuan, translated by Professor A H Sayce
and A, E. Cowley, (1) that the lunar cycle of nineteen years was used
by the Jews in the fifth century B.C. [the present reformed Jew sh

cal endar dating fromthe fourth century A D.], a date a "little nore
than a century after the grandfathers and great-grandfathers of those
whose business is recorded had fled into Egypt with Jereni ah" (Sayce);
and (2) that the order of intercalation at that time was not
dissimlar to that in use at the present day.

Then agai n, Knobel rem nds us of "the nobst interesting discovery a few
years ago by Father Strassneier of a Babylonian tablet recording a
partial lunar eclipse at Babylon in the seventh year of Canbyses, on
the fourteenth day of the Jewi sh nmonth Tamuz." Ptoleny, in the

Al magest (Suntaxis), says it occurred in the seventh year of Canbyses,
on the night of the seventeenth and ei ghteenth of the Egyptian nmonth
Phanenot h. Pingre and Qppol zer fix the date July 16th, 533 B.C. Thus
are the relations of the chronol ogi es of Jews and Egypti ans

est abl i shed by these explorations.

FOOTNOTES:



[1] These ancient dates are uncertain.

[2] R A S. Mnthly Notices_, vol. Ixviii., No. 5, March, 1908

3. ANCI ENT GREEK ASTRONOMW.

We have our information about the earliest Greek astronony from

Her odotus (born 480 B.C.). He put the traditions into witing. Thal es
(639-546 B.C.) is said to have predicted an eclipse, which caused nmuch
alarm and ended the battle between the Medes and Lydians. Airy fixed
the date May 28th, 585 B.C. But other nodern astrononers give

di fferent dates. Thales went to Egypt to study science, and |earnt
fromits priests the length of the year (which was kept a profound
secret!), and the signs of the zodiac, and the positions of the

sol stices. He held that the sun, nmoon, and stars are not mere spots on
the heavenly vault, but solids; that the noon derives her |ight from
the sun, and that this fact explains her phases; that an eclipse of

t he nmoon happens when the earth cuts off the sun's light fromher. He
supposed the earth to be flat, and to float upon water. He detern ned
the ratio of the sun's diameter to its orbit, and apparently nade out
the dianeter correctly as half a degree. He left nothing in witing.

H s successors, Anaxi nander (610-547 B.C.) and Anaxi nenes (550-475
B.C.), held absurd notions about the sun, nobon, and stars, while
Heraclitus (540-500 B.C.) supposed that the stars were |ighted each
night like |lanps, and the sun each norning. Parnmeni des supposed the
earth to be a sphere.

Pyt hagoras (569-470 B.C.) visited Egypt to study science. He deduced
his system in which the earth revolves in an orbit, fromfantastic
first principles, of which the follow ng are exanples: "The circular
notion is the nost perfect notion," "Fire is nore worthy than earth,”
"Ten is the perfect nunber."” He wote nothing, but is supposed to have
said that the earth, moon, five planets, and fixed stars all revolve
round the sun, which itself revolves round an i magi nary central fire
called the Antichthon. Copernicus in the sixteenth century clai ned

Pyt hagoras as the founder of the system which he, Copernicus, revived.

Anaxagoras (born 499 B.C.) studied astronony in Egypt. He expl ai ned
the return of the sun to the east each nmorning by its going under the
flat earth in the night. He held that in a solar eclipse the noon

hi des the sun, and in a lunar eclipse the noon enters the earth's
shadow - bot h excel | ent opi nions. But he entertai ned absurd ideas of
the vortical motion of the heavens whi sking stones into the sky, there
to be ignited by the fiery firmanent to formstars. He was prosecuted
for this unsettling opinion, and for maintaining that the noon is an

i nhabited earth. He was defended by Pericles (432 B.C.).

Sol on dabbl ed, Iike nmany others, in reforns of the cal endar. The
common year of the Greeks originally had 360 days--twelve nonths of
thirty days. Solon's year was 354 days. It is obvious that these
erroneous years woul d, before |ong, renpbve the sumrer to January and
the winter to July. To prevent this it was customary at regul ar



intervals to intercalate days or nonths. Meton (432 B.C.) introduced a
ref orm based on the nineteen-year cycle. This is not the sane as the
Egypti an and Chal dean eclipse cycle called _Saros_ of 223

lunations, or a little over eighteen years. The Metonic cycle is 235
| unations or nineteen years, after which period the sun and noon
occupy the sanme position relative to the stars. It is still used for
fixing the date of Easter, the nunber of the year in Melon's cycle
bei ng the gol den nunber of our prayer-books. Melon's system divi ded
the 235 lunations into nonths of thirty days and onitted every
sixty-third day. O the nineteen years, twelve had twelve nonths and
seven had thirteen nonths.

Calli ppus (330 B.C.) used a cycle four tinmes as |long, 940 |unations,
but one day short of Melon's seventy-six years. This was nore correct.

Eudoxus (406-350 B.C.) is said to have travelled with Plato in

Egypt. He made astrononical observations in Asia Mnor, Sicily, and
Italy, and described the starry heavens divided into constell ations.
H s name is connected with a planetary theory which as generally
stated sounds nost fanciful. He inagined the fixed stars to be on a
vault of heaven; and the sun, noon, and planets to be upon sinilar
vaul ts or spheres, twenty-six revolving spheres in all, the notion of
each planet being resolved into its conponents, and a separate sphere
bei ng assigned for each conponent notion. Callippus (330 B.C.)

i ncreased the nunber to thirty-three. It is now generally accepted
that the real existence of these spheres was not suggested, but the

i dea was only a mat hematical conception to facilitate the construction
of tables for predicting the places of the heavenly bodies.

Aristotle (384-322 B.C.) sunmed up the state of astronom cal know edge
in his time, and held the earth to be fixed in the centre of the
wor | d.

Ni cetas, Heraclides, and Ecphantes supposed the earth to revolve on
its axis, but to have no orbital notion.

The short epitone so far given illustrates the extraordi nary deductive
nmet hods adopted by the ancient Greeks. But they went rmuch farther in
the sane direction. They seemto have been in great difficulty to
explain how the earth is supported, just as were those who invented
the myth of Atlas, or the Indians with the tortoise. Thal es thought
that the flat earth floated on water. Anaxagoras thought that, being
flat, it would be buoyed up and supported on the air like a kite.
Dermocritus thought it remained fixed, |ike the donkey between two
bundl es of hay, because it was equidistant fromall parts of the
contai ni ng sphere, and there was no reason why it should incline one
way rather than another. Enpedocles attributed its state of rest to
centrifugal force by the rapid circular novenent of the heavens, as
water is stationary in a pail when whirled round by a string.
Denmocritus further supposed that the inclination of the flat earth to
the ecliptic was due to the greater wei ght of the southern parts ow ng
to the exuberant vegetation

For further references to simlar efforts of imagination the reader is
referred to Sir George Cornwal |l Lewis's Historical Survey of the
Astronony of the Ancients_ ; London, 1862. His list of authorities
is very conplete, but sone of his conclusions are doubtful. At p. 113



of that work he records the real opinions of Socrates as set forth by
Xenophon; and the reader will, perhaps, synpathise with Socrates in
his views on contenporary astronony: --

Wth regard to astronony he [ Socrates] considered a know edge of it
desirable to the extent of determ ning the day of the year or nonth,
and the hour of the night, ... but as to learning the courses of the
stars, to be occupied with the planets, and to inquire about their

di stances fromthe earth, and their orbits, and the causes of their
noti ons, he strongly objected to such a waste of valuable tinme. He
dwelt on the contradictions and conflicting opinions of the physica
phil osophers, ... and, in fine, he held that the speculators on the
uni verse and on the |laws of the heavenly bodies were no better than
madmen (_Xen. Mem, i. 1, 11-15).

Plato (born 429 B.C.), the pupil of Socrates, the fell ow student of
Euclid, and a follower of Pythagoras, studied science in his travels
in Egypt and el sewhere. He was held in so great reverence by al

| earned nmen that a problem which he set to the astrononers was the
keynote to all astronomical investigation fromthis date till the tine
of Kepler in the sixteenth century. He proposed to astrononers _the
probl em of representing the courses of the planets by circular and

uni form noti ons_.

Systemati c observation anong the Greeks began with the rise of the

Al exandrian school. Aristillus and Tinocharis set up instrunents and
fixed the positions of the zodiacal stars, near to which all the
planets in their orbits pass, thus facilitating the deternination of

pl anetary notions. Aristarchus (320-250 B.C.) showed that the sun nust
be at least nineteen tines as far off as the nmoon, which is far short
of the nark. He also found the sun's dianmeter, correctly, to be half a
degree. Eratosthenes (276-196 B.C.) neasured the inclination to the
equator of the sun's apparent path in the heavens--i.e., he neasured
the obliquity of the ecliptic, making it 23 degrees 51', confirmng
our know edge of its continuous dimnution during historical tinmes. He
measured an arc of neridian, from Al exandria to Syene (Assuan), and
found the difference of latitude by the I ength of a shadow at noon
sumer sol stice. He deduced the dianeter of the earth, 250,000

stadia. Unfortunately, we do not know the | ength of the stadi um he
used.

H pparchus (190-120 B.C.) nmay be regarded as the founder of
observational astronomy. He neasured the obliquity of the ecliptic,
and agreed with Eratosthenes. He altered the length of the tropica
year from 365 days, 6 hours to 365 days, 5 hours, 53 mnutes--stil
four mnutes too much. He nmeasured the equation of tine and the
irregular notion of the sun; and allowed for this in his calculations
by supposing that the centre, about which the sun noves uniformy, is
situated a little distance fromthe fixed earth. He called this point
the _excentric_. The line fromthe earth to the "excentric" was
called the line of apses . Acircle having this centre was

called the _equant_, and he supposed that a radius drawn to the

sun fromthe excentric passes over equal arcs on the equant in equa
times. He then conputed tables for predicting the place of the sun

He proceeded in the sanme way to conpute Lunar tables. Mking use of
Chal daean eclipses, he was able to get an accurate val ue of the noon's



mean notion. [Halley, in 1693, conpared this value with his own
neasurenents, and so di scovered the acceleration of the npbon's nean
nmoti on. This was conclusively established, but could not be expl ained
by the Newtonian theory for quite a long tinme.] He determined the

pl ane of the noon's orbit and its inclination to the ecliptic. The
notion of this plane round the pole of the ecliptic once in eighteen
years conplicated the problem He |located the noon's excentric as he
had done the sun's. He al so discovered sone of the mnor
irregularities of the moon's notion, due, as Newton's theory proves,
to the disturbing action of the sun's attraction

In the year 134 B.C. Hipparchus observed a new star. This upset every
noti on about the permanence of the fixed stars. He then set to work to
catal ogue all the principal stars so as to know if any others appeared
or disappeared. Here his experiences resenbled those of several |ater
astrononers, who, when in search of sone special object, have been
rewarded by a discovery in a totally different direction. On conparing
his star positions with those of Tinocharis and Aristillus he found no
stars that had appeared or disappeared in the interval of 150 years;
but he found that all the stars seened to have changed their places
with reference to that point in the heavens where the ecliptic is 90
degrees fromthe poles of the earth--i.e., the equinox. He found that
this could be explained by a notion of the equinox in the direction of
t he apparent diurnal motion of the stars. This discovery of
_precession of the equinoxes , which takes place at the rate of 52".1
every year, was necessary for the progress of accurate astronom ca
observations. It is due to a steady revolution of the earth's pole
round the pole of the ecliptic once in 26,000 years in the opposite
direction to the planetary revol utions.

H pparchus was al so the inventor of trigononetry, both plane and
spherical. He explained the nethod of using eclipses for determ ning
t he | ongi t ude.

In connection with Hi pparchus' great discovery it nay be nentioned
that nodern astrononers have often attenpted to fix dates in history
by the effects of precession of the equinoxes. (1) At about the date
when the Great Pyramid may have been built ganma Draconis was near to
t he pole, and nust have been used as the pole-star. In the north face
of the Great Pyranmid is the entrance to an inclined passage, and six
of the nine pyram ds at G zeh possess the sanme feature; all the
passages being inclined at an angl e between 26 degrees and 27 degrees
to the horizon and in the plane of the meridian. It also appears that
4,000 years ago--i.e., about 2100 B.C.--an observer at the | ower end
of the passage would be able to see gamma Draconis, the then
pole-star, at its lower culnmination.[1] It has been suggested that the
passage was made for this purpose. On other grounds the date assigned
to the Great Pyranmid is 2123 B.C.

(2) The Chal daeans gave nanes to constellations now invisible from
Babyl on whi ch woul d have been visible in 2000 B.C., at which date it
is clained that these people were studying astronony.

(3) I'n the (dyssey, Calypso directs Odysseus, in accordance wth
Phoeni cian rules for navigating the Mediterranean, to keep the G eat
Bear "ever on the left as he traversed the deep" when sailing fromthe
pillars of Hercules (G braltar) to Corfu. Yet such a course taken now



would Iand the traveller in Africa. Odysseus is said in his voyage in
springtinme to have seen the Pleiades and Arcturus setting late, which
seened to early commentators a proof of Homer's inaccuracy. Likew se
Homer, both in the _Odyssey_ [2] (v. 272-5) and in the _Iliad_
(xviii. 489), asserts that the Great Bear never set in those

| atitudes. Now it has been found that the precession of the equi noxes
explains all these puzzles; shows that in springtinme on the
Medi t erranean the Bear was just above the horizon, near the sea but
not touching it, between 750 B.C. and 1000 B.C.; and fixes the date of
t he poens, thus confirning other evidence, and establishing Honmer's
character for accuracy. [3]

(4) The orientation of Egyptian tenples and Druidical stones is such
that possibly they were so placed as to assist in the observation of
the heliacal risings [4] of certain stars. If the star were known,
this would give an approximate date. Up to the present the results of
these investigations are far from bei ng concl usi ve.

Ptoleny (130 A.D.) wote the Suntaxis, or Al magest, which includes a
cycl opedi a of astronomy, containing a summary of know edge at that
date. W have no evi dence beyond his own statenent that he was a
practical observer. He theorised on the planetary notions, and held
that the earth is fixed in the centre of the universe. He adopted the
excentric and equant of Hi pparchus to explain the unequal nmotions of
the sun and noon. He adopted the epicycles and deferents which had
been used by Apollonius and others to explain the retrograde notions
of the planets. W, who know that the earth revol ves round the sun
once in a year, can understand that the apparent notion of a planet is
only its notion relative to the earth. If, then, we suppose the earth
fixed and the sun to revolve round it once a year, and the planets
each in its ow period, it is only necessary to inpose upon each of
these an additional _annual _notion to enable us to represent truly

t he apparent notions. This way of |ooking at the apparent notions
shows why each pl anet, when nearest to the earth, seens to nove for a
time in a retrograde direction. The attenpts of Ptol eny and ot hers of
his time to explain the retrograde notion in this way were only
approxi nate. Let us suppose each planet to have a bar with one end
centred at the earth. If at the other end of the bar one end of a
shorter bar is pivotted, having the planet at its other end, then the
pl anet is given an annual notion in the secondary circle (the

epi cycl e), whose centre revolves round the earth on the prinary circle
(the _deferent_ ), at a uniformrate round the excentric. Ptol eny
supposed the centres of the epicycles of Mercury and Venus to be on a
bar passing through the sun, and to be between the earth and the

sun. The centres of the epicycles of Mars, Jupiter, and Saturn were
supposed to be further away than the sun. Mercury and Venus were
supposed to revolve in their epicycles in their own periodic tinmes and
in the deferent round the earth in a year. The nmajor planets were
supposed to revolve in the deferent round the earth in their own
periodic tinmes, and in their epicycles once in a year

It did not occur to Ptoleny to place the centres of the epicycles of
Mercury and Venus at the sun, and to extend the sane systemto the
maj or planets. Something of this sort had been proposed by the
Egyptians (we are told by C cero and others), and was accepted by
Tycho Brahe; and was as true a representation of the relative notions
in the solar system as when we suppose the sun to be fixed and the



earth to revol ve

The cunbrous system advocated by Ptol emy answered its purpose,
enabling himto predict astronom cal events approxinmately. He inproved
the lunar theory considerably, and di scovered minor inequalities which
could be allowed for by the addition of new epicycles. W may | ook
upon t hese epicycl es of Apollonius, and the excentric of Hi pparchus,
as the responses of these astrononers to the demand of Plato for
uniformcircular motions. Their use becane nmore and nore confirmed,
until the seventeenth century, when the accurate observations of Tycho
Brahe enabl ed Kepler to abolish these purely geonetrical makeshifts,
and to substitute a systemin which the sun becane physically its
controller.

FOOTNOTES:

[1] _Phil. Mag_ ., vol. xxiv., pp. 481-4.

[2]

Pl aei adas t' esoronte kai ophe duonta boot aen
"Arkton th' aen kai amaxan epi kl aesi n kal eousi n,
"Ae t' autou strephetai kai t' Oiona dokeuei

O n d anmoros esti | oetron Ckeanoi o.

"The Plei ades and Bootes that setteth |ate, and the Bear

which they Iikew se call the Wain, which turneth ever in one
pl ace, and keepeth watch upon Orion, and al one hath no part in
the baths of the ocean.”

[3] See Pearson in the Canb. Phil. Soc. Proc., vol. iv., pt. ii., p.
93, on whose authority the above statenents are made.

[4] See p. 6 for definition.

4. THE REI GN OF EPI CYCLES- - FROM PTOLEMY TO COPERNI CUS

After Ptoleny had published his book there seened to be nothing nore
to do for the solar system except to go on observing and finding nore
and nore accurate values for the constants involved--viz., the periods
of revolution, the dianeter of the deferent,[1] and its ratio to that
of the epicycle,[2] the distance of the excentric[3] fromthe centre
of the deferent, and the position of the Iine of apses,[4] besides the
inclination and position of the plane of the planet's orbit. The only
object ever ainmed at in those days was to prepare tables for
predicting the places of the planets. It was not a mechanical problem
there was no notion of a governing | aw of forces.

Fromthis time onwards all interest in astronony seened, in Europe at
least, to sink to a | ow ebb. Wen the Caliph Omar, in the niddle of
the seventh century, burnt the library of Al exandria, which had been
the centre of intellectual progress, that centre migrated to Baghdad,
and the Arabs becane the | eaders of science and philosophy. In



astronony they nmade careful observations. In the mddle of the ninth
century Al bategnius, a Syrian prince, inproved the val ue of
excentricity of the sun's orbit, observed the notion of the noon's
apse, and thought he detected a smaller progression of the sun's

apse. His tables were nuch nore accurate than Ptoleny's. Abul Wefa, in
the tenth century, seens to have di scovered the nobon's "variation."
Meanwhil e the Moors were | eaders of science in the west, and Arzachel
of Tol edo i nmproved the solar tables very nuch. U ugh Begh, grandson of
the great Tamerlane the Tartar, built a fine observatory at Samarcand
inthe fifteenth century, and made a great catal ogue of stars, the
first since the time of Hi pparchus.

At the close of the fifteenth century King Al phonso of Spain enpl oyed
conputers to produce the Al phonsine Tables (1488 A D.), Purbach
transl ated Ptol eny's book, and observations were carried out in
Germany by Miller, known as Regi onont anus, and W&l t herus.

Ni col ai Copernicus, a Sclav, was born in 1473 at Thorn, in Polish
Prussia. He studied at Cracow and in Italy. He was a priest, and
settled at Frauenberg. He did not undertake continuous observations,
but devoted hinself to sinplifying the planetary systens and devi sing
means for nore accurately predicting the positions of the sun, noon
and planets. He had no idea of framing a solar systemon a dynanica
basis. H s great object was to increase the accuracy of the
calculations and the tables. The results of his cogitations were
printed just before his death in an interesting book, _De

Revol utioni bus Orbium Celestium. It is only by careful reading of
this book that the true position of Copernicus can be realised. He
noti ced that Nicetas and others had ascribed the apparent diurnal
rotation of the heavens to a real daily rotation of the earth about
its axis, in the opposite direction to the apparent notion of the
stars. Also in the witings of Martianus Capella he learnt that the
Egypti ans had supposed Mercury and Venus to revolve round the sun, and
to be carried with himin his annual notion round the earth. He

noti ced that the sanme supposition, if extended to Mars, Jupiter, and
Saturn, would explain easily why they, and especially Mars, seem so
much brighter in opposition. For Mars would then be a great dea
nearer to the earth than at other tines. It would al so explain the
retrograde notion of planets when in opposition

We nust here notice that at this stage Copernicus was actually
confronted with the system accepted later by Tycho Brahe, with the
earth fixed. But he now recalled and accepted the views of Pythagoras
and others, according to which the sun is fixed and the earth

revol ves; and it nmust be noted that, geonetrically, there is no

di fference of any sort between the Egyptian or Tychonic system and
that of Pythagoras as revived by Copernicus, except that on the latter
theory the stars ought to seemto nove when the earth changes its
position--a test which failed conpletely with the rough neans of
observation then available. The radical defect of all solar systens
previous to the tine of Kepler (1609 A.D.) was the slavish yielding to
Plato's di ctum denmandi ng uniformcircular notion for the planets, and
t he consequent evol ution of the epicycle, which was fatal to any
conception of a dynanical theory.

Coperni cus could not sever hinself fromthis obnoxious tradition.[5]
It is true that neither the Pythagorean nor the Egypto-Tychonic system



requi red epicycles for explaining retrograde notion, as the Ptol enaic
theory did. Furthernore, either systemcould use the excentric of

H pparchus to explain the irregular nmotion known as the equation of
the centre. But Copernicus remarked that he could al so use an

epi cycle for this purpose, or that he could use both an excentric and
an epicycle for each planet, and so bring theory still closer into
accord with observation. And this he proceeded to do.[6] Moreover
observers had found irregularities in the moon's notion, due, as we
now know, to the disturbing attraction of the sun. To correct for
these irregularities Copernicus introduced epicycle on epicycle in the
[ unar orbit.

This is inits main features the system propounded by Copernicus. But
attention must, to state the case fully, be drawn to two points to be
found in his first and sixth books respectively. The first point
relates to the seasons, and it shows a strange ignorance of the |aws
of rotating bodies. To use the words of Delanbre,[7] in draw ng
attention to the strange conception

he i magi ned that the earth, revolving round the sun, ought always to
show to it the sane face; the contrary phenonmena surprised him to
explain themhe invented a third notion, and added it to the two
real notions (rotation and orbital revolution). By this third notion
the earth, he held, made a revolution on itself and on the pol es of
the ecliptic once a year.... Copernicus did not know that notion in
a straight line is the natural notion, and that notion in a curve is
the resultant of several novenents. He believed, with Aristotle,

that circular notion was the natural one.

Copernicus made this rotation of the earth's axis about the pole of
the ecliptic retrograde (i.e., opposite to the orbital revolution),
and by naking it performnore than one conplete revolution in a year
t he added part being 1/26000 of the whole, he was able to include the
precessi on of the equinoxes in his explanation of the seasons. H s
expl anation of the seasons is given on |leaf 10 of his book (the pages
of this book are not all nunbered, only alternate pages, or |eaves).

In his sixth book he discusses the inclination of the planetary orbits
to the ecliptic. In regard to this the theory of Copernicus is unique;
and it will be best to explain this in the words of Grant in his great
work.[8] He says:--

Coperni cus, as we have already renmarked, did not attack the
principle of the epicyclical theory: he merely sought to nake it
nore sinple by placing the centre of the earth's orbit in the centre
of the universe. This was the point to which the notions of the

pl anets were referred, for the planes of their orbits were made to
pass through it, and their points of |east and greatest velocities
were also determined with reference to it. By this arrangenent the
sun was situate mathenmatically near the centre of the planetary
system but he did not appear to have any physical connexion with
the planets as the centre of their notions.

Accordi ng to Copernicus' sixth book, the planes of the planetary
orbits do not pass through the sun, and the Iines of apses do not pass
t hrough to the sun.



Such was the theory advanced by Copernicus: The earth nbves in an

epi cycle, on a deferent whose centre is a little distance fromthe
sun. The planets nove in a simlar way on epicycles, but their
deferents have no geonetrical or physical relation to the sun. The
noon noves on an epicycle centred on a second epicycle, itself centred
on a deferent, excentric to the earth. The earth's axis rotates about
the pole of the ecliptic, making one revolution and a twenty-six

t housandth part of a revolution in the sidereal year, in the opposite
direction to its orbital notion.

In view of this fanciful structure it nmust be noted, in fairness to
Copernicus, that he repeatedly states that the reader is not obliged
to accept his systemas showing the real motions; that it does not
matter whether they be true, even approximtely, or not, so long as
they enable us to conpute tables fromwhich the places of the planets
anong the stars can be predicted.[9] He says that whoever is not
satisfied with this explanation nmust be contented by being told that
"mat hematics are for mathematici ans” (Mathematicis mat hemati ca
scribuntur).

At the sane tine he expresses his conviction over and over again that
the earth is in notion. It is with hima pious belief, just as it was
wi th Pyt hagoras and his school and with Aristarchus. "But" (as Dreyer
says in his nmpost interesting book, _Tycho Brahe ) "proofs of the
physical truth of his system Copernicus had gi ven none, and coul d give
none," any nore than Pyt hagoras or Aristarchus.

There was nothing so startlingly sinple in his systemas to |lead the
cautious astronomer to accept it, as there was in the [ater Keplerian
system and the absence of parallax in the stars seenmed to condem his
system which had no physical basis to recomend it, and no
sinmplification at all over the Egypto-Tychonic system to which
Coperni cus hinmself drew attention. It has been necessary to devote
per haps undue space to the interesting work of Copernicus, because by
a curious chance his name has becone so widely known. He has been
spoken of very generally as the founder of the solar systemthat is
now accepted. This seenms unfair, and on readi ng over what has been
witten about himat different times it will be noticed that the
astrononers--those who have evidently read his great book--are very
cautious in the words with which they eulogise him and refrain from
attributing to himthe foundation of our solar system which is
entirely due to Kepler. It is only the nore popular witers who give
the idea that a revolution had been effected when Pythagoras' system
was revived, and when Copernicus supported his view that the earth
noves and is not fixed.

It nay be easy to explain the association of the nanme of Copernicus
with the Keplerian system But the tinme has | ong passed when the

hi storian can support in any way this popular error, which was started
not by astrononers acquainted with Kepler's work, but by those who
desired to put the Church in the wong by extolling Copernicus.

Coperni cus dreaded much the abuse he expected to receive from

phi |l osophers for opposing the authority of Aristotle, who had decl ared
that the earth was fixed. So he sought and obtai ned the support of

the Church, dedicating his great work to Pope Paul Ill. in a |engthy
expl anatory epistle. The Bi shop of Cracow set up a nenorial tablet in



hi s honour.

Coperni cus was the nmost refined exponent, and al nost the | ast
representative, of the Epicyclical School. As has been already

stated, his successor, Tycho Brahe, supported the sane use of

epi cycl es and excentrics as Copernicus, though he held the earth to be
fixed. But Tycho Brahe was enminently a practical observer, and took
little part in theory; and his observations forned so essential a
portion of the systemof Kepler that it is only fair to include his
nane anong these who laid the foundations of the solar system which we
accept to-day.

In now taking | eave of the system of epicycles let it be remarked that
it has been held up to ridicule nore than it deserves. On readi ng
Airy's account of epicycles, in the beautifully clear |anguage of his
_Six Lectures on Astronony_, the inpression is nmade that the

jointed bars there spoken of for describing the circles were supposed
to be real. This is no nore the case than that the spheres of Eudoxus
and Cal li ppus were supposed to be real. Both were introduced only to
illustrate the mat hemati cal conception upon which the solar

pl anetary, and |unar tables were constructed. The epicycles
represented nothing nore nor less than the first terns in the Fourier
series, which in the last century has become a basis of such

cal cul ations, both in astrononmy and physics generally.

[IlTustration: "QUADRANS MJURALIS SIVE TICHONICUS." Wth portrait of
Tycho Brahe, instrunents, etc., painted on the wall; show ng
assistants using the sight, watching the clock, and recording. (From
the author's copy of the _Astronom ae |nstauratae Mechanica. )]

FOOTNOTES:

[1] For definition see p. 22.

[2] _Ibid_.

[3] For definition see p. 18.

[4] For definition see p. 18.

[5] I'n his great book Copernicus says: "The novenent of the heavenly
bodies is uniform circular, perpetual, or else conmposed of circular
nmoverments." In this he proclaimed hinself a foll ower of Pythagoras
(see p. 14), as al so when he says: "The world is spherical because the
sphere is, of all figures, the nost perfect" (Del anbre,

_Ast. Modd. Hist_., pp. 86, 87).

[6] Kepler tells us that Tycho Brahe was pleased with this
device, and adapted it to his own system

[7] _Hist. Ast. , vol. i., p. 354.
[8] _Hist. of Phys. Ast. , p. vii

[9] "Est enim Astronom proprium historiam notuum coel estium
diligenti et artificiosa observatione colligere. Deinde causas



earundem seu hypot heses, cumveras assequi nulla ratione possit

Neque eni m necesse est, eas hypot heses esse veras, inm ne
verisimles quidem sed sufficit hoc usum si cal cul um observati oni bus
congr uent em exhi beant . "

BOXK I'l. THE DYNAM CAL PERI OD

5. DI SCOVERY OF THE TRUE SOLAR SYSTEM - TYCHO BRAHE- - KEPLER.

During the period of the intellectual and aesthetic revival, at the
begi nning of the sixteenth century, the "spirit of the age" was
fostered by the invention of printing, by the downfall of the
Byzantine Enpire, and the scattering of G eek fugitives, carrying the
treasures of literature through Western Europe, by the works of
Raphael and M chael Angelo, by the Reformation, and by the extension
of the known world through the voyages of Spaniards and Portuguese.
During that period there came to the front the founder of accurate
observational astronomy. Tycho Brahe, a Dane, born in 1546 of noble
parents, was the nost distinguished, diligent, and accurate observer
of the heavens since the days of Hipparchus, 1,700 years before.

Tycho was devoted entirely to his science from chil dhood, and the
opposition of his parents only stinmulated himin his efforts to
overconme difficulties. He soon grasped the hopel essness of the old
deducti ve nmet hods of reasoning, and decided that no theories ought to
be indulged in until preparations had been made by the accumul ation of
accurate observations. W may claimfor himthe title of founder of

t he inductive nethod.

For a conplete life of this great nman the reader is referred to
Dreyer's _Tycho Brahe_, Edi nburgh, 1890, containing a conplete

bi bl i ography. The present notice nust be limted to noting the work
done, and the qualities of character which enabled himto attain his
scientific ains, and which have been conspicuous in many of his
successors.

He studied in Germany, but King Frederick of Denmark, appreciating his
great talents, invited himto carry out his life's work in that
country. He granted to himthe island of Hveen, gave him a pension

and made hima canon of the Cathedral of Roskilde. On that island
Tycho Brahe built the splendid observatory which he called Urani borg,
and, later, a second one for his assistants and students, called
Stjerneborg. These he fitted up with the nost perfect instruments, and
never | ost a chance of adding to his stock of careful observations.[1]

The account of all these instrunents and observations, printed at his
own press on the island, was published by Tycho Brahe hinself, and the
admi rabl e and numer ous engravi ngs bear witness to the excellence of
design and the stability of his instrunents.

H s nmechanical skill was very great, and in his workmanshi p he was



satisfied with nothing but the best. He recognised the inportance of
rigidity in the instruments, and, whereas these had generally been
made of wood, he designed themin netal. H s instruments included
arm|lae |like those which had been used in Al exandria, and other
arm || ae designed by hinsel f--sextants, nural quadrants, |arge

cel estial globes and various instrunents for special purposes. He
lived before the days of tel escopes and accurate cl ocks. He invented
t he nmet hod of sub-dividing the degrees on the arc of an instrument by
transversal s somewhat in the way that Pedro Nunez had proposed.

He originated the true system of observation and reduction of
observations, recognising the fact that the best instrunent in the
world is not perfect; and with each of his instruments he set to work
to find out the errors of graduation and the errors of mounting, the
necessary correction being applied to each observation

When he wanted to point his instrunent exactly to a star he was
confronted with precisely the same difficulty as is nmet in gunnery and
rifle-shooting. The sights and the object ained at cannot be in focus
together, and a great deal depends on the formof sight. Tycho Brahe
i nvented, and applied to the pointers of his instrunents, an
aperture-sight of variable area, like the iris diaphragmused now in
phot ography. This enabled himto get the best result with stars of

di fferent brightness. The tel escope not having been invented, he
could not use a tel escopic-sight as we now do in gunnery. This not
only renoves the difficulty of focussing, but nakes the m ninum
visible angle snmaller. Hel mholtz has defined the mni numangle
nmeasurable with the naked eye as being one mnute of arc. In view of
this it is sinmply marvellous that, when the positions of Tycho's
standard stars are conpared with the best nodern catal ogues, his
probable error in right ascension is only +/- 24", 1, and in
declination

only +/- 25", 9.

Cl ocks of a sort had been nmade, but Tycho Brahe found them so
unreliable that he sel domused them and nmany of his position-
neasur enent s

were made by neasuring the angul ar di stances from known stars.

Taking into consideration the absence of either a telescope or a

cl ock, and reading his account of the | abour he bestowed upon each
observation, we nmust all agree that Kepler, who inherited these
observations in Ms., was justified, under the conditions then
existing, in declaring that there was no hope of anyone ever inproving
upon t hem

In the year 1572, on Novenber 11th, Tycho di scovered in Cassiopeia a
new star of great brilliance, and continued to observe it until the
end of January, 1573. So incredible to himwas such an event that he
refused to believe his own eyes until he got others to confirm what he
saw. He made accurate observations of its distance fromthe nine
principal stars in Casseiopeia, and proved that it had no neasurable
paral | ax. Later he enployed the sanme nmethod with the conmets of 1577,
1580, 1582, 1585, 1590, 1593, and 1596, and proved that they too had
no neasurabl e parallax and nust be very distant.

The startling discovery that stars are not necessarily pernmanent, that



new stars nay appear, and possibly that old ones nay di sappear, had
upon himexactly the sane effect that a simlar occurrence had upon
H pparchus 1,700 years before. He felt it his duty to catal ogue al
the principal stars, so that there should be no nistake in the
future. During the construction of his catal ogue of 1,000 stars he
prepared and used accurate tables of refraction deduced fromhis own
observations. Thus he elininated (so far as naked eye observations
required) the effect of atnospheric refraction which nmakes the
altitude of a star seemgreater than it really is.

Tycho Brahe was able to correct the lunar theory by his observations.
Coperni cus had introduced two epicycles on the lunar orbit in the hope
of obtaining a better accordance between theory and observation; and
he was not too ambitious, as his desire was to get the tables accurate
to ten minutes. Tycho Brahe found that the tables of Copernicus were
in error as nuch as two degrees. He re-discovered the inequality
called "variation" by observing the nmoon in all phases--a thing which
had not been attended to. [It is remarkable that in the nineteenth
century Sir George Airy established an altazimuth at G eenwi ch
Qbservatory with this special object, to get observations of the noon
in all phases.] He al so discovered other |unar equalities, and wanted
to add another epicycle to the moon's orbit, but he feared that these
woul d soon become unmanageable if further observations showed nore new
i nequalities.

But, as it turned out, the nost fruitful work of Tycho Brahe was on
the notions of the planets, and especially of the planet Mars, for it
was by an exam nation of these results that Kepler was led to the

di scovery of his immortal |aws.

After the death of King Frederick the observatories of Tycho Brahe
were not supported. The gigantic power and industry displayed by this
det ermi ned man were acconpani ed, as often happens, by an overbearing
manner, intolerant of obstacles. This led to friction, and eventually
t he observatories were dismantl ed, and Tycho Brahe was received by the
Enperor Rudol ph 1l1., who placed a house in Prague at his disposal

Here he worked for a few years, with Kepler as one of his assistants,
and he died in the year 1601.

It is an interesting fact that Tycho Brahe had a firm conviction that
nmundane events could be predicted by astrol ogy, and that this belief
was supported by his own predictions.

It has al ready been stated that Tycho Brahe maintai ned that
observation nust precede theory. He did not accept the Copernican
theory that the earth noves, but for a working hypothesis he used a
nodi fication of an old Egyptian theory, mathematically identical wth
t hat of Copernicus, but not involving a stellar parallax. He says
(_De Mundi _, etc.) that

t he Ptol enean systemwas too conplicated, and the new one which that
great man Coperni cus had proposed, following in the footsteps of

Ari starchus of Sanpbs, though there was nothing in it contrary to

mat hemati cal principles, was in opposition to those of physics, as

t he heavy and sluggish earth is unfit to nove, and the systemis
even opposed to the authority of Scripture. The absence of annua
paral | ax further involves an incredible distance between the



out ernost planet and the fixed stars.

W are bound to adnmit that in the circunstances of the case, so long
as there was no question of dynam cal forces connecting the menbers of
the solar system his reasoning, as we should expect from such a nman
is practical and sound. It is not surprising, then, that astrononers
generally did not readily accept the views of Copernicus, that Luther
(Luther's _Tischreden_, pp. 22, 60) derided himin his usual pithy
manner, that Ml ancthon (_Initia doctrinae physicae_) said that
Scripture, and al so science, are against the earth's nmotion; and that
the men of science whose opinion was asked for by the cardinals (who
wi shed to know whether Galileo was right or wong) |ooked upon
Coperni cus as a weaver of fanciful theories.

Johann Kepler is the nane of the man whose place, as is generally
agreed, would have been the nost difficult to fill anong all those who
have contributed to the advance of astronom cal know edge. He was born
at Wel, in the Duchy of Wirtenberg, in 1571. He held an appoi nt nent

at Gratz, in Styria, and went to join Tycho Brahe in Prague, and to
assi st in reducing his observations. These cane into his possession
when Tycho Brahe di ed, the Enperor Rudol ph entrusting to himthe
preparati on of new tables (called the Rudol phine tables) founded on
the new and accurate observations. He had the nost profound respect
for the know edge, skill, determination, and perseverance of the man
who had reaped such a harvest of npbst accurate data; and though Tycho
hardly recogni sed the transcendent genius of the nan who was worKki ng
as his assistant, and although there were disagreenents between t hem
Kepler held to his post, sustained by the conviction that, with these
observations to test any theory, he would be in a position to settle
for ever the problemof the solar system

[IlTustration: PORTRAIT OF JOHANNES KEPLER. By F. Wanderer, from
Reitlinger's "Johannes Kepler" (original in Strassburg).]

It has seened to nmany that Plato's denand for uniformcircular notion
(l'inear or angular) was responsible for a |l oss to astronony of good
work during fifteen hundred years, for a hundred ill-considered
specul ati ve cosnmogoni es, for dissatisfaction, amounting to disgust,
with these _a priori_ guesses, and for the relegation of the

science to less intellectual races than G eeks and other Europeans
Nobody seened to dare to depart fromthis fetish of uniform angular
notion and circular orbits until the insight, boldness, and

i ndependence of Johann Kepl er opened up a new world of thought and of
i ntell ectual delight.

Wil e at work on the Rudol phine tables he used the old epicycles and
deferents and excentrics, but he could not nake theory agree with
observation. His instincts told himthat these apol ogists for uniform
nmoti on were a fraud; and he proved it to hinmself by trying every
possi bl e variation of the elements and finding themfail. The nunber
of hypot heses whi ch he exami ned and rejected was al nost incredible
(for example, that the planets turn round centres at a little distance
fromthe sun, that the epicycles have centres at a little distance
fromthe deferent, and so on). He says that, after using all these
devices to make theory agree with Tycho's observations, he still found
errors anounting to eight mnutes of a degree. Then he said boldly
that it was inmpossible that so good an observer as Tycho could have



made a m stake of eight mnutes, and added: "Qut of these eight
mnutes we will construct a new theory that will explain the notions
of all the planets.” And he did it, with elliptic orbits having the
sun in a focus of each.[2]

It is often difficult to define the boundaries between fancies,

i magi nati on, hypothesis, and sound theory. This extraordinary genius
was a master in all these nodes of attacking a problem H s anal ogy
bet ween t he spaces occupied by the five regular solids and the

di stances of the planets fromthe sun, which filled himw th so nuch
delight, was a display of pure fancy. H s denonstration of the three
fundamental |aws of planetary notion was the nbst strict and conplete
theory that had ever been attenpted.

It has been often suggested that the revival by Copernicus of the
notion of a noving earth was a help to Kepler. No one who reads
Kepler's great book could hold such an opinion for a nonent. In fact,
t he excel |l ence of Copernicus's book helped to prolong the life of the
epicyclical theories in opposition to Kepler's teaching.

Al'l of the best theories were conpared by himw th observati on. These
were the Ptol emaic, the Copernican, and the Tychonic. The two latter

pl aced all of the planetary orbits concentric with one another, the
sun being placed a little away fromtheir common centre, and having no
apparent relation to them and being actually outside the planes in
whi ch they nove. Kepler's first great discovery was that the planes
of all the orbits pass through the sun; his second was that the |ine
of apses of each planet passes through the sun; both were
contradictory to the Copernican theory.

He proceeds cautiously with his propositions until he arrives at his
great |aws, and he concludes his book by conparing observations of
Mars, of all dates, with his theory.

Hs first |law states that the planets describe ellipses with the sun
at a focus of each ellipse.

H s second law (a far nmore difficult one to prove) states that a line
drawn froma planet to the sun sweeps over equal areas in equa

tinmes. These two | aws were published in his great work, _Astronom a
Nova, sen. Physica Coelestis tradita commentariis de Motibus Stell oe;
Martis_, Prague, 1609.

It took himnine years nore[3] to discover his third |l aw, that the
squares of the periodic tinmes are proportional to the cubes of the
nean di stances fromthe sun.

These three laws contain inplicitly the | aw of universa

gravitation. They are sinply an alternative way of expressing that |aw
in dealing with planets, not particles. Only, the power of the
greatest human intellect is so utterly feeble that the neaning of the
words in Kepler's three Iaws could not be understood until expounded
by the | ogic of Newton's dynam cs.

The joy with which Kepler contenplated the final denonstration of
these | aws, the evolution of which had occupied twenty years, can
hardly be inmagined by us. He has given sone idea of it in a passage



in his work on Harnonics_, which is not now quoted, only | est
soneone might say it was egotistical--a termwhich is sinply grotesque
when applied to such a man with such a life's work acconplished

The whol e book, _Astronomia Nova , is a pleasure to read; the

mass of observations that are used, and the ingenuity of the
propositions, contrast strongly with the |oose and inperfectly
supported explanations of all his predecessors; and the indul gent
reader will excuse the devotion of a fewlines to an exanple of the
i ngenuity and beauty of his nethods.

It nay seem a hopel ess task to find out the true paths of Mars and the
earth (at that tine when their shape even was not known) fromthe
observations giving only the relative direction fromnight to

ni ght. Now, Kepler had twenty years of observations of Mars to dea
with. This enabled himto use a new nethod, to find the earth's

orbit. Cbserve the date at any tine when Mars is in opposition. The
earth's position E at that date gives the longitude of Mars M His
period is 687 days. Now choose dates before and after the principa
date at intervals of 687 days and its nultiples. Mars is in each case
in the same position. Now for any date when Mars is at Mand the earth
at E3 the date of the year gives the angle E3SM And the

observation of Tycho gives the direction of Mars conpared with the
sun, SE3M So all the angles of the triangle SEMin any of these
positions of E are known, and also the ratios of SE1, SE2, SE3,

SE4 to SM and to each ot her

For the orbit of Mars observations were chosen at intervals of a year,
when the earth was always in the sanme pl ace.

[TllTustration]

But Kepler saw much farther than the geonetrical facts. He realised
that the orbits are followed owing to a force directed to the sun; and
he guessed that this is the same force as the gravity that makes a
stone fall. He saw the difficulty of gravitation acting through the
voi d space. He conpared universal gravitation to nagnetism and
speaks of the work of G lbert of Colchester. (G lbert's book, _De
Mundo Nostro Sublunari, Phil osophia Nova_, Anstel odam, 1651
containing simlar views, was published forty-eight years after
Glbert's death, and forty-two years after Kepler's book and
reference. Hi s book De Magnete_was published in 1600.)

A few of Kepler's views on gravitation, extracted fromthe
Introduction to his _Astronom a Nova , may now be nentioned: - -

1. Every body at rest renmmins at rest if outside the attractive power
of other bodies.

2. Gravity is a property of masses nutually attracting in such manner
that the earth attracts a stone nuch nore than a stone attracts the
earth.

3. Bodies are attracted to the earth's centre, not because it is the
centre of the universe, but because it is the centre of the attracting
particles of the earth.



4. If the earth be not round (but spheroidal ?), then bodies at
different latitudes will not be attracted to its centre, but to
different points in the nei ghbourhood of that centre.

5. If the earth and nobon were not retained in their orbits by vita
force (_aut alia aligua aequipollenti_), the earth and noon woul d cone
t oget her.

6. If the earth were to cease to attract its waters, the oceans woul d
all rise and flow to the npon

7. He attributes the tides to lunar attraction. Kepler had been

appoi nted I nmperial Astronomer with a handsone salary (on paper), a
fraction of which was doled out to himvery irregularly. He was led to
m serabl e nakeshifts to earn enough to keep his famly from
starvation; and proceeded to Ratisbon in 1630 to represent his clains
to the Diet. He arrived worn out and debilitated; he failed in his
appeal , and died fromfever, contracted under, and fed upon

di sappoi ntment and exhausti on. Those were not the days when men coul d
adopt as a profession the "research of endowrent."

Bef ore taking | eave of Kepler, who was by no neans a nan of one idea,
it ought to be here recorded that he was the first to suggest that a
tel escope made with both | enses convex (not a Galilean tel escope) can
have cross wires in the focus, for use as a pointer to fix accurately
the positions of stars. An Englishman, Gascoigne, was the first to use
this in practice.

Fromthe all too brief epitome here given of Kepler's greatest book

it must be obvious that he had at that tine sone inkling of the
meani ng of his |aws--universal gravitation. Fromthat nonent the idea
of universal gravitation was in the air, and hints and guesses were
thrown out by many; and in tinme the law of gravitation would doubtl ess
have been di scovered, though probably not by the work of one man, even
if Newton had not lived. But, if Kepler had not lived, who else could
have di scovered his | ans?

FOOTNOTES:

[1] When the witer visited M D Arrest, the astrononer, at
Copenhagen, in 1872, he was presented by D Arrest with one of severa
bricks collected fromthe ruins of Uraniborg. This was one of his nost
cherished possessions until, on returning home after a prol onged
absence on astronom cal work, he found that his treasure had been
tidied away from his study.

[2] An ellipse is one of the plane, sections of a cone. It is an oval
curve, which may be drawn by fixing two pins in a sheet of paper at S
and H, fastening a string, SPH, to the two pins, and stretching it
with a pencil point at P, and noving the pencil point, while the
string is kept taut, to trace the oval ellipse, APB. S and H are the
_foci _. Kepler found the sun to be in one focus, say S. ABis the
_major axis_. DEis the _mnor axis_ . Cis the _centre_. The direction
of ABis the line of apses_. The ratio of CSto CAis the
_excentricity . The position of the planet at Ais the _perihelion_
(nearest to the sun). The position of the planet at Bis the



_aphelion_ (farthest fromthe sun). The angle ASP is the _anomaly_
when the planet is at P. CAor aline drawmn fromS to Dis the _nean
di stance_ of the planet fromthe sun.

[IlTustration]

[3] The ruled logarithm c paper we now use was not then to be had by
going into a stationer's shop. Else he would have acconplished this in
five mnutes.

6. GALILEO AND THE TELESCOPE- - NOTI ONS OF GRAVITY BY HORROCKS, ETC

It is now necessary to | eave the subject of dynamical astronony for a
short tinme in order to give sone account of work in a different
direction originated by a contenporary of Kepler's, his senior in fact
by seven years. Galileo Galilei was born at Pisa in 1564. The nopst
scientific part of his work dealt with terrestrial dynam cs; but one
of those fortunate chances which happen only to really great nen put
himin the way of originating a new branch of astronony.

The | aws of motion had not been correctly defined. The only nan of
Glileo' s tine who seens to have worked successfully in the sane
direction as hinself was that Admirable Crichton of the Italians,
Leonardo da Vinci. Galileo cleared the ground. It had al ways been
noticed that things tend to come to rest; a ball rolled on the ground,
a boat noved on the water, a shot fired in the air. Glileo realised
that in all of these cases a resisting force acts to stop the notion,
and he was the first to arrive at the not very obvious |law that the
notion of a body will never stop, nor vary its speed, nor change its
direction, except by the action of some force.

It is not very obvious that a |light body and a heavy one fall at the
sane speed (except for the resistance of the air). Galileo proved this
on paper, but to convince the world he had to experinment fromthe

| eani ng tower of Pisa.

At an early age he discovered the principle of isochronismof the
pendul um which, in the hands of Huyghens in the m ddle of the
seventeenth century, led to the invention of the pendul um cl ock
per haps the nost val uabl e astronom cal instrument ever produced.

These and other discoveries in dynanics nay seem very obvi ous now, but
it is often the nost every-day natters which have been found to el ude
the inquiries of ordinary mnds, and it required a high order of
intellect to unravel the truth and discard the stupid maxinms scattered
t hrough the works of Aristotle and accepted on his authority. A blind
wor ship of scientific authorities has often delayed the progress of
human know edge, just as too nmuch "instruction" of a youth often ruins
his "education." Grant, in his history of Physical Astrononmy, has well
said that "the sagacity and skill which Galileo displays in resolving
t he phenonena of notion into their constituent el enents, and hence
deriving the original principles involved in them wll ever assure to
hi m a di stingui shed pl ace anong those who have extended the domai ns of
sci ence. "



But it was work of a different kind that established Galileo' s popular
reputation. In 1609 Galileo heard that a Dutch spectacl e-maker had
conbined a pair of lenses so as to magnify di stant objects. Wrking on
this hint, he solved the sane problem first on paper and then in
practice. So he cane to nake one of the first tel escopes ever used in
astronony. No sooner had he turned it on the heavenly bodi es than he
was rewarded by such a shower of startling discoveries as forthwith
made his name the best known in Europe. He found curious irregular

bl ack spots on the sun, revolving round it in twenty-seven days; hills
and val l eys on the nmoon; the planets showi ng discs of sensible size,
not points like the fixed stars; Venus show ng phases according to her
position in relation to the sun; Jupiter acconpani ed by four noons;
Saturn wi th appendages that he could not explain, but unlike the other
pl anets; the M| ky Way conposed of a multitude of separate stars.

H's fame fl ew over Europe |like magic, and his discoveries were nuch

di scussed--and there were many who refused to believe. Cosno de Medici
i nduced himto mgrate to Florence to carry on his observations. He
was received by Paul V., the Pope, at Rone, to whom he expl ai ned his
di scoveri es.

He t hought that these discoveries proved the truth of the Copernican
theory of the Earth's notion; and he urged this view on friends and
foes alike. Although in frequent correspondence with Kepler, he never
al luded to the New Astronony, and wote to himextolling the virtue of
epi cycles. He loved to argue, never shirked an encounter w th any
nunber of disputants, and | aughed as he broke down their arguments.

Thr ough sone strange course of events, not easy to follow, the
Coperni can theory, whose birth was wel coned by the Church, had now
been taken up by certain anti-clerical agitators, and was opposed by
the cardinals as well as by the dignitaries of the Reforned

Church. Galileo--a good Catholic--got nmixed up in these discussions,
al t hough on excellent terns with the Pope and his entourage. At | ast
it cane about that Galileo was summoned to appear at Rone, where he
was charged with hol ding and teaching heretical opinions about the
nmoverrent of the earth; and he then solemmly abjured these

opi nions. There has been nuch exaggerati on and mi sstatenment about his
trial and punishnent, and for a long tinme there was a great deal of
bitterness shown on both sides. But the general verdict of the present
day seens to be that, although Galileo hinself was treated with

consi deration, the hostility of the Church to the views of Copernicus
placed it in opposition also to the true Keplerian system and this
led to unprofitable controversies. Fromthe tine of Galileo onwards,
for sone tine, opponents of religion included the theory of the
Earth's notion in their disputations, not so nmuch for the | ove, or
know edge, of astronony, as for the pleasure of putting the Church in
the wong. This created a great deal of bitterness and intol erance on
both sides. Anobng the sufferers was G ordano Bruno, a | earned
specul ati ve phil osopher, who was condenmed to be burnt at the stake.

Galileo died on Christnmas Day, 1642--the day of Newton's birth. The
further consideration of the grand field of discovery opened out by
Glileo with his tel escopes nust be now postponed, to avoid
di scontinuity in the history of the intellectual devel opnent of this
period, which lay in the direction of dynam cal, or physical



astronony.

Until the tinme of Kepler no one seenms to have conceived the idea of
uni versal physical forces controlling terrestrial phenonena, and
equal Iy applicable to the heavenly bodi es. The grand discovery by
Kepler of the true relationship of the Sun to the Planets, and the
tel escopi c discoveries of Galileo and of those who followed him
spread a spirit of inquiry and philosophic thought throughout Europe,
and once nore did astronony rise in estimation; and the irresistible
logic of its mathenatical process of reasoning soon placed it in the
position it has ever since occupied as the forenpst of the exact

sci ences.

The practical application of this process of reasoning was enornously
facilitated by the invention of logarithns by Napier. He was born at
Mer chi st oun, near Edi nburgh, in 1550, and died in 1617. By this system
the tedious arithnetical operations necessary in astronom ca

cal cul ations, especially those dealing with the trigononetrica
functions of angles, were so nuch sinplified that Laplace decl ared
that by this invention the |ife-work of an astrononer was doubl ed.

Jerem ah Horrocks (born 1619, died 1641) was an ardent admirer of
Tycho Brahe and Kepler, and was able to inprove the Rudol phi ne tables
so nuch that he foretold a transit of Venus, in 1639, which these
tables failed to indicate, and was the only observer of it. His life
was short, but he acconplished a great deal, and rightly ascribed the
lunar inequality called _evection_to variations in the value of

the eccentricity and in the direction of the line of apses, at the
same time correctly assigning _the disturbing force of the Sun_

as the cause. He discovered the errors in Jupiter's cal cul ated pl ace,
due to what we now know as the long inequality of Jupiter and Saturn
and neasured with considerabl e accuracy the acceleration at that date
of Jupiter's mean nmotion, and indicated the retardation of Saturn's
nmean noti on.

Horrocks' investigations, so far as they could be collected, were
publ i shed post hunmpusly in 1672, and seldom if ever, has a man who
lived only twenty-two years originated so much scientific know edge.

At this period British science received a |asting inpetus by the wi se
initiation of a much-abused man, Charles Il., who founded the Roya
Soci ety of London, and al so the Royal Observatory of G eeenw ch, where
he established Fl ansteed as first Astrononmer Royal, especially for

[ unar and stellar observations likely to be useful for navigation. At
the sane tine the French Acadeny and the Paris Cbservatory were
founded. All this within fourteen years, 1662-1675.

Meanwhi l e gravitation in general terms was being discussed by Hooke,
Wen, Halley, and many others. Al of these nen felt a repugnance to
accept the idea of a force acting across the enpty void of space.
Descartes (1596-1650) proposed an ethereal nmediumwhirling round the
sun with the planets, and having local whirls revolving with the
satellites. As Delanbre and Grant have said, this fiction only
retarded the progress of pure science. It had no sort of relation to
the nore nodern, but equally msleading, "nebular hypothesis." Wile
many were tal king and guessing, a giant mnd was needed at this stage
to make things clear



7. SIR | SAAC NEWION- - LAW OF UNI VERSAL GRAVI TATI ON

We now reach the period which is the culmnating point of interest in
the history of dynam cal astronony. |saac Newton was born in

1642. Penberton states that Newton, having quitted Canbridge to avoid
t he plague, was residing at Wl sthorpe, in Lincol nshire, where he had
been born; that he was sitting one day in the garden, reflecting upon
the force which prevents a planet fromflying off at a tangent and
which draws it to the sun, and upon the force which draws the nmoon to
the earth; and that he saw in the case of the planets that the sun's
force nust clearly be unequal at different distances, for the pull out
of the tangential line in a mnute is less for Jupiter than for

Mars. He then saw that the pull of the earth on the noon would be | ess
than for a nearer object. It is said that while thus neditating he saw
an apple fall froma tree to the ground, and that this fact suggested
the questions: |Is the force that pulled that apple fromthe tree the
sane as the force which draws the noon to the earth? Does the
attraction for both of themfollow the same |law as to distance as is
given by the planetary notions round the sun? It has been stated that
in this way the first conception of universal gravitation arose.[1]

Quite the nost inmportant event in the whole history of physica
astronony was the publication, in 1687, of Newton's _Principia
(Phi | osophiae Naturalis Principia Mathematica)_. In this great work
Newt on started fromthe begi nning of things, the laws of notion, and
carried his argument, step by step, into every branch of physica
astronony; giving the physical nmeaning of Kepler's three | aws, and
expl ai ning, or indicating the explanation of, all the known heavenly
nmotions and their irregularities; showing that all of these were
included in his sinple statenent about the |aw of universa
gravitation; and proceeding to deduce fromthat law new irregularities
in the notions of the nmoon which had never been noticed, and to

di scover the oblate figure of the earth and the cause of the

tides. These investigations occupied the best part of his life; but he
wrote the whole of his great book in fifteen nonths.

Havi ng devel oped and enunci ated the true |laws of notion, he was able
to show that Kepler's second | aw (that equal areas are described by
the line fromthe planet to the sun in equal times) was only anot her
way of saying that the centripetal force on a planet is always
directed to the sun. Also that Kepler's first law (elliptic orbits
with the sun in one focus) was only another way of saying that the
force urging a planet to the sun varies inversely as the square of the
di stance. Also (if these two be granted) it follows that Kepler's
third law is only another way of saying that the sun's force on

di fferent planets (besides depending as above on distance) is
proportional to their masses.

Havi ng further proved the, for that day, wonderful proposition that,
with the law of inverse squares, the attraction by the separate
particles of a sphere of uniformdensity (or one conposed of
concentric spherical shells, each of uniformdensity) acts as if the
whol e mass were collected at the centre, he was able to express the



meani ng of Kepler's laws in propositions which have been summari sed as
follows: --

The | aw of universal gravitation.--_Every particle of matter in the
universe attracts every other particle with a force varying inversely
as the square of the distance between them and directly as the
product of the nasses of the two particles .[2]

But Newton did not conmit himself to the law until he had answered

t hat question about the apple; and the above proposition now enabl ed
himto deal with the Moon and the apple. Gavity nakes a stone fal
16.1 feet in a second. The noon is 60 tines farther fromthe earth's
centre than the stone, so it ought to be drawn out of a straight
course through 16.1 feet in a mnute. Newton found the distance

t hrough which she is actually drawn as a fraction of the earth's
diameter. But when he first examined this natter he proceeded to use
a wong dianmeter for the earth, and he found a serious discrepancy.
This, for a tine, seemed to condemn his theory, and regretfully he
laid that part of his work aside. Fortunately, before Newton wote the
_Principia_ the French astrononer Picard nade a new and correct
neasure of an arc of the meridian, fromwhich he obtained an accurate
value of the earth's dianeter. Newton applied this value, and found,
to his great joy, that when the distance of the nobon is 60 tines the
radius of the earth she is attracted out of the straight course 16.1
feet per mnute, and that the force acting on a stone or an apple
follows the sane | aw as the force acting upon the heavenly bodies.[ 3]

The universality claimed for the law-if not by Newton, at |east by
hi s comment at ors--was bold, and warranted only by the | arge nunber of
cases in which Newton had found it to apply. Its universality has been
under test ever since, and so far it has stood the test. There has

of ten been a suspicion of a doubt, when sonme inequality of notion in

t he heavenly bodies has, for a tinme, foiled the astronomers in their
attenpts to explain it. But inproved mathematical mnethods have al ways
succeeded in the end, and so the seem ng doubt has been converted into
a surer conviction of the universality of the |aw.

Havi ng once established the | aw, Newton proceeded to trace sonme of its
consequences. He saw that the figure of the earth depends partly on
the mutual gravitation of its parts, and partly on the centrifuga
tendency due to the earth's rotation, and that these should cause a
flattening of the poles. He invented a mathenatical nethod which he
used for conmputing the ratio of the polar to the equatorial dianeter.

He then noticed that the consequent bul ging of natter at the equator
woul d be attracted by the nobon unequally, the nearest parts bei ng nost
attracted; and so the noon would tend to tilt the earth when in sone
parts of her orbit; and the sun would do this to a |l ess extent,
because of its great distance. Then he proved that the effect ought to
be a rotation of the earth's axis over a conical surface in space,
exactly as the axis of a top describes a cone, if the top has a sharp
point, and is set spinning and di splaced fromthe vertical. He
actually cal culated the anpbunt; and so he expl ai ned the cause of the
precessi on of the equi noxes di scovered by H pparchus about 150 B.C.

One of his grandest discoveries was a nethod of weighing the heavenly
bodi es by their action on each other. By neans of this principle he



was able to conpare the mass of the sun with the masses of those
pl anets that have noons, and al so to conpare the nass of our noon wth
the nmass of the earth.

Thus Newton, after having established his great principle, devoted his
splendid intellect to the calculation of its consequences. He proved
that if a body be projected with any velocity in free space, subject
only to a central force, varying inversely as the square of the

di stance, the body must revolve in a curve which may be any one of the
sections of a cone--a circle, ellipse, parabola, or hyperbola; and he
found that those conets of which he had observations nove in parabol ae
round the Sun, and are thus subject to the universal |aw.

Newt on realised that, while planets and satellites are chiefly
controlled by the central body about which they revolve, the new |l aw
nmust involve irregularities, due to their nutual action--such, in
fact, as Horrocks had indicated. He deternmned to put this to a test
in the case of the nmoon, and to calculate the sun's effect, fromits
mass conpared with that of the earth, and fromits distance. He proved
that the average effect upon the plane of the orbit would be to cause
the line in which it cuts the plane of the ecliptic (i.e., the line of
nodes) to revolve in the ecliptic once in about nineteen years. This
had been a known fact fromthe earliest ages. He al so concl uded t hat
the Iine of apses would revolve in the plane of the lunar orbit also

i n about nineteen years; but the observed period is only ten

years. For a long tinme this was the one weak point in the New onian
theory. It was not till 1747 that Clairaut reconciled this with the

t heory, and showed why Newton's cal cul ati on was not exact.

Newt on proceeded to explain the other inequalities recognised by Tycho
Brahe and ol der observers, and to calculate their maxi num amounts as

i ndi cated by his theory. He further discovered fromhis cal culations
two new i nequalities, one of the apogee, the other of the nodes, and
assigned the maxi num val ue. Grant has shown the val ues of some of
these as given by observation in the tables of Meyer and nore nodern
tabl es, and has conpared themw th the val ues assi gned by Newton from
his theory; and the conparison is very renarkabl e.

Newt on. Moder n Tabl es.
degrees ' " degrees ' "
Mean nont hly notion of Apses 1.31.28 3.4.0
Mean annual notion of nodes 19.18.1, 23 19.21. 22,50
Mean val ue of "variation" 36. 10 35. 47
Annual equation 11.51 11. 14
Inequal ity of mean notion of apogee 19. 43 22.17
Inequality of nmean notion of nodes 9.24 9.0

The only serious discrepancy is the first, which has been al ready
menti oned. Considering that some of these perturbations had never been
di scovered, that the cause of none of them had ever been known, and
that he exhibited his results, if he did not also nake the

di scoveries, by the synthetic nethods of geometry, it is sinply
marvel | ous that he reached to such a degree of accuracy. He invented
the infinitesiml calculus which is nore suited for such cal cul ations,
but had he expressed his results in that | anguage he woul d have been
unintelligible to nany.



Newt on' s net hod of cal culating the precession of the equi noxes,
already referred to, is as beautiful as anything in the _Principia_.
He had al ready proved the regression of the nodes of a satellite
moving in an orbit inclined to the ecliptic. He now said that the
nodes of a ring of satellites revolving round the earth's equator
woul d consequently all regress. And if joined into a solid ring its
node woul d regress; and it would do so, only nore slowy, if
encunbered by the spherical part of the earth's nass. Therefore the
axis of the equatorial belt of the earth must revol ve round the pole
of the ecliptic. Then he set to work and found the anount due to the
noon and that due to the sun, and so he solved the nystery of 2,000
years.

When Newt on applied his |law of gravitation to an explanation of the
tides he started a new field for the application of mathematics to
physi cal problens; and there can be little doubt that, if he could
have been furnished with conplete tidal observations fromdifferent
parts of the world, his extraordi nary powers of analysis would have
enabled himto reach a satisfactory theory. He certainly opened up
many nines full of intellectual gens; and his successors have never
ceased in their explorations. This has led to inproved nathenatica
net hods, which, conbined with the greater accuracy of observation
have rendered physical astronony of to-day the npst exact of the
sci ences.

Lapl ace only expressed the universal opinion of posterity when he said
that to the Principia_is assured "a pre-em nence above all the
ot her productions of the human intellect."

The nane of Flansteed, First Astrononmer Royal, nust here be nentioned
as having supplied Newton with the accurate data required for
conpl eting the theory.

The nane of Ednund Hal | ey, Second Astronomer Royal, must ever be held
in repute, not only for his own discoveries, but for the part he
played in urging Newton to conmt to witing, and present to the Roya
Society, the results of his investigations. But for his friendly
insistence it is possible that the _Principia_ would never have

been witten; and but for his generosity in supplying the nmeans the
Royal Society could not have published the book

[IlTustration: DEATH MASK OF SIR | SAAC NEWION
Phot ogr aphed specially for this work fromthe original, by kind
perni ssion of the Royal Society, London.]

Sir Isaac Newton died in 1727, at the age of eighty-five. Hi s body
lay in state in the Jerusal em Chanber, and was buried in Wstm nster
Abbey.

FOOTNOTES:

[1] The witer inherited fromhis father (Professor J. D. Forbes) a
smal | box containing a bit of wood and a slip of paper, which had been
presented to himby Sir David Brewster. On the paper Sir David had
witten these words: "If there be any truth in the story that New on
was led to the theory of gravitation by the fall of an apple, this bit



of wood is probably a piece of the apple tree from which Newton saw

the apple fall. Wien | was on a pilgrinmge to the house in which
Newt on was born, | cut it off an ancient apple tree growing in his
garden." \Wen lecturing in d asgow, about 1875, the witer showed it

to his audi ence. The next norning, when renoving his property fromthe
| ecture table, he found that his precious relic had been stolen. It
woul d be interesting to know who has got it now

[2] It nust be noted that these words, in which the | aws of
gravitation are always sunmarised in histories and text-books, do not
appear in the _Principia_; but, though they must have been conposed by
sone early commentator, it does not appear that their origin has been
traced. Nor does it appear that Newton ever extended the |aw beyond
the Sol ar System and probably his caution would have led himto avoid
any statenent of the kind until it should be proved.

Wth this exception the above statenent of the |aw of universa
gravitation contains nothing that is not to be found in the
_Principia_; and the nearest approach to that statement occurs in the
Seventh Proposition of Book Il1I.:--

Prop.: That gravitation occurs in all bodies, and that it is
proportional to the quantity of matter in each

Cor. |I.: The total attraction of gravitation on a planet arises, and
is conposed, out of the attraction on the separate parts.

Cor. Il.: The attraction on separate equal particles of a body is
reci procally as the square of the distance fromthe particles.

[3] It is said that, when working out this final result, the
probability of its confirm ng that part of his theory which he had
reluctantly abandoned years before excited himso keenly that he was
forced to hand over his calculations to a friend, to be conpleted by
hi m

8. NEWON' S SUCCESSORS- - HALLEY, EULER, LAGRANGE, LAPLACE, ETC.

Edmund Hal | ey succeeded Fl ansteed as Second Astrononer Royal in
1721. Although he did not contribute directly to the mathemati cal
proofs of Newton's theory, yet his name is closely associated with
some of its greatest successes.

He was the first to detect the accel eration of the nmoon's nean

nmoti on. Hi pparchus, having conpared his own observations with those of
nore anci ent astrononers, supplied an accurate value of the noon's
mean notion in his tinme. Halley simlarly deduced a value for nobdern
tinmes, and found it sensibly greater. He announced this in 1693, but
it was not until 1749 that Dunthorne used nodern lunar tables to
conpute a lunar eclipse observed in Babylon 721 B.C., another at

Al exandria 201 B.C., a solar eclipse observed by Theon 360 A.D., and
two |ater ones up to the tenth century. He found that to explain
these eclipses Halley's suggestion nust be adopted, the acceleration
being 10" in one century. In 1757 Lal ande again fixed it at 10."



The Paris Acadeny, in 1770, offered their prize for an investigation
to see if this could be explained by the theory of gravitation. Euler
won the prize, but failed to explain the effect, and said: "It appears
to be established by indisputable evidence that the secular inequality
of the noon's nean notion cannot be produced by the forces of
gravitation."

The sane subject was again proposed for a prize which was shared by
Lagrange [1] and Euler, neither finding a solution, while the latter
asserted the existence of a resisting nediumin space.

Again, in 1774, the Acadeny submitted the same subject, a third tine,
for the prize; and again Lagrange failed to detect a cause in
gravitation.

Laplace [2] now took the matter in hand. He tried the effect of a
non-i nst ant aneous action of gravity, to no purpose. But in 1787 he
gave the true explanation. The principal effect of the sun on the
noon's orbit is to dimnish the earth's influence, thus |engthening
the period to a new val ue generally taken as constant. But Laplace's
cal cul ati ons showed the new val ue to depend upon the excentricity of
the earth's orbit, which, according; to theory, has a periodica

vari ation of enormpus period, and has been continually dimnishing for
t housands of years. Thus the solar influence has been di m ni shing, and
the noon's nean notion increased. Laplace conputed the anpbunt at 10"
in one century, agreeing with observation. (Later on Adans showed t hat
Lapl ace's cal cul ati on was wong, and that the value he found was too

| arge; so, part of the acceleration is now attributed by sone
astrononers to a | engthening of the day by tidal friction.)

Anot her contribution by Halley to the verification of Newton's | aw was
made when he went to St. Helena to catal ogue the southern stars. He
nmeasured the change in length of the second's pendulumin different

| atitudes due to the changes in gravity foretold by Newt on

Furt hernmore, he discovered the long inequality of Jupiter and Saturn
whose period is 929 years. For an investigation of this also the
Acadeny of Sciences offered their prize. This led Euler to wite a
val uabl e essay di sclosing a new nethod of conputing perturbations,
called the instantaneous ellipse with variable el enments. The net hod
was much devel oped by Lagrange.

But again it was Laplace who sol ved the problem of the inequalities of
Jupiter and Saturn by the theory of gravitation, reducing the errors
of the tables from20'" down to 12", thus abolishing the use of
enpirical corrections to the planetary tables, and providi ng anot her
glorious triunmph for the Iaw of gravitation. As Laplace justly said:
"These inequalities appeared formerly to be inexplicable by the | aw of
gravitation--they now formone of its nobst striking proofs.”

Let us take one nore discovery of Halley, furnishing directly a new
triunmph for the theory. He noticed that Newton ascribed parabolic
orbits to the comets which he studied, so that they cone from
infinity, sweep round the sun, and go off to infinity for ever, after
havi ng been visible a few weeks or nonths. He collected all the
reliable observations of conets he could find, to the nunber of



twenty-four, and conputed their parabolic orbits by the rules laid
down by Newton. His object was to find out if any of themreally
travelled in elongated ellipses, practically undistinguishable, in the
visible part of their paths, from parabolae, in which case they would
be seen nore than once. He found two old comets whose orbits, in shape
and position, resenbled the orbit of a comet observed by hinself in
1682. Api an observed one in 1531; Kepler the other in 1607. The

i nterval s between these appearances is seventy-five or seventy-six
years. He then exam ned and found old records of similar appearance in
1456, 1380, and 1305. It is true, he noticed, that the intervals
varied by a year and a-half, and the inclination of the orbit to the
ecliptic dimnished with successive apparitions. But he knew from
previous cal culations that this mght easily be due to planetary
perturbations. Finally, he arrived at the conclusion that all of these
conets were identical, travelling in an ellipse so elongated that the
part where the comet was seen seened to be part of a parabolic

orbit. He then predicted its return at the end of 1758 or begi nning of
1759, when he shoul d be dead; but, as he said, "if it should return
according to our prediction, about the year 1758, inpartial posterity
will not refuse to acknowl edge that this was first discovered by an
Engli shman."[3] [ _Synopsis Astronom ae Coneticae , 1749.]

Once again Halley's suggestion becanme an inspiration for the

mat hemati cal astrononer. Cairaut, assisted by Lal ande, found that
Saturn would retard the conet 100 days, Jupiter 518 days, and
predicted its return to perihelion on April 13th, 1759. In his

conmmuni cation to the French Acadeny, he said that a conet travelling
into such distant regi ons nmight be exposed to the influence of forces
totally unknown, and "even of sone planet too far removed fromthe sun
to be ever perceived."

The excitement of astrononers towards the end of 1758 becane intense;
and the honour of first catching sight of the traveller fell to an
amat eur in Saxony, Ceorge Palitsch, on Christmas Day, 1758. It reached
peri helion on March 13th, 1759.

This fact was a startling confirnmation of the Newtonian theory,
because it was a new kind of calculation of perturbations, and also it
added a new nenber to the solar system and gave a prospect of adding
many nore.

When Hal | ey's conet reappeared in 1835, Pontecoul ant's conputations
for the date of perihelion passage were very exact, and afterwards he
showed that, with nore exact val ues of the masses of Jupiter and
Saturn, his prediction was correct within two days, after an invisible
voyage of seventy-five years!

H nd afterwards searched out nany ol d appearances of this conet, going
back to 11 B.C., and nost of these have been identified as being
really Halley's conet by the calcul ati ons of Cowell and Cronellin[4]
(of Greenwich Cbservatory), who have al so predicted its next

peri helion passage for April 8th to 16th, 1910, and have traced back
its history still farther, to 240 B.C

Al ready, in Novenber, 1907, the Astrononer Royal was trying to catch
it by the aid of photography.



FOOTNOTES:
[1] Born 1736; died 1813.
[2] Born 1749; died 1827.

[3] This sentence does not appear in the original menoir comruni cated
to the Royal Society, but was first published in a posthunmous reprint.

[4] R A S. Mnthly Notices , 1907-8.

9. DI SCOVERY OF NEW PLANETS- - HERSCHEL, PI AZZI, ADAMS, AND LE VERRI ER

It would be very interesting, but quite inmpossible in these pages, to
di scuss all the exquisite researches of the mathematical astrononers,
and to inspire a reverence for the names connected with these
researches, which for two hundred years have been establishing the
universality of Newton's |law. The lunar and planetary theories, the
beautiful theory of Jupiter's satellites, the figure of the earth, and
the tides, were mathematically treated by Maclaurin, D Al enbert,
Legendre, Cairaut, Euler, Lagrange, Laplace, Wl nsley, Bailly,

Lal ande, Del anbre, Mayer, Hansen, Burchardt, Bi net, Danpi seau, Pl ana,
Poi sson, Gauss, Bessel, Bouvard, Airy, Ivory, Delaunay, Le Verrier
Adans, and others of later date.

By passing over these inportant developnents it is possible to trace

sone of the steps in the crowning triunph of the Newtonian theory, by
whi ch the planet Neptune was added to the known nenbers of the sol ar

system by the independent researches of Professor J.C. Adans and of

M Le Verrier, in 1846.

It will be best to introduce this subject by relating howthe
ei ghteenth century increased the nunber of known planets, which was
then only six, including the earth.

On March 13th, 1781, Sir WIIiam Herschel was, as usual, engaged on
exam ni ng sone small stars, and, noticing that one of them appeared to
be larger than the fixed stars, suspected that it might be a conet.

To test this he increased his magni fying power from 227 to 460 and
932, finding that, unlike the fixed stars near it, its definition was
inmpaired and its size increased. This convinced himthat the object
was a conet, and he was not surprised to find on succeedi ng nights
that the position was changed, the notion being in the ecliptic. He
gave the observations of five weeks to the Royal Society wthout a
suspi cion that the object was a new pl anet.

For a long tine people could not conpute a satisfactory orbit for the
supposed conet, because it seened to be near the perihelion, and no
conet had ever been observed with a perihelion distance fromthe sun
greater than four tines the earth's distance. Lexell was the first to
suspect that this was a new planet eighteen tines as far fromthe sun
as the earth is. In January, 1783, Laplace published the elliptic

el ements. The discoverer of a planet has a right to name it, so



Herschel called it Georgium Sidus, after the king. But Lal ande urged
t he adoption of the nanme Herschel. Bode suggested Uranus, and this
was adopted. The new planet was found to rank in size next to Jupiter
and Saturn, being 4.3 times the dianeter of the earth.

In 1787 Herschel discovered two satellites, both revolving in nearly
the sane plane, inclined 80 degrees to the ecliptic, and the notion of
bot h

was retrograde.

In 1772, before Herschel's discovery, Bode[1l] had di scovered a curious
arbitrary | aw of planetary distances. Opposite each planet's nane
wite the figure 4; and, in succession, add the nunbers 0, 3, 6, 12,
24, 48, 96, etc., to the 4, always doubling the |ast nunmbers. You

then get the planetary distances.

Mercury, dist.-- 4 4 + 0 = 4
Venus " 7 4 + 3 = 7
Earth " 10 4 + 6 = 10
Mar s " 15 4 + 12 = 16
-- 4 + 24 = 28
Jupiter dist. 52 4 + 48 = 52
Sat urn " 95 4 + 96 = 100
(Uranus) " 192 4 + 192 = 196

-- 4 + 384 = 388

Al'l the five planets, and the earth, fitted this rule, except that
there was a bl ank between Mars and Jupiter. When Uranus was

di scovered, also fitting the rule, the conclusion was irresistible
that there is probably a planet between Mars and Jupiter. An

associ ation of twenty-four astrononers was now fornmed in Gernmany to
search for the planet. Al nobst inmediately afterwards the planet was

di scovered, not by any nmenber of the association, but by Piazzi, when
engaged upon his great catal ogue of stars. On January 1st, 1801, he
observed a star which had changed its place the next night. Its notion
was retrograde till January 11th, direct after the 13th. Piazzi fel
ill before he had enough observations for conputing the orbit wth
certainty, and the planet disappeared in the sun's rays. Gauss
publ i shed an approxi mate epheneris of probable positions when the

pl anet shoul d energe fromthe sun's light. There was an exciting hunt,
and on Decenmber 31st (the day before its birthday) De Zach captured
the truant, and Piazzi christened it Ceres.

The nean di stance fromthe sun was found to be 2.767, agreeing with
the 2.8 given by Bode's law. Its orbit was found to be inclined over
10 degrees to the ecliptic, and its dianeter was only 161 mles.

On March 28th, 1802, O bers discovered a new seventh magni tude star
which turned out to be a planet resenbling Ceres. It was called
Pal l as. Gauss found its orbit to be inclined 35 degrees to the
ecliptic, and to cut the orbit of Ceres; whence O bers considered that
these nmight be fragnents of a broken-up planet. He then conmenced a
search for other fragments. In 1804 Harding di scovered Juno, and in
1807 O bers found Vesta. The next one was not discovered until 1845,
fromwhi ch date asteroids, or mnor planets (as these snmall planets
are called), have been found al nost every year. They now nunber about



700.

It is inmpossible to give any idea of the interest with which the first
additions since prehistoric tines to the planetary systemwere
received. All of those who showered congratul ati ons upon the

di scoverers regarded these discoveries in the |ight of rewards for

pati ent and continuous | abours, the very highest rewards that could be
desired. And yet there remained still the nmost brilliant triunph of
all, the addition of another planet |ike Uranus, before it had ever
been seen, when the analysis of Adanms and Le Verrier gave a fina

proof of the powers of Newton's great |law to explain any planetary
irregularity.

After Sir WIIliam Herschel discovered Uranus, in 1781, it was found
that astrononmers had observed it on many previous occasi ons, nistaking
it for a fixed star of the sixth or seventh nagnitude. Altogether

ni net een observations of Uranus's position, fromthe tinme of

Fl amsteed, in 1690, had been recorded.

In 1790 Del anbre, using all these observations, prepared tables for
conputing its position. These worked well enough for a tinme, but at

| ast the differences between the cal cul ated and observed | ongi tudes of
t he pl anet becane serious. In 1821 Bouvard undertook a revision of the
tables, but found it inpossible to reconcile all the observations of
130 years (the period of revolution of Uranus is eighty-four years).
So he deliberately rejected the old ones, expressing the opinion that
t he di screpanci es m ght depend upon "sonme forei gn and unperceived
cause whi ch may have been acting upon the planet." In a few years the
errors even of these tables became intolerable. In 1835 the error of

| ongi tude was 30"; in 1838, 50"; in 1841, 70"; and, by conparing the
errors derived from observations nade before and after opposition, a
serious error of the distance (radius vector) becane apparent.

In 1843 John Couch Adanms came out Senior Wangler at Canbridge, and
was free to undertake the research which as an undergraduate he had
set hinself--to see whether the disturbances of Uranus could be
expl ai ned by assunming a certain orbit, and position in that orbit, of
a hypot heti cal planet even nmore distant than Uranus. Such an

expl anati on had been suggested, but until 1843 no one had the bol dness
to attack the problem Bessel had intended to try, but a fata

illness overtook him

Adans first recalculated all known causes of disturbance, using the

| atest determ nations of the planetary nmasses. Still the errors were
nearly as great as ever. He could now, however, use these errors as

being actually due to the perturbations produced by the unknown

pl anet .

In 1844, assuming a circular orbit, and a nean di stance agreeing with
Bode's law, he obtained a first approximtion to the position of the
supposed pl anet. He then asked Professor Challis, of Canbridge, to
procure the | atest observations of Uranus from Greenwi ch, which Airy
i medi ately supplied. Then the whole work was recal culated fromthe
begi nning, with nore exactness, and assuming a smaller nean di stance.

In Septenber, 1845, he handed to Challis the elenments of the
hypot heti cal planet, its mass, and its apparent position for Septenber



30th, 1845. On Septenber 22nd Challis wote to Airy explaining the
matter, and declaring his belief in Adans's capabilities. Wen Adans
called on himAiry was away from hone, but at the end of October
1845, he called again, and left a paper with full particulars of his
results, which had, for the nbst part, reduced the discrepancies to
about 1". As a matter of fact, it has since been found that the

hel i ocentric place of the new planet then given was correct within
about 2 degrees.

Airy wote expressing his interest, and asked for particul ars about
the radius vector. Adans did not then reply, as the answer to this
guestion could be seen to be satisfactory by |ooking at the data

al ready supplied. He was a nmost unassum ng man, and woul d not push
hinsel f forward. He may have felt, after all the work he had done,
that Airy's very natural inquiry showed no proportionate desire to
search for the planet. Anyway, the matter lay in enbryo for nine
nont hs.

Meanwhi | e, one of the ablest French astrononers, Le Verrier
experienced in conputing perturbations, was independently at work,
knowi ng not hi ng about Adans. He applied to his cal cul ati ons every
possi bl e refinenent, and, considering the novelty of the problem his

cal cul ati on was one of the nmost brilliant in the records of
astronony. In criticismit has been said that these were exhibitions
of skill rather than helps to a solution of the particular problem

and that, in claimng to find the elements of the orbit within certain
limts, he was clainng what was, under the circunstances, inpossible,
as the result proved.

In June, 1846, Le Verrier announced, in the _Conptes Rendus de

| " Acadenmi e des Sciences_, that the longitude of the disturbing planet,
for January 1st, 1847, was 325, and that the probable error did not
exceed 10 degrees.

This result agreed so well with Adans's (within 1 degrees) that Airy
ur ged

Challis to apply the splendid Northunberland equatoreal, at Canbridge,
to the search. Challis, however, had al ready prepared an exhaustive
pl an of attack which must in tine settle the point. His first work
was to observe, and make a catal ogue, or chart, of all stars near
Adans's position

On August 31st, 1846, Le Verrier published the concl uding
part of his |abours.

On Septenber 18th, 1846, Le Verrier conmunicated his results to the
Astrononers at Berlin, and asked themto assist in searching for the
pl anet. By good luck Dr. Brem ker had just conpleted a star-chart of
the very part of the heavens including Le Verrier's position; thus
elimnating all of Challis's prelimnary work. The letter was received
in Berlin on Septenber 23rd; and the sane evening Galle found the new
pl anet, of the eighth magnitude, the size of its disc agreeing with Le
Verrier's prediction, and the heliocentric |ongitude agreeing within
57'. By this time Challis had recorded, w thout reduction, the
observations of 3,150 stars, as a comencenent for his search. On
reduci ng these, he found a star, observed on August 12th, which was
not in the sanme place on July 30th. This was the planet, and he had



al so observed it on August 4th.

The feeling of wonder, admiration, and enthusiasm aroused by this
intellectual triunmph was overwhelmng. In the world of astronony

rem nders are net every day of the terrible limtations of hunman
reasoni ng powers; and every success that enables the nind s eye to see
alittle nore clearly the neaning of things has always been heartily
wel coned by those who have thensel ves been engaged in |ike

researches. But, since the publication of the _Principia_, in 1687,
there is probably no anal ytical success which has rai sed anbong
astrononers such a feeling of admration and gratitude as when Adans
and Le Verrier showed the inequalities in Uanus's notion to nmean that
an unknown planet was in a certain place in the heavens, where it was
f ound.

At the tine there was an unpl easant display of international jeal ousy.
The British people thought that the earlier date of Adans's work, and
of the observation by Challis, entitled himto at |east an equal share
of credit with Le Verrier. The French, on the other hand, who, on the
announcenent of the discovery by Galle, glowed with pride in the new
proof of the great powers of their astronomer, Le Verrier, whose life
had a long record of successes in calculation, were incredul ous on
being told that it had all been already done by a young man whom t hey
had never heard of.

These di spl ays of jeal ousy have | ong since passed away, and there is
now universally an _entente cordiale_that to each of these great nen
bel ongs equally the nerit of having so thoroughly calcul ated this

i nverse problem of perturbations as to lead to the inmedi ate di scovery
of the unknown planet, since called Neptune.

It was soon found that the planet had been observed, and its position
recorded as a fixed star by Lal ande, on May 8th and 10th, 1795.

M. Lassel, in the sane year, 1846, with his two-feet reflector

di scovered a satellite, with retrograde notion, which gave the nmass of
the planet about a twentieth of that of Jupiter.

FOOTNOTES:
[1] Bode's law, or sonmething like it, had already been fore-shadowed

by Kepler and others, especially Titius (see _Mnatliche
Correspondenz_, vol. vii., p. 72).

BOOXK I'I'l. OBSERVATI ON

10. I NSTRUMENTS OF PRECI SI ON- - STATE OF THE SOLAR SYSTEM

Havi ng now traced the progress of physical astronony up to the tine
when very striking proofs of the universality of the | aw of



gravitation convinced the nost sceptical, it nust still be borne in
mnd that, while gravitation is certainly the principal force
governi ng the notions of the heavenly bodies, there may yet be a
resisting nediumin space, and there may be electric and nagnetic
forces to deal with. There nay, further, be cases where the effects of
| um nous radiative repul sion becone apparent, and al so Crookes'
vacuum ef fects described as "radiant nmatter." Nor is it quite certain
that Lapl ace's proofs of the instantaneous propagation of gravity are
final

And in the future, as in the past, Tycho Brahe's dictum nust be

mai ntai ned, that all theory shall be preceded by accurate
observations. It is the pride of astronomers that their science stands
above all others in the accuracy of the facts observed, as well as in
the rigid logic of the mathenmatics used for interpreting these facts.

It is interesting to trace historically the invention of those

i nstruments of precision which have led to this result, and, w thout
entering on the details required in a practical handbook, to note the
gui ding principles of construction in different ages.

It is very probable that the Chal deans may have nmade spheres, like the
arm|lary sphere, for representing the poles of the heavens; and wth
rings to show the ecliptic and zodiac, as well as the equinoctial and
solstitial colures; but we have no record. W only know that the tower
of Belus, on an em nence, was their observatory. W have, however,

di stinct records of two such spheres used by the Chinese about 2500
B. C. Ghonpbns, or sone kind of sundial, were used by the Egyptians and
ot hers; and nmany of the ancient nations neasured the obliquity of the
ecliptic by the shadows of a vertical colum in sumer and wi nter. The
natural horizon was the only instrument of precision used by those who
determ ned star positions by the directions of their risings and
settings; while in those days the clepsydra, or waterclock, was the
best instrument for conparing their times of rising and setting.

About 300 B.C. an observatory fitted with circular instrunents for
star positions was set up at Al exandria, the then centre of

civilisation. W know al nost nothing about the instruments used by
H pparchus in preparing his star catal ogues and his |unar and sol ar
tabl es; but the invention of the astrolabe is attributed to him/[1]

In nore nodern tinmes Nurenberg becane a centre of astronom ca

culture. Waltherus, of that town, nmade really accurate observations of
star altitudes, and of the di stances between stars; and in 1484

A.D. he used a kind of clock. Tycho Brahe tried these, but discarded

t hem as bei ng inaccurate.

Tycho Brahe (1546-1601 A.D.) nmade great inproverments in armllary
spheres, quadrants, sextants, and |large celestial globes. Wth these
he neasured the positions of stars, or the distance of a conet from
several known stars. He has left us full descriptions of them
illustrated by excellent engravings. Previous to his tinme such
instruments were made of wood. Tycho al ways used netal. He paid the
greatest attention to the stability of mounting, to the orientation of
his instrunents, to the graduation of the arcs by the then new net hod
of transversals, and to the aperture sight used upon his

poi nter. There were no tel escopes in his day, and no pendul um



cl ocks. He recognised the fact that there nust be instrunental

errors. He made these as snmall as was possible, neasured their anount,
and corrected his observations. His table of refractions enabl ed him
to abolish the error due to our atnosphere so far as it could affect
naked- eye observations. The azinuth circle of Tycho's |argest quadrant
had a diameter of nine feet, and the quadrant a radius of six feet. He
i ntroduced the nural quadrant for neridian observations.[2]

[IlTustration: ANCI ENT CH NESE | NSTRUMENTS, | ncl udi ng quadrant,

cel esti al

gl obe, and two armillae, in the Cbservatory at Peking. Photographed in
Peki ng by the author in 1875, and stolen by the Germans when the
Enbassies were relieved by the allies in 1900.]

The French Jesuits at Peking, in the seventeenth century, hel ped the
Chinese in their astronony. In 1875 the witer saw and phot ographed,
on that part of the wall of Peking used by the Mandarins as an
observatory, the six instrunents handsonely desi gned by Fat her
Ver bi est, copied fromthe instrunents of Tycho Brahe, and enbelli shed
wi t h Chi nese dragons and enbl ens cast on the supports. He al so saw
there two old instrunments (which he was told were Arabic) of date
1279, by Ko Show Ki ng, astrononmer to Koblai Khan, the grandson of
Chenghi s Khan. One of these last is nearly identical with the arnillae
of Tycho; and the other with his "armi || ae aequatoriae maxi nae," wth
whi ch he observed the conet of 1585, besides fixed stars and

pl anets. [ 3]

The di scovery by Galileo of the isochronismof the pendulum foll owed
by Huyghens's adaptation of that principle to clocks, has been one of
the greatest aids to accurate observation. About the sane tinme an
equal Iy beneficial step was the enploynent of the tel escope as a
pointer; not the Galilean with concave eye-piece, but with a
magni fyi ng gl ass to exani ne the focal image, at which also a fixed
mark coul d be placed. Kepler was the first to suggest this. Gascoigne
was the first to use it. Huyghens used a netal strip of variable width
in the focus, as a microneter to cover a planetary disc, and so to
nmeasure the width covered by the planet. The Marquis Malvasia, in
1662, described the network of fine silver threads at right angles,
whi ch he used in the focus, much as we do now.

In the hands of such a skilful man as Tycho Brahe, the ol d open
sights, even w thout clocks, served their purpose sufficiently well to
enabl e Kepler to discover the true theory of the solar system But

tel escopic sights and cl ocks were required for proving sonme of

Newt on's theories of planetary perturbations. Picard' s observations at
Paris from 1667 onwards seemto enbody the first use of the tel escope
as a pointer. He was also the first to introduce the use of Huyghens's
cl ocks for observing the right ascension of stars. O aus Roner was
born at Copenhagen in 1644. In 1675, by careful study of the tinmes of
eclipses of Jupiter's satellites, he discovered that |ight took tine
to traverse space. Its velocity is 186,000 niles per second. In 1681
he took up his duties as astrononer at Copenhagen, and built the first
transit circle on a windowsill of his house. The iron axis was five
feet long and one and a-half inches thick, and the tel escope was fixed
near one end with a counterpoise. The tel escope-tube was a doubl e
cone, to prevent flexure. Three horizontal and three vertical wres
were used in the focus. These were illum nated by a speculum near the



object-glass, reflecting the light froma lantern placed over the
axi s, the upper part of the tel escope-tube being partly cut away to
admt the light. A divided circle, with pointer and readi ng

nm croscope, was provided for reading the declination. He realised the
superiority of a circle with graduations over a nuch | arger

guadrant. The collimtion error was found by reversing the instrunment
and using a terrestrial mark, the azimuth error by star observations.
The tine was expressed in fractions of a second. He al so constructed a
tel escope with equatoreal mounting, to follow a star by one axial
notion. In 1728 his instrunents and observation records were destroyed
by fire.

Hevel i us had introduced the vernier and tangent screw in his

nmeasur enent of arc graduations. H s observatory and records were burnt
to the ground in 1679. Though an old nman, he started afresh, and |eft
behi nd hi ma catal ogue of 1,500 stars.

Fl anst eed began his duties at Greenwich Observatory, as first
Astronomer Royal, in 1676, with very poor instruments. In 1683 he put
up a nural arc of 140 degrees, and in 1689 a better one, seventy-nine
i nches radius. He conducted his neasurenents with great skill, and

i ntroduced new nethods to attain accuracy, using certain stars for
determining the errors of his instrunents; and he al ways reduced his
observations to a formin which they could be readily used. He

i ntroduced new nethods for deternmining the position of the equinox and
the right ascension of a fundanmental star. He produced a catal ogue of
2,935 stars. He supplied Sir Isaac Newon with results of observation
required in his theoretical calculations. He died in 1719.

Hal | ey succeeded Fl ansteed to find that the whol e place had been
gutted by the latter's executors. In 1721 he got a transit instrunent,
and in 1726 a nural quadrant by Graham Hi s successor in 1742,

Bradl ey, replaced this by a fine brass quadrant, eight feet radius, by
Bird; and Bradley's zenith sector was purchased for the observatory.
An instrunent like this, specially designed for zenith stars, is
capabl e of greater rigidity than a nore universal instrunent; and
there is no trouble with refraction in the zenith. For these reasons
Bradl ey had set up this instrument at Kew, to attenpt the proof of the
earth's notion by observing the annual parallax of stars. He certainly
found an annual variation of zenith distance, but not at the tinmes of
year required by the parallax. This led himto the discovery of the
"aberration" of light and of nutation. Bradl ey has been described as
the founder of the nbdern system of accurate observation. He died in
1762, leaving behind himthirteen folio volunes of val uabl e but
unreduced observations. Those relating to the stars were reduced by
Bessel and published in 1818, at Konigsberg, in his well-known
standard work, _Fundanenta Astronomiae . In it are results showing the
| aws of refraction, with tables of its anount, the maxi mum val ue of
aberration, and other constants.

Bradl ey was succeeded by Bliss, and he by Maskel yne (1765), who
carried on excellent work, and laid the foundations of the Nautical

Al manac (1767). Just before his death he induced the Government to
replace Bird's quadrant by a fine new mural _circle_, six feet in

di ameter, by Troughton, the divisions being read off by m croscopes
fixed on piers opposite to the divided circle. In this instrunent the
m croneter screw, with a divided circle for turning it, was applied



for bringing the mcroneter wire actually in line with a division on
the circle--a plan which is still always adopted.

Pond succeeded Maskelyne in 1811, and was the first to use this

i nstrunment. From now onwards the places of stars were referred to the
pole, not to the zenith; the zero being obtained from nmeasures on
circunpol ar stars. Standard stars were used for giving the clock
error. In 1816 a new transit instrunent, by Troughton, was added, and
fromthis date the Greenwi ch star places have mmintai ned the very

hi ghest accuracy.

Ceorge Biddell Airy, Seventh Astrononer Royal,[4] comrenced his
Greenwi ch | abours in 1835. His first and greatest reformation in the
wor k of the observatory was one he had al ready established at

Canbri dge, and is now universally adopted. He held that an observation
is not conmpleted until it has been reduced to a useful form and in
the case of the sun, noon, and planets these results were, in every
case, conpared with the tables, and the tabular error printed.

Airy was firmy inpressed with the object for which Charles Il. had
wi sely founded the observatory in connection w th navigation, and for
observations of the nmoon. \Wenever a neridian transit of the noon
could be observed this was done. But, even so, there are periods in
the nmonth when the noon is too near the sun for a transit to be wel
observed. Al so weather interferes with many neridi an observations. To
render the lunar observations nmore continuous, Airy enpl oyed
Troughton's successor, James Sims, in conjunction with the engineers,
Ransone and May, to construct an altazinuth with three-foot circles,
and a five-foot tel escope, in 1847. The result was that the nunber of
| unar observations was i nmedi ately increased threefold, many of them
being in a part of the noon's orbit which had previously been bare of
observations. Fromthat date the G eenw ch |unar observations have
been a nodel and a standard for the whole world.

Airy also undertook to superintend the reduction of all Greenw ch
| unar observations from 1750 to 1830. The val ue of this Iaborious
wor k, which was conpleted in 1848, cannot be over-esti mated.

The denmands of astronony, especially in regard to small minor planets,
required a transit instrument and nural circle with a nore powerful
tel escope. Airy conbi ned the functions of both, and enpl oyed t he sane
constructors as before to nake a _transit-circle_with a tel escope of
el even and a-half feet focus and a circle of six-feet dianmeter, the
obj ect - gl ass being eight inches in dianeter.

Airy, like Bradley, was inpressed with the advantage of enpl oying
stars in the zenith for determning the fundamental constants of
astronony. He devised a _reflex zenith tube_, in which the zenith
poi nt was determ ned by reflection froma surface of mercury. The
design was so sinple, and seened so perfect, that great expectations
were entertai ned. But unaccountabl e variations conparable with those
of the transit circle appeared, and the instrunent was put out of use
until 1903, when the present Astrononer Royal noticed that the
irregularities could be allowed for, being due to that renarkable
variation in the position of the earth's axis included in circles of
about six yards dianmeter at the north and south poles, discovered at
the end of the nineteenth century. The instrunent is now being used



for investigating these variations; and in the year 1907 as many as
1, 545 observations of stars were nade with the reflex zenith tube.

In connection with zenith telescopes it nust be stated that Respighi

at the Capitol Observatory at Ronme, nmade use of a deep well with a

| evel nmercury surface at the bottomand a tel escope at the top

poi nti ng downwards, which the witer saw in 1871. The reflection of
the mcroneter wires and of a star very near the zenith (but not quite
in the zenith) can be observed together. H's mercury trough was a
circular plane surface with a shallow edge to retain the nmercury. The
surface quickly came to rest after disturbance by street traffic.

Sir WM H Christie, Eighth Astronomer Royal, took up his duties in
that capacity in 1881. Besides a larger altazimuth that he erected in
1898, he has widened the field of operations at Greenw ch by the

ext ensi ve use of photography and the establishnent of |arge
equatoreals. Fromthe point of view of instrunments of precision, one
of the nobst inmportant new features is the astrographi c equatoreal, set
up in 1892 and used for the Greenw ch section of the great
astrographi c chart just conpl eted. Photography has cone to be of use,
not only for depicting the sun and nmoon, conets and nebul ae, but al so
to obtain accurate relative positions of neighbouring stars; to pick
up objects that are invisible in any tel escope; and, nost of al
perhaps, in fixing the positions of faint satellites. Thus Saturn's

di stant satellite, Phoebe, and the sixth and seventh satellites of
Jupiter, have been followed regularly in their courses at G eenw ch
ever since their discovery with the thirty-inch reflector (erected in
1897); and while doing so M. Melotte made, in 1908, the splendid

di scovery on sone of the photographic plates of an eighth satellite of
Jupiter, at an enornous distance fromthe planet. From observations in
the early part of 1908, over a limted arc of its orbit, before

Jupi ter approached the sun, M. Cowell conputed a retrograde orbit and
calcul ated the future positions of this satellite, which enabl ed

M. Melotte to find it again in the autum--a great triunph both of
cal cul ati on and of photographic observation. This satellite has never
been seen, and has been photographed only at Greenw ch, Heidel berg
and the Lick Qbservatory.

Greenwi ch Observatory has been here selected for tracing the progress
of accurate neasurenent. But there is one instrunent of great val ue,
the helioneter, which is not used at G eenw ch. This serves the

pur pose of a double inmage nicroneter, and is nmade by dividing the

obj ect-glass of a telescope along a dianeter. Each half is nounted so
as to slide a distance of several inches each way on an arc whose
centre is the focus. The anmpunt of the novenent can be accurately
read. Thus two fields of view overlap, and the adjustnment is made to
bring an i nage of one star over that of another star, and then to do
the sane by a displacenent in the opposite direction. The total
nmoverrent of the hal f-object glass is double the distance between the
star imges in the focal plane. Such an instrunent has |ong been
establ i shed at Oxford, and Gernan astrononers have nade great use of
it. But in the hands of Sir David GII (late H's Mjesty's Astrononer
at the Cape of Good Hope), and especially in his great researches on
Solar and on Stellar parallax, it has been recognised as an instrument
of the very highest accuracy, neasuring the distance between stars
correctly to less than a tenth of a second of arc.



The superiority of the helioneter over all other devices (except

phot ography) for measuring snall angles has been specially brought
into prom nence by Sir David GI1's researches on the distance of the
sun--_i.e.,_the scale of the solar system A neasurenent of the

di stance of any planet fixes the scale, and, as Venus approaches the
earth nost nearly of all the planets, it used to be supposed that a
Transit of Venus offered the best opportunity for such measurenent,
especially as it was thought that, as Venus entered on the sol ar disc,
the sweep of light round the dark disc of Venus would enable a very
preci se observation to be nade. The Transit of Venus in 1874, in
which the present witer assisted, overthrew this del usion.

In 1877 Sir David G 1l used Lord Crawford's helionmeter at the Island
of Ascension to nmeasure the parallax of Mars in opposition, and found
the sun's distance 93,080,000 niles. He considered that, while the
superiority of the helionmeter had been proved, the results woul d be
still better with the points of |ight shown by mnor planets rather
than with the disc of Mars.

In 1888-9, at the Cape, he observed the minor planets Iris, Victoria,
and Sappho, and secured the co-operation of four other helioneters.
Hs final result was 92,870,000 mles, the parallax being 8", 802
(_Cape Obs_., Vol. VI.).

So delicate were these nmeasures that G Il detected a minute periodic
error of theory of twenty-seven days, owing to a periodically
erroneous position of the centre of gravity of the earth and nmoon to
whi ch the position of the observer was referred. This led himto
correct the nass of the noon, and to fix its ratio to the earth's mass
= 0. 012240.

Anot her nethod of getting the distance fromthe sun is to neasure the
velocity of the earth's orbital notion, giving the circunference
traversed in a year, and so the radius of the orbit. This has been
done by conparing observati on and experinment. The aberration of |ight
is an angle 20" 48, giving the ratio of the earth's velocity to the
velocity of light. The velocity of light is 186,000 nmiles a second;
whence the distance to the sun is 92,780,000 niles. There seens,
however, to be some uncertainty about the true value of the
aberration, any determination of which is subject to irregularities
due to the "seasonal errors." The velocity of |ight was experinentally
found, in 1862, by Fizeau and Foucault, each using an independent

nmet hod. These net hods have been devel oped, and new val ues found, by
Cornu, M chael son, Newconb, and the present witer.

Quite lately Halm at the Cape of Good Hope, neasured
spectroscopically the velocity of the earth to and froma star by
observations taken six nmonths apart. Thence he obtained an accurate
val ue of the sun's distance.[5]

But the remarkably erratic mnor planet, Eros, discovered by Wtte in
1898, approaches the earth within 15,000,000 niles at rare intervals,
and, with the aid of photography, will certainly give us the best
result. A large nunber of observatories conbined to observe the
opposition of 1900. Their results are not yet conpletely reduced, but
t he best val ue deduced so far for the parallax[6] is 8".807 +/-
0".0028.[7]



FOOTNOTES:

[1] I'n 1480 Martin Behaim of Nurenberg, produced his _astrolabe_ for
nmeasuring the latitude, by observation of the sun, at sea. It

consi sted of a graduated netal circle, suspended by a ring which was

passed over the thunmb, and hung vertically. A pointer was fixed to a

pin at the centre. This arm called the _al hidada_, worked round the

graduated circle, and was pointed to the sun. The altitude of the sun
was thus determ ned, and, by help of solar tables, the l|atitude could
be found from observations nade at apparent noon

[2] See illustration on p. 76.

[3] See Dreyer's article on these instrunents in _Copernicus_,

Vol. |. They were stolen by the Gernmans after the relief of the
Enbassi es, in 1900. The best description of these instruments is
probably that contained in an interesting volunme, which may be seen in
the library of the R A S., entitled _Chinese Researches_ , by

Al exander Wl lie (Shanghai, 1897).

[4] Sir George Airy was very jealous of this honourable title. He
rightly held that there is only one Astronomer Royal at a tine, as
there is only one Mkado, one Dalai Lama. He said that His Majesty's
Astrononer at the Cape of Good Hope, His Majesty's Astrononer for
Scotl and, and His Majesty's Astrononer for Ireland are not called
Astronomers Royal

[5] _Annals of the Cape (bservatory , vol. x., part 3.

[6] The parallax of the sun is the angle subtended by the earth's
radi us at the sun's distance.

[7] A R Hnks, RAS ; Mnthly Notices_ , June, 1909.

11. HI STORY OF THE TELESCOPE

Accounts of wonderful optical experinments by Roger Bacon (who died in
1292), and in the sixteenth century by Digges, Baptista Porta, and
Antonio de Dominis (Grant, _Hist. Ph. Ast_.), have led sone to
suppose that they invented the tel escope. The witer considers that it
is nore likely that these notes refer to a kind of _canera

obscura_, in which a lens throws an inverted i nage of a | andscape

on the wall.

The first tel escopes were made in Holland, the originator being either
Henry Lipperhey,[1] Zacharias Jansen, or Janes Metius, and the date
1608 or earlier.

In 1609 Galileo, being in Venice, heard of the invention, went hone
and worked out the theory, and nade a simlar tel escope. These

tel escopes were all nmade with a convex object-glass and a concave
eye-lens, and this type is spoken of as the Galilean tel escope. Its



defects are that it has no real focus where cross-wires can be pl aced,
and that the field of viewis very small. Kepler suggested the convex
eye-lens in 1611, and Scheiner clained to have used one in 1617. But

it was Huyghens who really introduced them In the seventeenth century
tel escopes were nmade of great | ength, going up to 300 feet. Huyghens
al so i nvented the conpound eye-pi ece that bears his name, made of two
convex |l enses to dimnish spherical aberration

But the defects of colour remai ned, although their cause was unknown
until Newton carried out his experiments on di spersion and the solar
spectrum To overcone the spherical aberration James G egory,[2] of
Aberdeen and Edi nburgh, in 1663, in his Optica Pronota_,

proposed a reflecting speculum of parabolic form But it was New on,
about 1666, who first nade a reflecting telescope; and he did it with
t he object of avoiding col our dispersion.

Sone tine el apsed before reflectors were nuch used. Pound and Bradl ey
used one presented to the Royal Society by Hadley in 1723. Hawksbee,

Bradl ey, and Ml yneaux made sonme. But Janmes Short, of Edi nburgh, made
many excellent Gregorian reflectors from 1732 till his death in 1768

Newton's trouble with refractors, chromatic aberration, remained

i nsurnountabl e until John Doll ond (born 1706, died 1761), after many
experiments, found out how to nake an achromatic | ens out of two

| enses--one of crown glass, the other of flint glass--to destroy the
colour, in a way originally suggested by Euler. He soon acquired a
great reputation for his tel escopes of noderate size; but there was a
difficulty in making flint-glass | enses of |large size. The first
actual inventor and constructor of an achronmatic tel escope was Chester
Moor Hall, who was not in trade, and did not patent it. Towards the
cl ose of the eighteenth century a Swiss naned Gui nand at | ast
succeeded in producing larger flint-glass discs free from

striae. Frauenhofer, of Minich, took himup in 1805, and soon
produced, anong others, Struve's Dorpat refractor of 9.9 inches
diameter and 13.5 feet focal length, and another, of 12 inches

di ameter and 18 feet focal |length, for Lanont, of Minich

In the nineteenth century gigantic _reflectors_ have been

made. Lassel's 2-foot reflector, made by himsel f, did nuch good work
and di scovered four new satellites. But Lord Rosse's 6-foot
reflector, 54 feet focal length, constructed in 1845, is still the

| argest ever nade. The inperfections of our atnobsphere are against
the use of such large apertures, unless it be on high nmountains.
During the last half century excellent specul a have been nade of
silvered glass, and Dr. Conmobn's 5-foot specul um (renoved, since his
death, to Harvard) has done excellent work. Then there are the 5-foot
Yerkes reflector at Chicago, and the 4-foot by G ubb at Ml bourne

Passing now fromthese large reflectors to refractors, further

i mprovenents have been nade in the manufacture of glass by Chance, of
Bi rmi ngham Feil and Mantois, of Paris, and Schott, of Jena; while
specialists in grinding lenses, like Alvan Cark, of the U S A, and
ot hers, have produced many |arge refractors.

Cooke, of York, made an object-glass, 25-inch dianeter, for Newall, of
Gat eshead, whi ch has done splendid work at Canbridge. W have the
Washi ngton 26-inch by Cark, the Vienna 27-inch by Grubb, the Nice



29-1/2-inch by Gautier, the Pul kowa 30-inch by Oark. Then there was
the sensation of Clark's 36-inch for the Lick Observatory in
California, and finally his _tour de force_, the Yerkes 40-inch
refractor, for Chicago

At Greenwich there is the 28-inch photographic refractor, and the
Thonpson equatoreal by G ubb, carrying both the 26-inch photographic
refractor and the 30-inch reflector. At the Cape of Good Hope we find
M. Frank McC ean's 24-inch refractor, with an object-glass prismfor
spectroscopi ¢ worKk.

It would be out of place to describe here the practical adjuncts of a
nodern equatoreal --the adjustnments for pointing it, the clock for
driving it, the position-nicroneter and various eye-pi eces, the
phot ogr aphi ¢ and spectroscopic attachments, the revol ving dones,
observing seats, and rising floors and different forns of nounting,
the siderostats and coel ostats, and other conveni ent adjuncts, besides
the registering chronograph and nunerous facilities for aiding
observation. On each of these a chapter mght be witten; but the
nost inportant part of the whole outfit is the man behind the

tel escope, and it is with himthat a history is nore especially
concer ned.

SPECTROSCOPE

Since the invention of the tel escope no discovery has given so great
an inpetus to astronomnical physics as the spectroscope; and in giving
us information about the systems of stars and their proper nmotions it
rivals the tel escope.

Frauenhofer, at the begi nning of the nineteenth century, while
appl yi ng Dol l ond' s discovery to make |arge achromatic tel escopes,
studi ed the dispersion of light by a prism Adnmitting the |ight of the
sun through a narrow slit in a wi ndowshutter, an inverted inmage of
the slit can be thrown, by a lens of suitable focal length, on the
wal | opposite. If a wedge or prismof glass be interposed, the inage
is deflected to one side; but, as Newton had shown, the inages fornmed
by the different colours of which white light is conposed are
deflected to different extents--the violet npst, the red | east. The
nunber of colours formng inmages is so nunerous as to forma

conti nuous spectrumon the wall with all the col ours--red, orange,
yel l ow, green, blue, indigo, and violet. But Frauenhofer found with a
narrow slit, well focussed by the Iens, that sone colours were m ssing
in the white Iight of the sun, and these were shown by dark |ines
across the spectrum These are the Frauenhofer lines, sone of which

he naned by the letters of the al phabet. The DIine is a very narked
one in the yellow. These dark lines in the solar spectrum had al ready
been observed by Wl laston. [3]

On examining artificial lights it was found that incandescent solids
and liquids (including the carbon glowing in a white gas flane) give
conti nuous spectra; gases, except under enornous pressure, give bright
lines. If sodiumor comon salt be thrown on the colourless flame of a
spirit lanp, it gives it a yellow colour, and its spectrumis a bright
yellow |line agreeing in position with Iine D of the solar spectrum



In 1832 Sir David Brewster found some of the solar black Iines
increased in strength towards sunset, and attributed themto
absorption in the earth's atnosphere. He suggested that the others
were due to absorption in the sun's atnosphere. Thereupon Professor
J. D. Forbes pointed out that during a nearly total eclipse the lines
ought to be strengthened in the sane way; as that part of the sun's
light, coming fromits edge, passes through a great distance in the
sun's atnosphere. He tried this with the annul ar eclipse of 1836,
with a negative result which has never been accounted for, and which
seened to condenmn Brewster's view

In 1859 Kirchoff, on repeating Frauenhofer's experinent, found that,

if aspirit lanp with salt in the flame were placed in the path of the
light, the black Dline is intensified. He also found that, if he used
a linelight instead of the sunlight and passed it through the flane
with salt, the spectrum showed the D Iine black; or the vapour of
sodi um absorbs the sane light that it radiates. This proved to himthe
exi stence of sodiumin the sun's atnosphere.[4] Iron, calcium and
other elenents were soon detected in the sane way.

Extensive | aboratory researches (still inconplete) have been carried
out to catal ogue (according to their wave-length on the undul atory
theory of light) all the Iines of each chem cal el enent, under al
conditions of tenperature and pressure. At the sane tine, all the

I ines have been catal ogued in the Iight of the sun and the brighter of
the stars.

Anot her nethod of obtaining spectra had | ong been known, by

transm ssion through, or reflection from a grating of equidistant
lines ruled upon glass or netal. H A Row and devel oped the art of
constructing these gratings, which requires great technical skill, and
for this astrononers owe hima debt of gratitude.

In 1842 Doppler[5] proved that the colour of a |umnous body, like the
pitch or note of a sounding body, nust be changed by velocity of
approach or recession. Everyone has noticed on a railway that, on
neeting a | oconotive whistling, the note is |owered after the engine
has passed. The pitch of a sound or the col our of a Iight depends on

t he nunber of waves striking the ear or eye in a second. This nunber
is increased by approach and | owered by recession

Thus, by conparing the spectrumof a star al ongside a spectrum of
hydrogen, we may see all the lines, and be sure that there is hydrogen
in the star; yet the lines in the star-spectrummay be all slightly

di spl aced to one side of the lines of the conparison spectrum |f
towards the violet end, it neans nutual approach of the star and
earth; if to the red end, it neans recession. The displacenent of
lines does not tell us whether the nmotion is in the star, the earth,
or both. The displacenent of the Iines being nmeasured, we can
calculate the rate of approach or recession in niles per second.

In 1868 Huggi ns[ 6] succeeded in thus neasuring the velocities of stars
in the direction of the line of sight.

In 1873 Vogel [ 7] conpared the spectra of the sun's East (approaching)
linb and West (receding) linb, and the di splacenent of |ines endorsed
the theory. This | ast observation was suggested by Zol | ner



FOOTNOTES:

[1] In the _Encyclopaedia Britannica_, article "Tel escope,” and in
Grant's _Physical Astronony_, good reasons are given for awarding the
honour to Lipperhey.

[2] WIIl the indul gent reader excuse an anecdote which may encourage
sonme wor kers who nay have found their nathenatics defective through
want of use? James Gregory's nephew David had a heap of MS. notes by
Newt on. These descended to a M ss Gregory, of Edinburgh, who handed
themto the present witer, when an undergraduate at Canbridge, to
exam ne. After perusal, he lent themto his kindest of friends,

J. C. Adans (the discoverer of Neptune), for his opinion. Adans's
final verdict was: "I fear they are of no value. It is pretty evident
that, when he wrote these notes, Newton's nathenatics were a little
rusty_."

[3] R S Phil. Trans_.

[4] The experinment had been nade before by one who did not understand
its meaning;. But Sir George G Stokes had al ready given verbally the
true expl anation of Frauenhofer |ines.

[5] _Abh. d. Kon. Bohm d. Wss ., Bd. ii., 1841-42, p. 467. See
al so Fizeau in the _Ann. de Chem et de Phys ., 1870, p. 211

[6] R S Phil. Trans_., 1868.

[7] _Ast. Nach_., No. 1, 864.

BOOK 1V. THE PHYSI CAL PERI OD

W have seen how the theory of the solar systemwas slowy devel oped
by the constant efforts of the human nmind to find out what are the
rul es of cause and effect by which our conception of the present
universe and its devel opnent seens to be bound. In the prinmtive ages
a nere record of events in the heavens and on the earth gave the only
hope of detecting those uniform sequences fromwhich to derive rules
or laws of cause and effect upon which to rely. Then cane the
geonetrical age, in which rules were sought by which to predict the
novenments of heavenly bodies. Later, when the relation of the sun to
the courses of the planets was established, the sun cane to be | ooked
upon as a cause; and finally, early in the seventeenth century, for
the first time in history, it began to be recognised that the |aws of
dynam cs, exactly as they had been established for our own terrestrial
worl d, hold good, with the sane rigid invariability, at |east as far
as the limts of the solar system

Thr oughout this evolution of thought and conjecture there were two
types of astrononers--those who supplied the facts, and those who
supplied the interpretation through the |ogic of mathematics. So



Pt ol eny was dependent upon Hi pparchus, Kepler on Tycho Brahe, and
Newt on in much of his work upon Fl anst eed.

When Galileo directed his tel escope to the heavens, when Secchi and
Huggi ns studied the chem stry of the stars by means of the
spectroscope, and when Warren De |a Rue set up a photoheliograph at
Kew, we see that a progress in the sane direction as before, in the
evol ution of our conception of the universe, was being made. Wt hout
definite expression at any particular date, it came to be an accepted
fact that not only do earthly dynamcs apply to the heavenly bodies,
but that the aws we find established here, in geology, in chemstry,
and in the laws of heat, nay be extended with confidence to the
heavenly bodi es. Hence arose the branch of astronony called
astrononi cal physics, a science which claims a large portion of the
work of the tel escope, spectroscope, and photography. In this new
devel opnent it is nore than ever essential to follow the dictum of
Tycho Brahe--not to nmake theories until all the necessary facts are
obt ai ned. The great astronomers of to-day still hold to Sir |saac
Newt on' s decl aration, "Hypotheses non fingo." Each one may have his
suspicions of a theory to guide himin a course of observation, and
may call it a working hypothesis. But the cautious astrononer does
not proclaimthese to the world; and the historian is certainly not
justified in including in his record those vague specul ati ons founded
on inconplete data which nay be denolished to-norrow, and which
however attractive they may be, often do nore harmthan good to the
progress of true science. Meanwhile the accunul ation of facts has
been prodigi ous, and the revel ati ons of the tel escope and spectroscope
ent ranci ng.

12. THE SUN.

One of Galileo's nost striking discoveries, when he pointed his

tel escope to the heavenly bodies, was that of the irregularly shaped
spots on the sun, with the dark central _unbra_ and the |ess

dark, but nore extensive, _penunmbra_ surrounding it, sometines

with several unmbrae in one penunbra. He has |eft us many draw ngs of
t hese spots, and he fixed their period of rotation as a |unar nonth.

[IlTustration: SOLAR SURFACE, As Photographed at the Roya
hservatory, Greenw ch, showi ng sun-spots with unbrae, penunbrae, and
facul ae. ]

It is not certain whether Galileo, Fabricius, or Schener was the first
to see the spots. They all did good work. The spots were found to be
ever varying in size and shape. Sonetines, when a spot disappears at
the western linb of the sun, it is never seen again. In other cases,
after a fortnight, it reappears at the eastern linb. The facul ae, or
bright areas, which are seen all over the sun's surface, but specially
i n the nei ghbourhood of spots, and nost distinctly near the sun's
edge, were discovered by Galileo. A high tel escopic power resolves
their structure into an appearance like wllow|eaves, or rice-grains,
fairly uniformin size, and nore marked than on other parts of the
sun's surface.



Specul ations as to the cause of sun-spots have never ceased from
Galileo's tine to ours. He supposed themto be clouds. Scheiner[1]
said they were the indications of tumultuous novenments occasionally
agitating the ocean of liquid fire of which he supposed the sun to be
conposed

A. Wlson, of dasgow, in 1769,[2] noticed a novenent of the unbra
relative to the penunbra in the transit of the spot over the sun's
surface; exactly as if the spot were a hollow, with a black base and
grey shelving sides. This was generally accepted, but |ater

i nvestigations have contradicted its universality. Regarding the cause
of these hollows, WIson said:--

Whet her their first production and subsequent nunberl ess changes
depend upon the eructation of elastic vapours from bel ow, or upon
eddi es or whirl pools conmencing at the surface, or upon the

di ssolving of the lunminous matter in the sol ar atnosphere, as clouds
are nelted and again given out by our air; or, if the reader

pl eases, upon the annihilation and reproduction of parts of this
respl endent covering, is left for theory to guess at.[3]

Ever since that date theory has been guessing at it. The solar
astrononer is still applying all the instrunents of nodern research to
find out which of these suppositions, or what nodification of any of
them is nearest the truth. The obstacle--one that is perhaps fatal to
areal theory--lies in the inpossibility of reproduci ng conparative
experiments in our |aboratories or in our atnosphere.

Sir WIIliam Herschel propounded an expl anation of WIson's observation
whi ch recei ved much notice, but which, out of respect for his nmenory,
is not now described, as it violated the elenentary | aws of heat.

Sir John Herschel noticed that the spots are nostly confined to two
zones extending to about 35 degrees on each side of the equator, and
that a

zone of equatoreal calns is free fromspots. But it was

R C. Carrington[4] who, by his continuous observations at Redhill, in
Surrey, established the remarkable fact that, while the rotation
period in the highest latitudes, 50 degrees, where spots are seen, is
twenty-seven-and- a- hal f days, near the equator the period is only
twenty-five days. His splendid volune of observations of the sun |led
to nuch new i nformati on about the average distribution of spots at

di fferent epochs.

Schwabe, of Dessau, began in 1826 to study the solar surface, and,
after many years of work, arrived at a |aw of frequency which has been
nore fruitful of results than any discovery in solar physics.[5] In
1843 he announced a decennial period of maxi ma and mni ma of sun-spot
di splays. In 1851 it was generally accepted, and, although a period of
el even years has been found to be nore exact, all |ater observations,
besi des the earlier ones which have been hunted up for the purpose, go
to establish a true periodicity in the nunber of sun-spots. But quite
| ately Schuster[6] has given reasons for admitting a nunber of

co-exi stent periods, of which the el even-year period was predoni nant
in the nineteenth century.

In 1851 Lanent, a Scotchnan at Munich, found a decennial period in the



daily range of magnetic declination. In 1852 Sir Edward Sabi ne
announced a simlar period in the nunber of "nmagnetic storns”
affecting all of the three magnetic el ements--declination, dip, and
intensity. Australian and Canadi an observations both showed the
decennial period in all three elenents. WIf, of Zurich, and Gauthier
of Geneva, each independently arrived at the same concl usion

It took nmany years before this coincidence was accepted as certainly
nore than an accident by the ol d-fashi oned astrononmers, who want rigid
proof for every new theory. But the |ast doubts have | ong vani shed,
and a connection has been further traced between viol ent outbursts of
solar activity and sinmultaneous magnetic storns.

The frequency of the Aurora Borealis was found by WIf to follow the
sanme period. In fact, it is closely allied in its cause to terrestrial
magneti sm Wolf also collected old observations tracing the
periodicity of sun-spots back to about 1700 A. D

Spoerer deduced a | aw of dependence of the average |atitude of
sun-spots on the phase of the sun-spot period.

Al'l nodern total solar eclipse observations seemto show that the
shape of the |um nous corona surrounding the noon at the nmonent of
totality has a special distinct character during the time of a
sun-spot nmaxi rum and another, totally different, during a sun-spot
m ni mum

A suspicion is entertained that the total quantity of heat received by
the earth fromthe sun is subject to the same period. This would have
far-reaching effects on storns, harvests, vintages, floods, and
droughts; but it is not safe to draw conclusions of this kind except
froma very |l ong period of observations.

Sol ar phot ography has deprived astrononers of the type of Carrington
of the delight in devoting a life's work to collecting data. It has
now beconme part of the routine work of an observatory.

In 1845 Foucault and Fi zeau took a daguerreotype photograph of the
sun. I n 1850 Bond produced one of the moon of great beauty, Draper
havi ng nade sone attenpts at an even earlier date. But astronom ca
phot ography really owes its beginning to De | a Rue, who used the
col | odi on process for the noon in 1853, and constructed the Kew

phot ohel i ograph in 1857, fromwhich date these instrunments have been
mul tiplied, and have given us an accurate record of the sun's surface.
Celatine dry plates were first used by Huggins in 1876.

It is noteworthy that fromthe outset De |a Rue recogni sed the val ue
of stereoscopic vision, which is now known to be of suprene

accuracy. In 1853 he conbi ned pairs of photographs of the moon in the
sanme phase, but under different conditions regarding libration
showi ng the noon fromslightly different points of view These in the
stereoscope exhibited all the relief resulting from binocular vision
and | ooked like a solid globe. In 1860 he used successive photographs
of the total solar eclipse stereoscopically, to prove that the red
prom nences belong to the sun, and not to the noon. In 1861 he
simlarly conbined two photographs of a sun-spot, the perspective

ef fect showing the unbra Iike a floor at the bottomof a holl ow



penunbra; and in one case the facul ae were discovered to be sailing
over a spot apparently at sone consi derabl e height. These appearances
may be partly due to a proper motion; but, so far as it went, this was
a beautiful confirmation of Wlson's discovery. Hewl ett, however, in
1894, after thirty years of work, showed that the spots are not always
depressions, being very subject to disturbance.

The Kew phot ographs [7] contributed a vast anount of information about
sun-spots, and they showed that the facul ae generally follow the spots
in their rotation round the sun

The constitution of the sun's photosphere, the layer which is the
principal |ight-source on the sun, has always been a subject of great
i nterest; and rmuch was done by nen with exceptionally keen eyesight,
like M. Dawes. But it was a difficult subject, owing to the rapidity
of the changes in appearance of the so-called rice-grains, about 1" in
diameter. The rapid transformati ons and circul ati ons of these
rice-grains, if thoroughly studied, mght lead to a nuch better

know edge of sol ar physics. This seened al nost hopel ess, as it was
found inpossible to identify any "rice-grain" in the turnoil after a
few m nutes. But M Hansky, of Pul kowa (whose recent death is

depl ored), introduced successfully a schene of photography, which

nm ght al nost be called a solar cinematograph. He took photographs of
the sun at intervals of fifteen or thirty seconds, and then enl arged
sel ected portions of these two hundred tinmes, giving a picture
corresponding to a solar disc of six metres dianeter. In these

enl arged pictures he was able to trace the novenents, and changes of
shape and bri ghtness, of individual rice-grains. Some granul es becone
larger or smaller. Sonme seemto rise out of a mst, as it were, and to
beconme clearer. thers grow feebler. Sone are split in two. Sone are
rotated through a right angle in a mnute or |ess, although each of
the grains may be the size of Geat Britain. Generally they nove
toget her in groups of very various velocities, up to forty kilonetres
a second. These novenents seemto have definite relation to any
sun-spots in the nei ghbourhood. Fromthe results already obtained it
seens certain that, if this method of observation be continued, it
cannot fail to supply facts of the greatest inportance.

It is quite inpossible to do justice here to the work of all those who
are engaged on astronom cal physics. The utnopst that can be attenpted
is togive a fair idea of the directions of human thought and
endeavour. During the last half-century Anerica has nmade spl endid
progress, and an entirely new process of studying the photosphere has
been i ndependently perfected by Professor Hale at Chicago, and

Desl andres at Paris.[8] They have succeeded i n photographing the sun's
surface in monochromatic |ight, such as the light given off as one of
the bright lines of hydrogen or of calcium by nmeans of the
"Spectroheliograph.” The spectroscope is placed with its slit in the
focus of an equatoreal tel escope, pointed to the sun, so that the
circular image of the sun falls on the slit. At the other end of the
spectroscope is the photographic plate. Just in front of this plate
there is another slit parallel to the first, in the position where the
i mge of the first slit formed by the Kline of calciumfalls. Thus is
obt ai ned a phot ograph of the section of the sun, made by the first
slit, only in Klight. As the inmage of the sun passes over the first
slit the photographic plate is noved at the sane rate and in the sane
direction behind the second slit; and as successive sections of the



sun's inage in the equatoreal enter the apparatus, so are these
sections successively thrown in their proper place on the photographic
plate, always in K light. By using a high dispersion the facul ae which
give off K1light can be correctly photographed, not only at the sun's
edge, but all over his surface. The actual nechanical nethod of
carrying out the observation is not quite so sinple as what is here
descri bed.

By choosing another line of the spectruminstead of cal ciumK--for
exanpl e, the hydrogen line H(3)--we obtain two photographs, one
showi ng the appearance of the calciumfloculi, and the other of the
hydrogen floculi, on the sane part of the solar surface; and nothing
is nmore astonishing than to note the total want of resenblance in the
forns shown on the two. This node of research promises to afford many
new and useful data.

The spectroscope has reveal ed the fact that, broadly speaking, the sun
is conposed of the same materials as the earth. Angstrom was the first
to map out all of the Iines to be found in the solar spectrum But

Rowl and, of Baltinore, after having perfected the art of making true
gratings with equidistant lines ruled on netal for producing spectra,
then proceeded to nmake a map of the solar spectrumon a |arge scale.

In 1866 Lockyer[9] threw an inage of the sun upon the slit of a
spectroscope, and was thus enabl ed to conpare the spectrum of a spot
with that of the general solar surface. The observation proved the
dar kness of a spot to be caused by increased absorption of |ight, not
only in the dark lines, which are wi dened, but over the entire
spectrum |In 1883 Young resolved this continuous obscurity into an
infinite nunber of fine |lines, which have all been traced in a shadowy
way on to the general solar surface. Lockyer al so detected

di spl acenents of the spectrumlines in the spots, such as would be
produced by a rapid notion in the line of sight. It has been found
that both uprushes and downrushes occur, but there is no marked
predoni nance of either in a sun-spot. The velocity of notion thus
indicated in the line of sight sonetinmes appears to anmount to 320
mles a second. But it nust be renenbered that pressure of a gas has
sonme effect in displacing the spectral lines. So we must go on
collecting data, until a time comes when the nmeaning of all the facts
can be nade cl ear.

_Total Solar Eclipses .--During total solar eclipses the tine is so
short, and the circunmstances so inpressive, that draw ngs of the
appear ance could not always be trusted. The red proninences of jagged
formthat are seen round the nmoon's edge, and the corona with its
streaners radiating or interlacing, have nuch detail that can hardly
be recorded in a sketch. By the aid of photography a nunber of records
can be taken during the progress of totality. Froma study of these
the extent of the corona is denpnstrated in one case to extend to at

| east six dianeters of the noon, though the eye has traced it

farther. This corona is still one of the wonders of astronony, and

| eads to many questions. What is its consistency, if it extends many
mllion mles fromthe sun's surface? Howis it that it opposed no
resi stance to the notion of comets which have al nost grazed the sun's
surface? Is this the origin of the zodiacal |ight? The character of
the corona in photographic records has been shown to depend upon the
phase of the sun-spot period. During the sun-spot nmaxi mumthe corona



seens nost devel oped over the spot-zones--i.e., neither at the
equator nor the poles. The four great sheaves of light give it a
squar e appearance, and are nade up of rays or plunes, delicate like
the petals of a flower. During a mninumthe nebul ous ring seenms to
be made of tufts of fine hairs with aigrettes or radiations from both
pol es, and streamers fromthe equator

[IlTustration: SOLAR ECLI PSE, 1882. Fromdrawi ng by W H. Wesl ey,
Secretary R A S.; showi ng the proninences, the corona, and an unknown
conet . ]

On Septenber 19th, 1868, eclipse spectroscopy began with the Indian
eclipse, in which all observers found that the red proni nences showed
a bright line spectrum indicating the presence of hydrogen and ot her
gases. So bright was it that Jansen exclained: " _Je verrai ces
lignes-la en dehors des eclipses ." And the next day he observed the
lines at the edge of the uneclipsed sun. Huggi ns had suggested this
observation in February, 1868, his idea being to use prisms of such
great dispersive power that the continuous spectrumreflected by our
at nosphere should be greatly weakened, while a bright [ine would
suffer no dimnution by the high dispersion. On Cctober 20th
Lockyer,[10] having news of the eclipse, but not of Jansen's
observations the day after, was able to see these lines. This was a
spl endi d performance, for it enabled the prom nences to be observed,
not only during eclipses, but every day. Mreover, the next year
Huggi ns was able, by using a wide slit, to see the whole of a

prom nence and note its shape. Prom nences are classified, according
to their form into "flane" and "cl oud" prom nences, the spectrum of
the latter show ng cal cium hydrogen, and helium that of the forner
i ncludi ng a nunber of netals.

The D line of sodiumis a double line, and in the same eclipse (1868)
an orange line was noticed which was afterwards found to lie close to
the two conponents of the DIline. It did not correspond with any known
terrestrial element, and the unknown el ement was called "helium" It
was not until 1895 that Sir WIliam Ransay found this elenent as a gas
in the mneral cleavite.

The spectrum of the corona is partly continuous, indicating |ight
reflected fromthe sun's body. But it also shows a green |ine
corresponding with no known terrestrial elenent, and the nane
"coroni um' has been given to the substance causing it.

A vast nunber of facts have been added to our know edge about the sun
by phot ography and the spectroscope. Specul ati ons and hypotheses in

pl enty have been offered, but it may be | ong before we have a conplete
theory evolved to explain all the phenonmena of the storm swept
nmetal i c atnmosphere of the sun

The proceedings of scientific societies teemw th such facts and
"wor ki ng hypot heses," and the best of them have been collected by M ss
Clerke in her _History of Astronony during the N neteenth Century_ . As
to established facts, we learn fromthe spectroscopic researches (1)
that the continuous spectrumis derived fromthe _photosphere_ or
sol ar gaseous material conpressed alnost to |iquid consistency; (2)
that the _reversing layer_ surrounds it and gives rise to black



lines in the spectrum that the _chronpbsphere_ surrounds this, is
conposed mai nly of hydrogen, and is the cause of the red pron nences
in eclipses; and that the gaseous _corona_ surrounds all of

these, and extends to vast distances outside the sun's visible
surface.
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[1] _Rosa Ursina_, by C. Scheiner, _fol _.; Bracciani, 1630.
[2] R S Phil. Trans_., 1774.

[3] _Ibid_, 1783.

[4] _Observations on the Spots on the Sun, etc., 4 degrees; London and
Edi nbur gh, 1863.

[5] _Periodicitat der Sonnenflecken. Astron. Nach. XXl._, 1844,
P. 234.

[6] RS Phil. Trans._ (ser. A), 1906, p. 69-100.

[7] "Researches on Sol ar Physics,"” by De |la Rue, Stewart and Loewy;
R S, Phil. Trans_., 1869, 1870.

[8] "The Sun as Photographed on the K Iine"; _Know edge_, London
1903, p. 229.

[99) R S. Proc. , xv., 1867, p. 256.

[10] _Acad. des Sc. , Paris; _C. R _, Ixvii., 1868, p. 121

13. THE MOON AND PLANETS.

_The Moon_. --Tel escopi ¢ di scoveri es about the mpon commence with
Galileo' s discovery that her surface has nountains and valleys, |ike
the earth. He also found that, while she always turns the sane face to
us, there is periodically a slight twist to let us see a little round
the eastern or western edge. This was called _libration_, and the

expl anation was clear when it was understood that in showi ng al ways
the sane face to us she makes one revolution a nonth on her axis
~uniformy_, and that her revolution round the earth is not

uni f orm

Galileo said that the nountains on the moon showed greater differences
of level than those on the earth. Shroter supported this

opi nion. W Herschel opposed it. But Beer and Madl er nmeasured the

hei ghts of lunar mountains by their shadows, and found four of them
over 20,000 feet above the surroundi ng plains.

Langrenus [1] was the first to do serious work on sel enography, and
named the lunar features after eminent nen. Riccioli also nmade |unar
charts. In 1692 Cassini made a chart of the full nmpon. Since then we



have the charts of Schroter, Beer and Madl er (1837), and of Schmi dt,
of Athens (1878); and, above all, the photographic atlas by Loewy and
Pui seux.

The details of the nobon's surface require for their discussion a whole
book, like that of Neison or the one by Nasnyth and Carpenter. Here a
few words nust suffice. Muuntain ranges |ike our Andes or Himal ayas
are rare. Instead of that, we see an inmense nunber of circular
cavities, with rugged edges and flat interior, often with a cone in
the centre, reninding one of instantaneous photographs of the splash
of a drop of water falling into a pool. Many of these are fifty or
sixty mles across, sone nore. They are generally spoken of as
resembling craters of vol canoes, active or extinct, on the earth. But
some of those who have nost fully studied the shapes of craters deny
al together their resenblance to the circular objects on the noon

These so-called craters, in nmany parts, are seen to be closely
grouped, especially in the snowwhite parts of the nbon. But there are

great snooth dark spaces, |like the clear black ice on a pond, nore
free fromcraters, to which the equally inappropriate nane of seas has
been gi ven. The npbst conspi cuous crater, _Tycho , is near the south

pole. At full noon there are seen to radiate from Tycho nunerous
streaks of light, or "rays," cutting through all the nountain
formati ons, and extending over fully half the lunar disc, like the
st ar-shaped cracks nade on a sheet of ice by a blow Simlar cracks
radiate fromother large craters. It nmust be nmentioned that these
white rays are well seen only in full light of the sun at full npon
just as the white snow in the crevasses of a glacier is seen bright
froma distance only when the sun is high, and di sappears at

sunset. Then there are deep, narrow, crooked "rills" which may have
been water-courses; also "clefts" about half a mle wi de, and often
hundreds of miles long, |like deep cracks in the surface going straight
t hrough nountain and vall ey.

The moon shares with the sun the advantage of being a good subject for
phot ogr aphy, though the planets are not. This is owing to her |arger
apparent size, and the abundance of illum nation. The consequence is
that the finest details of the nmoon, as seen in the |argest telescope
in the world, may be reproduced at a cost within the reach of all.

No certain changes have ever been observed; but several suspicions
have been expressed, especially as to the small crater _Linne_, in the
_Mare Serenitatis_. It is now generally agreed that no certainty can
be expected from draw ngs, and that for real evidence we nust await
the verdi ct of photography.

No trace of water or of an atnosphere has been found on the noon. It
is possible that the tenperature is too low. In any case, no

di spl acement of a star by atnospheric refraction at occultation has
been surely recorded. The nobon seens to be dead.

The di stance of the nobon fromthe earth is just now the subject of
re-nmeasurenent. The base line is from Greenwich to Cape of Good Hope,
and the new feature introduced is the selection of a definite point on
a crater (Mosting A), instead of the nmoon's edge, as the point whose
di stance is to be neasured.

_The Inferior Planets .--Wen the tel escope was i nvented, the phases



of Venus attracted nmuch attention; but the brightness of this planet,
and her proximty to the sun, as with Mercury al so, seened to be a bar
to the discovery of markings by which the axis and period of rotation
could be fixed. Cassini gave the rotation as twenty-three hours, by
observing a bright spot on her surface. Shroter made it 23h. 21m 19s.
This val ue was supported by others. In 1890 Schiaparelli[2] announced
that Venus rotates, |ike our noon, once in one of her revol utions, and
al ways directs the same face to the sun. This property has al so been
ascribed to Mercury; but in neither case has the evidence been
general |y accepted. Twenty-four hours is probably about the period of
rotation for each of these planets.

Several observers have claimed to have seen a planet within the orbit
of Mercury, either in transit over the sun's surface or during an
eclipse. It has even been named Vulcan_. These announcenents woul d
have received little attention but for the fact that the notion of
Mercury has irregularities which have not been accounted for by known
pl anets; and Le Verrier[3] has stated that an intra-Mercurial planet
or ring of asteroids would account for the unexpl ained part of the
notion of the line of apses of Mercury's orbit ampunting to 38" per
century.

_Mars_.--The first study of the appearance of Mars by Mraldi |ed him
to believe that there were changes proceeding in the two white caps
which are seen at the planet's poles. W Herschel attributed these
caps to ice and snow, and the dates of his observations indicated a
melting of these ice-caps in the Martian sumer.

Schroter attributed the other markings on Mars to drifting clouds. But
Beer and Madler, in 1830-39, identified the sane dark spots as being
al ways in the sane place, though sonetines blurred by nist in the

| ocal winter. A spot sketched by Huyghens in 1672, one frequently seen
by W Herschel in 1783, another by Arago in 1813, and nearly all the
mar ki ngs recorded by Beer and Madler in 1830, were seen and drawn by
F. Kaiser in Leyden during seventeen nights of the opposition of 1862
(_Ast. Nacht. , No. 1,468), whence he deduced the period of rotation
to be 24h. 37m 22s.,62--or one-tenth of a second |ess than the period
deduced by R A Proctor froma drawi ng by Hooke in 1666.

It nust be noted that, if the periods of rotation both of Mercury and
Venus be about twenty-four hours, as seens probable, all the four

pl anets nearest to the sun rotate in the sane period, while the great
pl anets rotate in about ten hours (Uranus and Neptune being stil

i ndet erm nate).

The general surface of Mars is a deep yellow, but there are dark grey
or greeni sh patches. Sir John Herschel was the first to attribute the
ruddy col our of Mars to its soil rather than to its atnosphere.

The observations of that keen-sighted observer Dawes led to the first
good map of Mars, in 1869. In the 1877 opposition Schiaparelli revived
interest in the planet by the discovery of canals, unifornly about
sixty miles wide, running generally on great circles, sone of them
being three or four thousand miles long. During the opposition of
1881-2 the sane observer re-observed the canals, and in twenty of them
he found the canals duplicated,[4] the second canal being al ways 200
to 400 mles distant fromits fellow



The existence of these canals has been doubted. M. Lowell has now
devoted years to the subject, has drawn them over and over again, and
has phot ographed them and accepts the explanation that they are
artificial, and that vegetation grows on their banks. Thus is revived
the old controversy between Wiewel| and Brewster as to the
habitability of the planets. The new argunents are not yet generally
accepted. Lowell believes he has, with the spectroscope, proved the
exi stence of water on Mars.

One of the npbst unexpected and interesting of all telescopic

di scoveries took place in the opposition of 1877, when Mars was
unusual ly near to the earth. The Washi ngton Observatory had acquired
the fine 26-inch refractor, and Asaph Hall searched for satellites,
concealing the planet's disc to avoid the glare. On August 11th he had
a suspicion of a satellite. This was confirned on the 16th, and on the
foll owi ng night a second one was added. They are exceedingly faint,
and can be seen only by the nost powerful tel escopes, and only at the
times of opposition. Their dianeters are estimted at six or seven
mles. It was soon found that the first, Deinbs, conpletes its orbit
in 30h. 18m But the other, Phobos, at first was a puzzle, owing to
its incredible velocity being unsuspected. Later it was found that the
peri od of revolution was only 7h. 39m 22s. Since the Martian day is
twenty-four and a half hours, this leads to remarkable results.
Qobviously the easterly notion of the satellite overwhel ns the diurna
rotation of the planet, and Phobos nust appear to the inhabitants, if
they exist, torise in the west and set in the east, showing two or
even three full nmoons in a day, so that, sufficiently well for the
ordi nary purposes of life, the hour of the day can be told by its
phases.

The di scovery of these two satellites is, perhaps, the nost
interesting telescopic visual discovery made with the |arge tel escopes
of the last half century; photography having been the neans of

di scovering all the other new satellites except Jupiter's fifth (in
order of discovery).

[IlTustration: JUPITER Froma drawing by E. M Antoni adi, show ng
transit of a satellite's shadow, the belts, and the "great red spot"

(_Monthly Notices , R A S., vol. lix., pl. x.).]
_Jupiter. --Glileo' s discovery of Jupiter's satellites was foll owed
by the discovery of his belts. Zucchi and Torricelli seemto have seen

them Fontana, in 1633, reported three belts. In 1648 Ginmal di saw but
two, and noticed that they lay parallel to the ecliptic. Dusky spots
were al so noticed as transient. Hooke[5] neasured the notion of one in
1664. In 1665 Cassini, with a fine tel escope, 35-feet focal |ength,
observed many spots noving fromeast to west, whence he concl uded t hat
Jupiter rotates on an axis like the earth. He watched an unusual ly

per manent spot during twenty-nine rotations, and fixed the period at
9h. 56m Later he inferred that spots near the equator rotate quicker
than those in higher latitudes (the sane as Carrington found for the
sun); and W Herschel confirmed this in 1778-9.

Jupiter's rapid rotation ought, according to Newton's theory, to be
acconpani ed by a great flattening at the poles. Cassini had noted an
oval formin 1691. This was confirnmed by La Hire, Ronmer, and



Pi card. Pound neasured the ellipticity = 1/(13.25).

W Herschel supposed the spots to be nmasses of cloud in the

at nosphere--an opinion still accepted. Many of them were very
permanent. Cassini's great spot vani shed and reappeared nine tines
bet ween 1665 and 1713. It was close to the northern nargin of the
southern belt. Herschel supposed the belts to be the body of the
pl anet, and the lighter parts to be clouds confined to certain

| atitudes.

In 1665 Cassini observed transits of the four satellites, and al so saw
their shadows on the planet, and worked out a lunar theory for

Jupiter. Mathematical astrononers have taken great interest in the
perturbations of the satellites, because their relative periods

i ntroduce peculiar effects. Airy, in his delightful book
_Gravitation_, has reduced these investigations to sinple

geonetrical explanations.

In 1707 and 1713 Mraldi noticed that the fourth satellite varies nuch
in brightness. W Herschel found this variation to depend upon its
position in its orbit, and concluded that in the positions of
feebleness it is always presenting to us a portion of its surface,

whi ch does not well reflect the sun's light; proving that it always
turns the same face to Jupiter, as is the case with our nmoon. This
fact had al so been established for Saturn's fifth satellite, and may
be true for all satellites.

In 1826 Struve neasured the diameters of the four satellites, and
found themto be 2,429, 2,180, 3,561, and 3,046 niles.

In nodern tinmes nuch interest has been taken in watching a rival to
Cassini's fanobus spot. The "great red spot" was first observed by

Ni esten, Pritchett, and Tenpel, in 1878, as a rosy cloud attached to a
whiti sh zone beneath the dark southern equatorial band, shaped Iike

t he new war ball oons, 30,000 mles long and 7,000 miles across. The
next year it was brick-red. A white spot beside it conpleted a
rotation in less tine by 5-1/2 nminutes than the red spot--a difference
of 260 niles an hour. Thus they canme together again every six weeks,
but the nmotions did not continue uniform The spot was feeble in
1882-4, brightened in 1886, and, after nany changes, is still visible.

Galileo' s great discovery of Jupiter's four noons was the last word in
this connection until Septenber 9th, 1892, when Barnard, using the
36-inch refractor of the Lick Cbservatory, detected a tiny spot of
light closely following the planet. This proved to be a new satellite
(fifth), nearer to the planet than any other, and revolving round it
in 11h. 57m 23s. Between its rising and setting there nust be an
interval of 2-1/2 Jovian days, and two or three full noons. The sixth
and seventh satellites were found by the exam nation of photographic
plates at the Lick Cbservatory in 1905, since which tine they have
been continuously phot ographed, and their orbits traced, at G eenw ch
On exam ning these plates in 1908 M. Ml otte detected the eighth
satellite, which seenms to be revolving in a retrograde orbit three
times as far fromits planet as the next one (seventh), in these two
points agreeing with the outernmost of Saturn's satellites (Phoebe).

_Saturn. _--This planet, with its marvellous ring, was perhaps the nost



wonder ful object of those first exam ned by Galileo's tel escope. He
was followed by Dom nique Cassini, who detected bands |ike Jupiter's
belts. Herschel established the rotation of the planet in 1775-94.
From observati ons during one hundred rotations he found the period to
be 10h. 16m O0s., 44. Herschel also neasured the ratio of the polar to
t he equatoreal dianmeter as 10:11

The ring was a conplete puzzle to Galileo, nost of all when the planet
reached a position where the plane of the ring was in line with the
earth, and the ring di sappeared (Decenber 4th, 1612). It was not until
1656 t hat Huyghens, in his snall panphlet De Saturni Luna Cbservatio
Nova_, was able to suggest in a cypher the ring form and in 1659, in
his Systema Saturnium he gave his reasons and translated the cypher
"The planet is surrounded by a slender flat ring, everywhere distinct
fromits surface, and inclined to the ecliptic.” This theory expl ai ned
all the phases of the ring which had puzzled others. This ring was

t hen, and has renmai ned ever since, a unique structure. W in this age
have got accustomed to it. But Huyghens's di scovery was received with
amazenent .

In 1675 Cassini found the ring to be double, the concentric rings
bei ng separated by a black band--a fact which was placed beyond

di spute by Herschel, who also found that the thickness of the ring
subtends an angle less than 0".3. Shroter estimated its thickness at
500 mil es.

Many specul ati ons have been advanced to explain the origin and
constitution of the ring. De Sejour said [6] that it was thrown off
from Saturn's equator as a liquid ring, and afterwards solidified. He
noticed that the outside would have a greater velocity, and be | ess
attracted to the planet, than the inner parts, and that equilibrium
woul d be inpossible; so he supposed it to have solidified into a
nunber of concentric rings, the exterior ones having the | east
velocity.

Clerk Maxwell, in the Adans prize essay, gave a physico-nmathenmatica
denonstration that the rings nust be conposed of neteoritic matter
like gravel. Even so, there nust be collisions absorbing the energy of
rotation, and tending to make the rings eventually fall into the

pl anet. The slower notion of the external parts has been proved by the
spectroscope in Keel er's hands, 1895.

Sat urn has perhaps received nore than its share of attention owing to
these rings. This led to other discoveries. Huyghens in 1655, and

J. D. Cassini in 1671, discovered the sixth and eighth satellites
(Titan and Japetus). Cassini lost his satellite, and in searching for
it found Rhea (the fifth) in 1672, besides his old friend, whom he

| ost again. He added the third and fourth in 1684 (Tethys and

Di one). The first and second (M mas and Encel ades) were added by
Herschel in 1789, and the seventh (Hyperion) sinultaneously by Lasse
and Bond in 1848. The ninth (Phoebe) was found on photographs, by
Pickering in 1898, with retrograde notion; and he has lately added a
tent h.

The occasi onal di sappearance of Cassini's Japetus was found on
i nvestigation to be due to the sane causes as that of Jupiter's fourth
satellite, and proves that it always turns the same face to the



pl anet .

_Uranus and Neptune_.--The splendid discoveries of Uranus and two
satellites by Sir WIliamHerschel in 1787, and of Neptune by Adams
and Le Verrier in 1846, have been already described. Lassel added two
nore satellites to Uranus in 1851, and found Neptune's satellite in
1846. Al of the satellites of Uranus have retrograde nmotion, and
their orbits are inclined about 80 degrees to the ecliptic.

The spectroscope has shown t he exi stence of an absorbi ng at nosphere on
Jupiter and Saturn, and there are suspicions that they partake

sonet hing of the character of the sun, and emt sone |ight besides
reflecting solar light. On both planets some absorption lines seemto
agree with the aqueous vapour |ines of our own atnosphere; while one,
which is a strong band in the red common to both planets, seens to
agree with a line in the spectrum of sone reddish stars.

Uranus and Neptune are difficult to observe spectroscopically, but
appear to have peculiar spectra agreeing together. Sometinmes Uranus
shows Frauenhofer lines, indicating reflected solar |ight. But
generally these are not seen, and six broad bands of absorption
appear. One is the F. of hydrogen; another is the red-star |ine of
Jupiter and Saturn. Neptune is a very difficult object for the
spectroscope.

Quite lately [7] P. Lowell has announced that V. M Slipher, at

Fl agstaff Cbservatory, succeeded in 1907 in rendering sone plates
sensitive far into the red. A reproduction is given of photographed
spectra of the four outernost planets, showing (1) a great nunber of

new | i nes and bands; (2) intensification of hydrogen F. and C. |ines;
(3) a steady increase of effects (1) and (2) as we pass from Jupiter
and Saturn to Uranus, and a still greater increase in Neptune.
_Asteroids_.--The di scovery of these new planets has been

descri bed. At the beginning of the last century it was an i nmense
triunph to catch a new one. Since photography was called into the
service by Wl f, they have been caught every year in shoals. It is
like the difference between sea fishing with the line and using a
steamtraw er. In the 1908 al manacs nearly seven hundred asteroids are
i ncl uded. The conputation of their perturbations and epheneri des by
Eul er's and Lagrange's nethod of variable el enents becane so | abori ous
t hat Encke devised a special process for these, which can be applied
to many ot her disturbed orbits. [8]

When a photograph is taken of a region of the heavens including an
asteroid, the stars are photographed as points because the tel escope
is made to follow their notion; but the asteroids, by their proper
noti on, appear as short |ines.

The di scovery of Eros and the photographic attack upon its path have
been described in their relation to finding the sun's distance.

A group of four asteroids has lately been found, with a nmean di stance
and period equal to that of Jupiter. To three of these masculine nanes
have been given--Hector, Patroclus, Achilles; the other has not yet
been naned.
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14. COVETS AND METEORS.

Ever since Hall ey discovered that the comet of 1682 was a nenber of
the solar system these wonderful objects have had a new i nterest for
astrononers; and a conparison of orbits has often identified the
return of a conet, and led to the detection of an elliptic orbit where
the difference froma parabola was inperceptible in the small portion
of the orbit visible to us. A remarkable case in point was the conet
of 1556, of whose identity with the conet of 1264 there could be
little doubt. Hind wanted to conpute the orbit nore exactly than
Hal | ey had done. He knew that observati ons had been nade, but they
were | ost. Having expressed his desire for a search, all the
observations of Fabricius and of Heller, and also a map of the conet's
path anong the stars, were eventually unearthed in the nost unlikely
manner, after being lost nearly three hundred years. H nd and ot hers
were certain that this comet would return between 1844 and 1848, but
it never appeared.

When the spectroscope was first applied to finding the conmposition of
t he heavenly bodies, there was a great desire to find out what conets
are nade of. The first opportunity came in 1864, when Donati observed
the spectrum of a conet, and saw three bright bands, thus proving that
it was a gas and at |east partly self-lumnous. In 1868 Huggi ns
conpared the spectrum of Wnnecke's conet with that of a Geissler tube
contai ning ol efi ant gas, and found exact agreenent. Nearly all conets
have shown the same spectrum|[1] A very few conets have given bright
band spectra differing fromthe normal type. Also a certain kind of
continuous spectrum as well as reflected solar |ight show ng
Frauenhof er |ines, have been seen

[Illustration: COPY OF THE DRAW NG MADE BY PAUL FABRI CIUS. To define
the path of conet 1556. After being |lost for 300 years, this draw ng
was recovered by the prolonged efforts of M. H nd and Professor



Littrow in 1856.]

When Wells's comet, in 1882, approached very close indeed to the sun
t he spectrum changed to a nono-chronmatic yell ow col our, due to sodium

For a full account of the wonders of the conetary world the reader is
referred to books on descriptive astronomy, or to nonographs on
conets.[2] Nor can the very uncertain specul ati ons about the structure
of comets' tails be given here. A new expl anation has been proposed

al nost every tinme that a great discovery has been made in the theory
of light, heat, chemistry, or electricity.

Hal | ey’ s conet remmined the only one of which a prediction of the
return had been confirmed, until the orbit of the small, ill-defined
conet found by Pons in 1819 was conputed by Encke, and found to have a
period of 3 1/3 years. It was predicted to return in 1822, and was
recogni sed by himas identical with nany previous conets. This conet,
call ed after Encke, has showed in each of its returns an inexplicable
reducti on of nean di stance, which led to the assertion of a resisting
medi umin space until a better explanation could be found.[3]

Since that date fourteen conets have been found with elliptic orbits,
whose aphelion distances are all about the same as Jupiter's mean

di stance; and six have an aphelion distance about ten per cent,
greater than Neptune's nean di stance. OQther conets are sinmlarly
associated with the planets Saturn and Uranus.

The physical transformations of comets are anong the nost wonderful of
unexpl ai ned phenonmena in the heavens. But, for physical astronomers,
the greatest interest attaches to the reduction of radius vector of
Encke's conet, the splitting of Biela's conet into two conmets in 1846,
and the sonewhat sinilar behaviour of other conets. It nust be noted,
however, that comets have a sensible size, that all their parts cannot
travel in exactly the sane orbit under the sun's gravitation, and that
their nass is not sufficient to retain the parts together very
forcibly; also that the inevitable collision of particles, or else
fluid friction, is absorbing energy, and so reducing the conet's

vel ocity.

In 1770 Lexell discovered a conet which, as was afterwards proved by

i nvestigations of Lexell, Burchardt, and Laplace, had in 1767 been
deflected by Jupiter out of an orbit in which it was invisible from
the earth into an orbit with a period of 5-1/2 years, enabling it to be
seen. In 1779 it agai n approached Jupiter closer than sone of his
satellites, and was sent off in another orbit, never to be again
recogni sed

But our interest in conmetary orbits has been added to by the discovery
that, owing to the causes just cited, a conet, if it does not separate
into discrete parts like Biela's, nust in tine have its parts spread
out so as to cover a sensible part of the orbit, and that, when the
earth passes through such part of a conet's orbit, a meteor shower is
the result.

A magni ficent neteor shower was seen in Anerica on Novenber 12th-13th,
1833, when the paths of the neteors all seened to radiate froma point
in the constellation Leo. A simlar display had been w tnessed in



Mexi co by Hunbol dt and Bonpl and on Novenber 12th, 1799. H. A Newton
traced such records back to Cctober 13th, A D. 902. The orbital notion
of a cloud or streamof snmall particles was indicated. The period
favoured by H A. Newton was 354-1/2 days; another suggestion was 375-
1/2

days, and another 33-1/4 years. He noticed that the advance of the date
of the shower between 902 and 1833, at the rate of one day in seventy
years, meant a progression of the node of the orbit. Adams undert ook
to cal cul ate what the anmount would be on all the five suppositions

t hat had been nade about the period. After a |aborious work, he found
that none gave one day in seventy years except the 33-1/4-year period,
which did so exactly. H A Newton predicted a return of the shower on
t he night of Novenber 13th-214th, 1866. He is now dead; but many of us
are alive to recall the wonder and enthusiasmw th which we saw this
prediction being fulfilled by the grandest display of neteors ever
seen by anyone now alive.

The _progression_ of the nodes proved the path of the mneteor

streamto be retrograde. The _radi ant_ had al nost the exact

| ongi tude of the point towards which the earth was nmoving. This proved
that the neteor cluster was at perihelion. The period being known, the
eccentricity of the orbit was obtainable, also the orbital velocity of
the nmeteors in perihelion; and, by conparing this with the earth's
velocity, the latitude of the radiant enabled the inclination to be
determ ned, while the longitude of the earth that night was the

| ongi tude of the node. In such a way Schiaparelli was able to find
first the elements of the orbit of the August neteor shower

(Perseids), and to show its identity with the orbit of Tuttle's comnet
1862.iii. Then, in January 1867, Le Verrier gave the elements of the
Novenber neteor shower (Leonids); and Peters, of Altona, identified
these with Oppol zer's elenents for Tenpel's conet 1866--Schi aparell
havi ng i ndependently attai ned both of these results. Subsequently
Weiss, of Vienna, identified the nmeteor shower of April 20th (Lyrids)
with comet 1861. Finally, that indefatigable worker on neteors,

A. S. Herschel, added to the nunmber, and in 1878 gave a |list of
seventy-si x coi nci dences between conetary and neteoric orbits.

Conetary astronomny is now |largely indebted to photography, not merely
for accurate delineations of shape, but actually for the discovery of
nost of them The art has al so been applied to the observation of
conets at distances fromtheir perihelia so great as to prevent their
vi sual observation. Thus has Wl f, of Heidel burg, found upon old

pl ates the position of comet 1905.v., as a star of the 15.5 nagnitude,
783 days before the date of its discovery. Fromthe point of view of
the i mportance of finding out the divergence of a conmetary orbit from
a parabola, its period, and its aphelion distance, this increase of
range attains the very highest val ue.

The present Astrononer Royal, appreciating this possibility, has been
searchi ng by photography for Halley's conmet since Novenber, 1907,
al t hough its perihelion passage will not take place until April, 1910.

FOOTNOTES:

[1] In 1874, when the witer was crossing the Pacific Ccean in
H MS. "Scout," Coggia's conmet unexpectedly appeared, and (while



Col onel Tupman got its positions with the sextant) he tried to use the
prismout of a portable direct-vision spectroscope, w thout success
until it was put in front of the object-glass of a binocular, when, to
his great joy, the three band i nages were clearly seen

[2] Such as _The World of Conets , by A Quillenin; _Hstory of
Conmets , by G R Hind, London, 1859; _Theatrum Coneticum, by S. de
Lubi eni etz, 1667; _Conetographie_, by Pingre, Paris, 1783; _Donati's
Conet _, by Bond.

[3] The investigations by Von Asten (of St. Petersburg) seemto
support, and |l ater ones, especially those by Backlund (al so of
St. Petersburg), seemto discredit, the idea of a resisting nmedium

15. THE FI XED STARS AND NEBULAE.

Passi ng now from our solar system which appears to be subject to the
action of the same forces as those we experience on our gl obe, there
remai ns an i nnunerabl e host of fixed stars, nebulas, and nebul ous
clusters of stars. To these the attention of astronomers has been nore
earnestly directed since tel escopes have been so nmuch enl arged.
Phot ogr aphy al so has enabled a vast anobunt of work to be covered in a
conparatively short period, and the spectroscope has given themthe
means, not only of studying the chem stry of the heavens, but al so of
detecting any notion in the line of sight fromless than a nile a
second and upwards in any star, however distant, provided it be bright
enough.

[IlTustration: SIR WLLIAM HERSCHEL, F.R S.--1738-1822. Pai nted by
Lermuel F. Abbott; National Portrait Gallery, Room XX ]

In the field of tel escopic discovery beyond our solar systemthere is
no one who has enl arged our knowl edge so nuch as Sir WIIiam Herschel
to whom we owe the greatest discovery in dynanical astronony anong the
stars--viz., that the law of gravitation extends to the npst distant
stars, and that many of them describe elliptic orbits about each
other. W Herschel was born at Hanover in 1738, cane to England in
1758 as a trained nusician, and died in 1822. He studi ed science when
he could, and hired a tel escope, until he learnt to nake his own
specul a and tel escopes. He nade 430 parabolic specula in twenty-one
years. He discovered 2,500 nebul ae and 806 double stars, counted the
stars in 3,400 guage-fields, and conpared the principal stars
photonetrically.

Sonme of the things for which he is best known were results of those
accidents that happen only to the indefatigable enthusiast. Such was

t he di scovery of Uranus, which led to funds being provided for
constructing his 40-feet tel escope, after which, in 1786, he settled
at Slough. In the sane way, while trying to detect the annual parallax
of the stars, he failed in that quest, but discovered binary systens
of stars revolving in ellipses round each other; just as Bradley's
attack on stellar parallax failed, but led to the discovery of
aberration, nutation, and the true velocity of |ight.



_Parallax_.--The absence of stellar parallax was the great

objection to any theory of the earth's notion prior to Kepler's

time. It is true that Kepler's theory itself could have been
geonetrically expressed equally well with the earth or any other point
fixed. But in Kepler's case the obviously inplied physical theory of
the planetary notions, even before Newton explained the sinplicity of
conception involved, nmade astrononers quite ready to waive the claim
for arigid proof of the earth's notion by neasurenent of an annua
paral | ax of stars, which they had insisted on in respect of
Copernicus's revival of the idea of the earth's orbital notion.

Still, the desire to neasure this parallax was only intensified by the
practical certainty of its existence, and by repeated failures. The
attenpts of Bradley failed. The attenpts of Piazzi and Brinkley,[1]
early in the nineteenth century, also failed. The first successes,
afterwards confirned, were by Bessel and Henderson. Both used stars
whose proper notion had been found to be large, as this argued
proximty. Henderson, at the Cape of Good Hope, observed al pha
Centauri, whose annual proper notion he found to amount to 3".6, in
1832-3; and a few years |later deduced its parallax 1".16. H's
successor at the Cape, Maclear, reduced this to 0".92.

In 1835 Struve assigned a doubtful parallax of 0".261 to Vega (al pha
Lyrae). But Bessel's observations, between 1837 and 1840, of 61 Cygni
a star with the large proper notion of over 5", established its annua
paral lax to be 0".3483; and this was confirmed by Peters, who found

t he val ue 0".349.

Later deterninations for alpha2 Centauri, by GIl1,[2] make its parallax
0".75--This is the nearest known fixed star; and its light takes 4 1/3
years to reach us. The light year is taken as the unit of neasurenent
in the starry heavens, as the earth's nean distance is "the
astrononical unit" for the solar system[3] The proper notions and
paral | axes conbined tell us the velocity of the notion of these stars
across the line of sight: alpha Centauri 14.4 niles a second=4.2
astrononical units a year; 61 Cygni 37.9 niles a second=11.2
astrononical units a year. These successes led to renewed zeal, and
now t he di stances of many stars are known nore or |ess accurately.

Several of the brightest stars, which m ght be expected to be the
near est, have not shown a parallax anpbunting to a twentieth of a
second of arc. Among these are Canopus, al pha Orionis, al pha Cygni
bet a

Centauri, and gammma Cassiopeia. Qudemans has published a Iist of
par al | axes observed. [ 4]

_Proper Motion. --1n 1718 Hall ey[5] detected the proper notions

of Arcturus and Sirius. In 1738 J. Cassinis[6] showed that the forner
had moved five mnutes of arc since Tycho Brahe fixed its position. In
1792 Piazzi noted the nmotion of 61 Cygni as given above. For a |ong
time the greatest observed proper notion was that of a snmall star 1830
Groonbridge, nearly 7" a year; but others have since been found
reachi ng as much as 10".

Now t he spectroscope enables the notion of stars to be detected at a
singl e observation, but only that part of the notion that is in the
line of sight. For a conplete knowl edge of a star's notion the proper



noti on and parallax nust al so be known.

When Huggins first applied the Doppler principle to nmeasure velocities
inthe line of sight,[7] the faintness of star spectra dim nished the
accuracy; but Vogel, in 1888, overcame this to a great extent by |ong
exposures of photographic plates.

It has often been noticed that stars which seemto belong to a group
of nearly uniform magnitude have the same proper notion. The
spectroscope has shown that these have al so often the sane velocity in
the Iine of sight. Thus in the Great Bear, beta, gamm, delta

epsilon, zeta, all agree as to angular proper notion. delta was too
faint for a spectroscopi c measurenment, but all the others have been
shown to be approaching us at a rate of twelve to twenty niles a
second. The sane has been proved for proper notion, and |line of sight
notion, in the case of Pleiades and other groups.

Maskel yne nmeasured many proper notions of stars, fromwhich W
Herschel [8] came to the conclusion that these apparent notions are for
the nost part due to a notion of the solar systemin space towards a
point in the constellation Hercules, R A 257 degrees; N Decl. 25
degrees. This grand di scovery has been anply confirned, and, though
opinions differ as to the exact direction, it happens that the point
first indicated by Herschel, fromtotally insufficient data, agrees
well with nodern estimates.

Conparing the proper notions and paral |l axes to get the actual velocity
of each star relative to our system C.L. Struve found the probable
velocity of the solar systemin space to be fifteen mles a second, or
five astronom cal units a year.

The work of Herschel in this matter has been checked by conparing
spectroscopic velocities in the line of sight which, so far as the
sun's notion is concerned, would give a nmaxi mumrate of approach for
stars near Hercules, a maximumrate of recession for stars in the
opposite part of the heavens, and no effect for stars hal f-way
between. In this way the spectroscope has confirnmed generally
Herschel's view of the direction, and nmakes the velocity eleven niles
a second, or nearly four astronomcal units a year

The average proper notion of a first magnitude star has been found to
be 0".25 annually, and of a sixth magnitude star 0".04. But that al
bright stars are nearer than all small stars, or that they show
greater proper notion for that reason, is found to be far fromthe
truth. Many statistical studies have been made in this connection, and
interesting results may be expected fromthis treatment in the hands
of Kapteyn of G oningen, and others.[9]

On analysis of the directions of proper nmotions of stars in all parts
of the heavens, Kapteyn has shown[10] that these indicate, besides the
solar nmotion towards Hercules, two general drifts of stars in nearly
opposite directions, which can be detected in any part of the

heavens. This result has been confirned from i ndependent data by

Eddi ngton (_R A'S., MN. _) and Dyson (_R S.E. Proc. ).

Phot ogr aphy prom ses to assist in the neasurenment of parallax and
proper notions. Herr Pulfrich, of the firmof Carl Zeiss, has vastly



ext ended the applications of stereoscopic vision to astronony--a

subj ect which De |a Rue took up in the early days of photography. He
has made a stereo-conparator of great beauty and conveni ence for
conparing stereoscopically two star photographs taken at different
dates. Wbl f of Heidel berg has used this for many purposes. H s

i nvestigations depending on the solar notion in space are renarkable.
He phot ographs stars in a direction at right angles to the line of the
sun's notion. He has taken photographs of the sane regi on fourteen
years apart, the two positions of his canera being at the two ends of
a base-line over 5, 000,000,000 mles apart, or fifty-six astronom ca
units. On exam ning these stereoscopically, sone of the stars rise out
of the general plane of the stars, and seemto be nmuch nearer. Many of
the stars are thus seen to be suspended in space at different

di stances correspondi ng exactly to their real distances fromour solar
system except when their proper notion interferes. The effect is nost
striking; the accuracy of neasurenent exceeds that of any other nethod
of measuring such displacenents, and it seens that with a |ong
interval of time the advantage of the method increases.

_Double Stars. --The large class of double stars has al ways been nuch
studi ed by anateurs, partly for their beauty and colour, and partly as
a test for telescopic definition. Anong the many unexpl ai ned stellar
problenms there is one noticed in double stars that is thought by sone
to be likely to throw Iight on stellar evolution. It is this: There
are nmany instances where one star of the pair is conparatively faint,
and the two stars are contrasted in colour; and in every single case

t he general colour of the faint conpanion is invariably to be classed
with colours nore near to the blue end of the spectrumthan that of
the principal star.

_Binary Stars. --Sir WIIliam Herschel began his observations of double
stars in the hope of discovering an annual parallax of the stars. In
this he was followi ng a suggestion of Galileo's. The presunption is
that, if there be no physical connection between the stars of a pair,
the largest is the nearest, and has the greatest parallax. So, by
noting the distance between the pair at different tines of the year, a
delicate test of parallax is provided, unaffected by major

i nstrumental errors.

Her schel did, indeed, discover changes of distance, but not of the
character to indicate parallax. Following this by further observation
he found that the notions were not uniformnor rectilinear, and by a
cl ear anal ysis of the novenments he established the remarkabl e and

whol Iy unexpected fact that in all these cases the notion is due to a
revol uti on about their comobn centre of gravity.[11l] He gave the
approxi nate period of revolution of sone of these: Castor, 342 years;
delta Serpentis, 375 years; ganma Leonis, 1,200 years; epsilon Bootis,
1, 681 years.

Twenty years later Sir John Herschel and Sir Janes South, after
re-exam nati on of these stars, confirmed[12] and extended the results,
one pair of Coronae having in the interval conpleted nore than a whole
revol ution.

It is, then, to Sir WIliam Herschel that we owe the extension of the
| aw of gravitation, beyond the Iimts of the solar system to the
whol e universe. Hi s observations were confirmed by F.G W Struve (born



1793, died 1864), who carried on the work at Dorpat. But it was first
to Savary,[13] and later to Encke and Sir John Herschel, that we owe
the conputation of the elliptic elenents of these stars; also the
resulting identification of their law of force with Newton's force of
gravitation applied to the solar system and the force that nmakes an
apple fall to the ground. As Grant well says in his History :

"This may be justly asserted to be one of the nobst subline truths

whi ch astrononi cal science has hitherto disclosed to the researches of
the human mnd."

Latterly the best work on doubl e stars has been done by

S. W Burnham|[14] at the Lick Observatory. The shortest period he
found was el even years (kappa Pegasi). In the case of sone of

t hese binaries the parall ax has been neasured, fromwhich it appears
that in four of the surest cases the orbits are about the size of the
orbit of Uranus, these being probably anong the smallest stellar
orbits.

The | aw of gravitation having been proved to extend to the stars, a

di scovery (like that of Neptune in its origin, though unlike it in the
| abour and originality involved in the calculation) that entrances the
i magi nati on became possible, and was realised by Bessel--the di scovery
of an unknown body by its gravitational disturbance on one that was
visible. In 1834 and 1840 he began to suspect a want of uniformity in
the proper notion of Sirius and Procyon respectively. In 1844, in a
letter to Sir John Herschel,[15] he attributed these irregularities in
each case to the attraction of an invisible conpanion, the period of
revol ution of Sirius being about half a century. Later he said: "I
adhere to the conviction that Procyon and Sirius formreal binary
systens, consisting of a visible and an invisible star. There is no
reason to suppose lumnosity an essential quality of cosmica

bodi es. The visibility of countless stars is no argunent agai nst the
invisibility of countless others.” This grand conception led Peters to
conpute nore accurately the orbit, and to assign the place of the

i nvi si bl e conpanion of Sirius. In 1862 Alvan G Cark was testing a
new 18-inch object-glass (now at Chicago) upon Sirius, and, know ng
not hi ng of these predictions, actually found the conmpanion in the very
pl ace assigned to it. In 1896 the conpani on of Procyon was discovered
by Professor Schaeberle at the Lick Observatory.

Now, by the refined parallax determ nations of GII at the Cape, we
know that of Sirius to be 0".38. Fromthis it has been cal cul ated t hat
the mass of Sirius equals two of our suns, and its intrinsic
bri ght ness equal s twenty suns; but the conpani on, having a mass equa
to our sun, has only a five-hundredth part of the sun's brightness.

_Spectroscopic Binaries .--On neasuring the velocity of a star in the
line of sight at frequent intervals, periodic variations have been
found, leading to a belief in notion round an invisible

conpani on. Vogel, in 1889, discovered this in the case of Spica (al pha
Virginis), whose period is 4d. Oh. 19m, and the dianeter of whose
orbit is six mllion nmles. Great nunbers of binaries of this type
have since then been discovered, all of short period.

Al'so, in 1889, Pickering found that at regular intervals of fifty-two
days the lines in the spectrumof zeta of the Great Bear are
duplicated, indicating a relative velocity, equal to one hundred niles



a second, of two conponents revol ving round each other, of which that
apparently single star nust be conposed.

It would be interesting, no doubt, to follow in detail the
accunul ati ng knowl edge about the di stances, proper notions, and orbits
of the stars; but this nmust be done el sewhere. Enough has been said to
show how results are accunul ating which nust in time unfold to us the
various stellar systens and their nutual relationships.

_Variable Stars. _--1t has often happened in the history of different
branches of physical science that observati on and experinment were so
far ahead of theory that hopel ess confusion appeared to reign; and
then one chance result has given a clue, and fromthat tinme all

di fferences and difficulties in the previous researches have stood
forth as natural consequences, explaining one another in a rationa
sequence. So we find parallax, proper notion, double stars, binary
systens, variable stars, and new stars all bound together.

The | ogi cal and necessary expl anation given of the cause of ordinary
spectroscopi c binaries, and of irregular proper notions of Sirius and
Procyon, leads to the inference that if ever the plane of such a
binary orbit were edge-on to us there ought to be an eclipse of the

| um nous partner whenever the non-lunm nous one is interposed between
us. This should give rise either to intermttence in the star's light
or else to variability. It was by supposing the existence of a dark
conpanion to Algol that its discoverer, Goodricke of York,[16] in
1783, explained variable stars of this type. Al gol (beta Persei)

conpl etes the period of variable brightness in 68.8 hours. It |oses
three-fifths of its light, and regains it in twelve hours. In 1889
Vogel ,[17] with the Potsdam spectrograph, actually found that the

| um nous star is receding before each eclipse, and approachi ng us
after each eclipse; thus entirely supporting Goodricke's opinion
There are many variables of the Al gol type, and information is
steadily accumul ating. But all variable stars do not suffer the sudden
variations of Algol. There are many types, and the expl anations of

ot hers have not proved so easy.

The Harvard Col | ege phot ographs have di scl osed the very great
preval ence of variability, and this is certainly one of the Iines in
whi ch nodern di scovery nust progress.

Roberts, in South Africa, has done splendid work on the periods of
vari abl es of the Al gol type.

_New Stars_.--Extrene instances of variable stars are the new stars
such as those detected by H pparchus, Tycho Brahe, and Kepler, of

whi ch many have been found in the last hal f-century. One of the |atest
great "Novae" was discovered in Auriga by a Scotsman, Dr. Anderson, on
February 1st, 1892, and, with the nodesty of his race, he comuni cated
the fact to H's Majesty's Astrononer for Scotland on an unsi gned
post-card.[18] Its spectrum was observed and phot ographed by Huggi ns
and nmany others. It was full of bright Iines of hydrogen, calcium
helium and others not identified. The astounding fact was that |ines
were shown in pairs, bright and dark, on a faint continuous spectrum

i ndi cating apparently that a dark body approaching us at the rate of
550 miles a second[19] was traversing a cold nebul ous atnosphere, and
was heated to incandescence by friction, like a nmeteor in our



at nosphere, leaving a lumnous train behind it. It al nost disappeared,
and on April 26th it was of the sixteenth magnitude; but on August
17th it brightened to the tenth, showi ng the principal nebular band in
its spectrum and no sign of approach or recession. It was as if it
energed fromone part of the nebula, cooled down, and rushed through
anot her part of the nebula, rendering the nebular gas nore | um nous
than itself.[20]

Since 1892 one Nova after another has shown a spectrum as descri bed
above, like a neteor rushing towards us and |l eaving a train behind,
for this seens to be the obvi ous neaning of the spectra.

The sane may be said of the brilliant Nova Persei, brighter at its
best than Capella, and di scovered al so by Dr. Anderson on February
22nd, 1901. It increased in brightness as it reached the densest part
of the nebula, then it varied for sone weeks by a couple of

magni t udes, up and down, as if passing through separate nebul ar
condensations. In February, 1902, it could still be seen with an
opera-glass. As with the other Novae, when it first dashed into the
nebula it was vaporised and gave a continuous spectrumw th dark |ines
of hydrogen and helium It showed no bright Iines paired with the dark
ones to indicate a train left behind; but in the end its own

l um nosity died out, and the nebul ar spectrum predom nat ed.

The nebular illum nation as seen in photographs, taken from August to
Novenber, seened to spread out slowy in a gradually increasing circle
at the rate of 90" in forty-eight days. Kapteyn put this down to the
velocity of light, the original outburst sending its illumination to

t he nebul ous gas and illum nating a spherical shell whose radius
increased at the velocity of light. This supposition seens correct, in
which case it can easily be shown fromthe above figures that the

di stance of this Nova was 300 |ight years.

_Star Catal ogues._--Since the days of very accurate observations

nuner ous star-catal ogues have been produced by individuals or by
observatories. Bradley's nonunental work nay be said to head the |ist.
Lacaille's, in the Southern hem sphere, was conpl enentary. Then

Pi azzi, Lalande, G oonbridge, and Bessel were followed by Argel ander
with his 324,000 stars, Runker's Paranmatta catal ogue of the southern
hem sphere, and the frequent catal ogues of national observatories.
Later the Astrononi sche Gesellschaft started their great catal ogue,

t he conbi ned work of many observatories. Qther southern ones were

Goul d's at Cordova and Stone's at the Cape.

After this we have a new departure. G Il at the Cape, having the conet
1882.ii. all to himself in those latitudes, w shed his friends in
Europe to see it, and enployed a | ocal photographer to strap his
canera to the observatory equatoreal, driven by cl ockwork, and
adjusted on the conmet by the eye. The result with half-an-hour's
exposure was good, so he tried three hours. The result was such a

di splay of sharp star inmages that he resolved on the Cape Phot ographic
Dur chnust erung, which after fourteen years, with Kapteyn's aid in
reduci ng, was conpl eted. Meanwhile the brothers Henry, of Paris, were
engaged i n goi ng over Chacornac's zodi acal stars, and were about to
cat al ogue the M I ky Way portion, a serious |abour, when they saw
GIll's Conet photograph and conceived the idea of doing the rest of
their work by photography. G Il had previously witten to Admira



Mouchez, of the Paris Observatory, and explained to himhis project
for charting the heavens photographically, by conbining the work of
many observatories. This |led Adnmiral Muchez to support the brothers
Henry in their schene.[21] GII, having got his own photographic work
underway, suggested an international astrographic chart, the materials
for different zones to be supplied by observatories of all nations,
each equi pped with simlar photographic telescopes. At a conference in
Paris, 1887, this was decided on, the stars on the charts goi ng down
to the fourteenth magnitude, and the catal ogues to the el eventh.

[IlTustration: GREAT COVET, Nov. 14TH, 1882. (Exposure 2hrs. 20m) By
kind perm ssion of Sir David GIIl. Fromthis photograph originated al
stellar chart - phot ography.]

This monunental work is nearing conpletion. The | abour involved was
i mense, and the highest skill was required for devising instrunents
and nethods to read off the star positions fromthe plates.

Then we have the Harvard Col | ege coll ection of photographic plates,
al ways being autonatically added to; and their annex at Arequipa in
Per u.

Such cat al ogues vary in their degree of accuracy; and fundanental

cat al ogues of standard stars have been conpil ed. These require
extension, because the differential methods of the helioneter and the
canmera cannot otherw se be nmade absol ute.

The nunber of stars down to the fourteenth magnitude nay be taken at
about 30, 000, 000; and that of all the stars visible in the greatest
nodern tel escopes is probably about 100, 000, 000.

_Nebul ae and Star-clusters. --Qur know edge of nebul ae really dates
from
the tine of W Herschel. In his great sweeps of the heavens with his

gi ant tel escopes he opened in this direction a new branch of

astronony. At one tine he held that all nebul ae m ght be clusters of

i nnunmerable mnute stars at a great distance. Then he recogni sed the
di fferent classes of nebul ae, and becane convinced that there is a

wi del y-di ffused "shining fluid" in space, though many so-called nebul ae
could be resolved by large tel escopes into stars. He consi dered that
the MIky Way is a great star cluster, whose formmy be conjectured
from nunerous star-gaugi ngs. He supposed that the conpact "planetary
nebul ae" m ght show a stage of evolution fromthe diffuse nebul ae, and
that his classifications actually indicate various stages of

devel opnent. Such specul ations, |ike those of the ancients about the
solar system are apt to be harnful to true progress of know edge

unl ess in the hands of the abl est mathenatical physicists; and
Herschel violated their principles in other directions. But here his
specul ati ons have attracted a great deal of attention, and, with

nodi fications, are accepted, at |east as a working hypothesis, by a
fair nunber of people.

When Sir John Herschel had extended his father's researches into the
Sout hern Hem sphere he was also led to the belief that some nebul ae
were a phosphorescent material spread through space |ike fog or mist.

Then his views were changed by the revel ations due to the great



di scoveries of Lord Rosse with his gigantic refractor,[22] when one
nebul a after another was resolved into a cluster of mnute stars. At
that time the opinion gained ground that with increase of tel escopic
power this would prove to be the case with all nebul ae.

In 1864 all doubt was dispelled by Huggins[23] in his first exam nation
of the spectrum of a nebula, and the subsequent extension of this
observation to other nebul ae; thus providing a certain test which
increase in the size of tel escopes could never have given. In 1864
Huggi ns found that all true nebul ae give a spectrum of bright

lines. Three are due to hydrogen; two (di scovered by Copel and) are
heliumlines; others are unknown. Fifty-five |lines have been

phot ographed in the spectrumof the Orion nebula. It seens to be

pretty certain that all true nebul ae are gaseous, and show al nost
exactly the same spectrum

O her nebul ae, and especially the white ones |ike that in Androneda,
whi ch have not yet been resolved into stars, show a conti nuous
spectrum others are greenish and give no lines.

A great deal has to be done by the chenist before the astrononer can
be on sure ground in drawi ng conclusions fromcertain portions of his
spectroscopi ¢ evi dence.

The Iight of the nebulas is remarkably actinic, so that photography
has a specially fine field in revealing details inperceptible in the
tel escope. In 1885 the brothers Henry photographed, round the star
Maia in the Pleiades, a spiral nebula 3' long, as bright on the plate
as that star itself, but quite invisible in the telescope; and an
exposure of four hours reveal ed other new nebula in the sane

district. That painstaking and nost careful observer, Barnard, with
10-1/4 hours' exposure, extended this nebulosity for several degrees,
and di scovered to the north of the Pleiades a huge diffuse nebulosity,
in a region alnost destitute of stars. By establishing a 10-inch
instrument at an altitude of 6,000 feet, Barnard has reveal ed the w de
di stribution of nebular matter in the constellation Scorpio over a
space of 4 degrees or 5 degrees square. Barnard asserts that the
"nebul ar

hypot hesi s" woul d have been killed at its birth by a know edge of

t hese phot ographs. Later he has used still nore powerful instrunents,
and extended his discoveries.

The association of stars with planetary nebul ae, and the distribution
of nebulae in the heavens, especially in relation to the MIky Wy, are
striking facts, which will certainly bear fruit when the tine arrives
for discarding vague specul ations, and learning to read the true
physical structure and history of the starry universe.

_Stellar Spectra._--Wen the spectroscope was first available for
stellar research, the leaders in this branch of astronony were Huggins
and Fat her Secchi,[24] of Rone. The forner began by devoting years of
work principally to the nbst accurate study of a few stars. The

|atter devoted the years from 1863 to 1867 to a general survey of the
whol e heavens, including 4,000 stars. He divided these into four

princi pal classes, which have been of the greatest service. Half of
his stars belonged to the first class, including Sirius, Vega,

Regulus, Altair. The characteristic feature of their spectra is the



strength and breadth of the hydrogen lines and the extrene faintness
of the netallic lines. This class of star is white to the eye, and
rich inultra violet light.

The second cl ass includes about three-eighths of his stars, including
Capel l a, Pollux, and Arcturus. These stars give a spectrumlike that
of our sun, and appear yellow sh to the eye.

The third class includes al pha Herculis, alpha Oionis (Betelgeux),
Mra

Ceti, and about 500 red and variable stars. The spectrum has fl uted
bands shaded from blue to red, and sharply defined at the nore

ref rangi bl e edge.

The fourth class is a snmall one, containing no stars over fifth
magni t ude, of which 152 Schjellerup, in Canes Venatici, is a good
exanpl e. This spectrum al so has bands, but these are shaded on the
viol et side and sharp on the red side. They are due to carbon in sone
form These stars are ruby red in the tel escope.

It woul d appear, then, that all stars are suns with continuous
spectra, and the classes are differentiated by the character of the
absor bent vapours of their atnospheres.

It is very likely that, after the chenists have taught us how to
interpret all the varieties of spectrum it will be possible to
ascribe the different spectrumclasses to different stages in the
life-history of every star. Already there are plenty of people ready
to lay down arbitrary assunptions about the | essons to be drawn from
stellar spectra. Sonme say that they know with certainty that each star
begi ns by being a nebula, and is condensed and heated by condensati on
until it begins to shine as a star; that it attains a clinmax of
tenperature, then cools down, and eventually beconmes extinct. They go
so far as to declare that they know what class of spectrum belongs to
each stage of a star's life, and how to distingui sh between one that
is increasing and another that is decreasing in tenperature.

The nore cautious astrononers believe that chenmistry is not
sufficiently advanced to justify all of these deductions; that, unti
chemi sts have settled the lately raised question of the transnutation
of elenents, no theory can be sure. It is also held that until they
have expl ai ned, w thout roomfor doubt, the reasons for the presence
of some lines, and the absence of others, of any element in a stellar
spectrum why the arc-spectrum of each elenent differs fromits spark
spectrunm what are all the various changes produced in the spectrum of
a gas by all possible concomitant variations of pressure and
tenperature; also the neanings of all the flutings in the spectra of
nmet al | oi ds and compounds; and ot her equally pertinent matters--unti
that time arrives the part to be played by the astrononmer is one of
observation. By all neans, they say, make use of "working hypotheses"
to add an interest to years of |aborious research, and to serve as a
guide to the direction of further |abours; but be sure not to fal
into the error of calling any mere hypothesis a theory.

_Nebul ar Hypot hesis. _--The Nebul ar Hypot hesis, which was first, as it
were, tentatively put forward by Laplace as a note in his _Systene du
Monde , supposes the solar systemto have been a flat, disk-shaped



nebula at a high tenperature in rapid rotation. In cooling it
condensed, leaving revolving rings at different distances fromthe
centre. These thensel ves were supposed to condense into the nucl eus
for a rotating planet, which mght, in contracting, again throw off
rings to formsatellites. The speculation can be put in a really
attractive form but is in direct opposition to nmany of the actua
facts; and so long as it is not favoured by those who wish to nmaintain
the position of astronony as the nost exact of the sciences--exact in
its facts, exact inits logic--this speculation rmust be recorded by
the historian, only as he records the guesses of the ancient G eeks--as
an interesting phase in the history of hunman thought.

O her hypot heses, having the sanme end in view, are the nmeteoritic
hypot hesi s of Lockyer and the planetesi mal hypothesis that has been

| argely developed in the United States. These can best be read in the
original papers to various journals, references to which may be found
in the footnotes of Mss Cerke's History of Astronomy during the

Ni neteenth Century_. The same can be said of Bredichin's hypothesis of
conets' tails, Arrhenius's book on the applications of the theory of
light repul sion, the speculations on radium the origin of the sun's
heat and the age of the earth, the electron hypothesis of terrestrial
magneti sm and a host of simlar speculations, all conbining to throw
an interesting light on the evolution of a nbdern train of thought
that seenms to delight in conjecture, while rebelling against that
strict nmathenatical |ogic which has crowned astronony as the queen of
t he sciences.
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